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FOREWORD

The increasing use of nuclear reactors for electricity generation has placed
greater importance on the technology of nuclear fuel manufacture. At present,
approximately twelve Member States fabricate nuclear fuel for commercial use
and consequently have developed capabilities and acquired experience in quality
assurance and quality control in this field. Additionally, four States are in
advanced stages of introducing fuel manufacturing facilities and three others are
seriously considering the possibility of entering this field. A number of other
States have projects for research and development in this technology. It is
important therefore to make available the existing information and experience
on quality manufacturing programmes for nuclear fuel, because the use of this
information by local industry is the first step involved in initiating fuel cycle
activities.

The International Atomic Energy Agency has had a technical programme
concerned with nuclear fuel from its earliest days. Since the 1960 Symposium
on Fuel Element Fabrication with Special Emphasis on Cladding Materials, there
has been an average of one meeting a year reviewing different aspects of fuel
fabrication technology. A Panel on Quality Assurance and Control in Nuclear
Fuel Manufacture was held in 1974 in Vienna, and a report of this was published
in 1976 in the IAEA Technical Reports Series No. 173.

Since that time, considerable improvement and stabilization of nuclear
fuel quality and reliability has been achieved by fuel suppliers. This development
is due to improved inspection equipment, more highly trained personnel, the
greater sophistication of quality control systems and - perhaps of greatest
importance — the substantial feedback of large-scale in-reactor operational
experience relating to nuclear fuel design. As a consequence, confidence in the
design requirements for material and component properties has increased
significantly. There is also a greater understanding of process characteristics and
manufacturing tolerances and their relation to performance requirements and the
operational behaviour of nuclear fuel.

Several Agency-sponsored meetings on the state of nuclear fuel technology
have been organized in recent years (1976 in Oslo, 1978 in Prague and 1979 in
Buenos Aires). In particular, the Regional Seminar on Quality in Nuclear Fuel
Technology, held in Buenos Aires, presented a systematic review of quality
control in nuclear fuel manufacture.

As a result of advances in the state of the technology and on the basis of
the new information available, it was decided to review the IAEA Technical



Reports Series No. 1 73. The original publication presented a compendium of
different views on various technologies and it was felt that a more homogeneous
survey should now be provided. In addition, it was considered preferable not to
try and cover both quality assurance and quality control in a single book. As a
first step, it was therefore decided to produce the present "Guidebook on
Quality Control of Water Reactor Fuel", summarizing current experience of
quality control and the way it relates to quality assurance. The Agency also
hopes to issue a publication devoted to quality assurance for fuel fabrication at
a later date.

The scientific editors of this book (J. Colton and G. Sukhanov of the IAEA,
and H.G. Weidinger of the Kraftwerk Union AG, Erlangen, Federal Republic of
Germany) wish to thank all the authors whose material has been used in Part B,
as well as many unnamed authors of short contributions presented at the Seminar
in Buenos Aires. Acknowledgement should also be made to Messrs. H. Bairiot,
P. Knudsen and D. White for assisting the editors in reviewing Part A of this
book.
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INTRODUCTION

As a result of the increasing contribution of nuclear power to the world's
supply of electrical energy, growing emphasis is being placed on the reliability of
nuclear fuel performance. The need to produce a reliable product is based not
only on economic reasons but also on safety considerations. Fuel assemblies must
withstand the operational requirements placed on them while in the reactor; also,
in some cases, they have to be stored for long periods in water-filled basins until
they are either reprocessed or ultimately subjected to disposal. One of the keys
to consistent and reliable fuel production is an adequate Quality Control (QC)
programme, operating under a Quality Assurance (QA) system.

In connection with various activities sponsored by the International Atomic
Energy Agency it has been suggested for some time that a guidebook should be
published, highlighting the role that QC plays in the manufacture of nuclear fuel
and stressing the relationship that exists between the QC and QA functions. The
aim of this book is to give a summary of the present state of practical experience
in the areas of:

- quality-relevant design requirements
- quality control of products and processes.

Specific QA requirements are referred to where they are important for an under-
standing of the co-operation required between the various activities involved in
nuclear fuel technology. Examples are also given to illustrate specific needs or
specific types of experience in this area.

In order to distinguish clearly between the generally required criteria and
rules and the details of particular practical experience, the book is divided into
two main parts. Part A focuses on the philosophy and principles; Part B supple-
ments Part A with technically detailed descriptions and examples.

Material from the following papers presented at the Regional Seminar on
Quality in Nuclear Fuel Technology held in Buenos Aires in 1979 has been
incorporated into Part B: "Quality assurance methods in nuclear fuel technology"
by S. Aas and D. Pomery (Part B-l), "CANDU fuel quality and how it is achieved"
by M. Gacesa et al. (Part B-2), "Quality-relevant design requirements for LWR
and HWR fuel rods and assemblies" by D. Pickmann (Part B-2), "Quality assurance
in manufacturing of Zircaloy fuel cladding tubes" by S. Takai (Part B-3), "UO2

technology" by H. Bairiot (Part B-4) and "Fuel rod and fuel assembly technology"
by K. Raab (Part B-5).





Part A

GENERAL ASPECTS AND GUIDELINES FOR
QUALITY IN NUCLEAR FUEL TECHNOLOGY





1. QUALITY CONTROL IN RELATION TO QUALITY ASSURANCE
IN NUCLEAR FUEL TECHNOLOGY

1.1. Quality assurance philosophy and definitions

Quality Control (QC) and Quality Assurance (QA) are related to one
another and may be best understood by defining the two terms and showing
how these important functions interact.

The European Organization for Quality Control (EOQC) defines QC
as "a system for programming and co-ordinating the efforts of various groups
in an organization to check or maintain quality or to improve quality at an
economical level". In the USA, QC is defined as: "those quality assurance
actions which provide a means to control and measure the characteristics of an
item, process or facility in accordance with established requirements". It is
seen that QC is placed under the umbrella of QA.

This functional aspect is vital since the goal of effective production man-
agement is to stabilize operations or processes and to have adequate warning
when a condition or set of conditions produces a drift or trend that, if not
corrected, might ultimately lead to an unacceptable product. By selecting the
conditions of action, the statistical probability of poor production can be
assessed and predicted, allowing for a sampling plan to be devised with a known
and calculable risk. While particular emphasis is placed on what operations
must be performed, much of the success of QC depends on how effectively
capability tests have been carried out on the processes with which these tests
are designed to operate, in advance of beginning of production. It should be
stressed that the QC system and procedures must be developed, tested and
qualified in the same manner as the manufacturing process. Integration of the
QC and manufacturing programmes takes place early in the design stage of the
process to ensure the most efficient and economical system. Failure to design
the appropriate quality systems into the process from the start may require dupli-
cation of equipment and manpower when these systems have to be added at a later date.

Quality assurance is a subject often discussed and defined. The IAEA has
established for nuclear power plants a Code of Practice' and a series of Safety
Guides. While it is recognized that the QA requirements for nuclear power plants
are somewhat different from those for fuel cycle facilities such as fuel manufac-
turing plants, many of the recommendations are similar. It is stated in the Code

i INTERNATIONAL ATOMIC ENERGY AGENCY, Quality Assurance for Safety
in Nuclear Power Plants, A Code of Practice, Safety Series No. SO-C-QA, IAEA, Viena (1978).
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of Practice that QA is an essential aspect of 'good management'. Good manage-
ment contributes to the achievement of quality through analyses of the tasks to
be performed, identification of the skills required, the selection and training of
appropriate personnel, the use of appropriate equipment, the creation of a
satisfactory environment in which the activity can be performed and a recogni-
tion of the responsibility of the individual who is to perform the task. Briefly,
it is stated that a QA programme shall provide for a disciplined approach to all
activities affecting quality, including, where appropriate, verification that each
task has been satisfactorily performed and that necessary corrective actions have
been implemented. The QA programme shall also provide for production
of documentary evidence to demonstrate that the required quality has been
achieved.

The American National Standards Institute defines QA as "all those planned
or systematic actions necessary to provide adequate confidence that an item or
facility will perform satisfactorily in service" (ANSI N-45.2).

The EOQC defines QA as a "system of activities whose purpose is to
provide assurance and to show evidence that the overall quality control job is
in fact being done effectively".

In all cases, the QA system involves a continuing evaluation of the adequacy
and effectiveness of the overall QC programme with a view to having corrective
measures initiated where necessary. For a specific product or service, this
involves verifications, audits and the evaluation of the quality factors that
affect the specifications, production, inspection and use of the product or
service.

As the achievement of good and consistent quality is dependent on infor-
mation, the QA function 'auditing' plays an important role. The EOQC states
that 'auditing' is the function of monitoring quality at any stage to provide infor-
mation. This information may be requested and indeed obtained by the customer
as verification that the QA functions, especially QC, are being carried out as
specified. The nuclear fuel producer will instigate frequent audits on his quality-
related activities in order to assure the management that the systems are per-
forming their intended functions. It occurs frequently that sound and scientific
schemes of QC and QA are introduced, but fail after a time when external
factors change slightly and the initial programmes are no longer adequate.
There should be a continuous contact between QC and QA systems to detect
defective areas in the QC systems or to confirm that QC is sufficiently sensitive
to detect trends in the level of quality. QC is not possible without all the QA
systems because it is very difficult to establish an inspection plan that is con-
sistently efficient in the manufacture of nuclear fuel.

More detailed considerations on QA concepts for nuclear fuel technology
have been presented by G. Randers et al. and by L.G. Archer in Session I of
the Proceedings of the IAEA Seminar in Oslo [ 1 ].
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1.2. Justifications for the establishment of specific QC and QA requirements
in nuclear fuel technology

Certain international agreements call for specific QC and QA requirements
for nuclear fuel technology2 similar to those for other reactor components like
pressure vessels, heat exchangers and pumps.

The philosophy of QC and QA discussed in the previous section basically
holds for every type of technology where high requirements for performance
and safety exist. Two main points should be considered for understanding
the importance of this relationship:

(a) The large number of similar reactor core components (pellets, cladding
tubes, fuel rods, etc.) calls for a method of production and control where
the single component is kept anonymous. This situation calls for a very
high degree of reproducibility at each production step and for the consis-
tency of raw materials over long periods of time. This reproducibility can be
achieved only by technological efforts and specific methods of control on
the processes and products.

(b) Nuclear fuel is replaced after relatively short periods of time (3-5 years)
as compared with other reactor components. Therefore, many technical
requirements for fuel are different from those for long-lived components.
For instance, long-term creep, long-term crack growth, high-frequency
cycle fatigue and long-term corrosion are in most cases not relevant for
nuclear fuel; they may, however, be essential for pressure vessels or pipes
for the primary circuit of a reactor.

A third point should be considered which follows from the first two. The
large numbers of identical items, combined with the requirement for high repro-
ducibility of processes and products and the relatively short time in the reactor,
lead to the possibility and necessity of establishing a statistical evaluation of
process and product properties. These techniques are quite well developed for
the needs of nuclear fuel technology. Since the level of confidence of this type
of evaluation depends essentially on a reasonably large amount of data for the
item to be investigated, this method very often cannot be applied to other
reactor components. Therefore, other approaches become more important
when each component has to be handled individually and only a small amount
of data exists.

2 Discussed, for instance, at the IAEA Panel on Quality Assurance and Control in
Nuclear Fuel Manufacture in Vienna, 1974 (see Ref. [2]).
See also IAEA Safety Series No. 50-C-QA (1978).
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1.3. Basic QC approaches and QA levels

Experience in successful fuel technologies for many years and in many
different countries demonstrates that there are two basic aspects that must
be considered in establishing successful programmes. Specific details and
sophistication within the various processes can be ignored as they may be process
or technology dependent. However, in order to explain the two common
aspects, the following points should be made.

(a) Quality cannot be achieved only by control; quality must be planned,
produced and verified within each process. Early in the design phase of
the process, development considerations must be given to the monitoring
and verification systems.

(b) Quality is not a product of formulized actions; it is a consequence of
logical approaches on the basis of scientific and technical understanding
of the products and processes under the limitation of operational
requirements.

These two observations refer to the total 'QA circuit' established from the fuel
design stage to post-irradiation examination of the spent fuel (Fig. 1). It should

PosHrradiation
Examination and Evaluation

The eventual investigation ol
fuel performance against design
requirements and ' feed-back' to
the design system
Pool site and hot cell non-
destructive and destructive
analysis.

Design
The establishment of design and
specifications, defining the limits
for material properties and
manufacturing procedures for
reliable and safe operation of
the fuel

Reactor Performance

Incore fuel management including
the continuous surveillance of the
fuel performance Should the need
exist, the assemblies may be
inspected and repaired.

Technology

Research and development activities
leading to the establishment
of fabrication processes and test
procedures and to the manufacturing
ol eipenmental and prototype fuel
assemblies
Including the appropriate material
investigations and establishment
of quality evaluation methods.

Manufacturing
\JO} Conversion + Purification

Fabrication of
- Claddings and rod components
- Fuel rods
- Fuel assembly components
- Fuel assemblies

FIG. 1 Quality assurance circuit for nuclear fuel technology.
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Organizations

Utilities,
Authorities,
Consultants

Development
and
Engineering

Manufacturing

1. Development and Design

[ Product Development |

Development of Processes,
Tests and Equipment

| Product Design |

| Licensing

2. Manufacturing

| Process and Product Qualification |

| Quality Control [

| Quality Evaluation

3. Performance

I
I
I

In -core Fuel Management ]
i

Performance Surveillance ]
i

Pool Site Inspections j
l

| Hot Cell Investigations |

FIG.2. Quality-relevant inter correlations between the organizations involved.

be understood that each of these 'steps' within the quality circuit consists of
specific QA and QC subcircuits. Figure 2 demonstrates these interrelations in
some more detail. It shows the main feedback in the subsystem relating to
quality information.

In addition to the functional aspects, it has been shown by experience that
an understanding of the relationship between the various QA responsibilities is
useful. Table I shows the levels of QA responsibilities in the form of QA docu-
ments required in nuclear fuel technology. For the other steps in the QA circuit
the same levels will be applicable.

The technological aspects of QC and QA for nuclear fuel have to be
considered. As already mentioned, quality is obtained by planned and controlled
actions. This holds for all steps of the QA circuit in nuclear fuel technology. In
all stages, this philosophy will only work on the basis of a broad, scientifically
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TABLE I. HIERARCHY OF QUALITY ASSURANCE AND RELATED
DOCUMENTS

I Quali ty Assurance
Programme (QAP)

The QAP is a management statement as to the policy
with respect to the QA requirements, it provides for
control of all constituent activities associated with
the manufacture of nuclear fuel

Quality Assurance
Manual (QAM)

The QAM states specific policies, assigns the
responsibilities and describes the procedures
governing the activities of the manufacturing division
that might affect the finished fuel assemblies. It des-
cribes the QA system as it fulfils the requirements of
the QAP.

III. Quality Assurance
Procedure Manual (QAPM)

These manuals of QA procedures, guidelines and
regulations for all QA activities are writ ten and con-
trolled in such a way that quality is assured The
manuals include: (1) QA-procedures,
(2) manufacturing procedures, and (3) test and
inspection procedures. The individual parts of the
QAPM are established on the basis of the QAM
requirements and the design requirements set forth
in standards, specifications and drawings for a
specific contract.
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FIG.3. Basic technical approach to 'engineered QA and QC' in Zircaloy technology.
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Investigations programme
• Investigations and tests
• Special tests
• Process parameters and manufacturing effects to be observed

• Sample manufacturing
• Investigations
• Measurements
• Tests

• Technical reports
• Laboratory reports
• Investigation reports

• Assessment of the procedure qualification test results
• Determination of the procedure and the parameters in the form of

- Specifications
- Manufacturing and test and examination documents

• Comparison of data with Release Criteria (previously established)
• Release by competent Authority (by established Quality Programme)

FIG.4. Steps in establishing a procedure qualification test.

and technically qualified understanding of the processes and material properties
before fabrication (during process development), during fabrication and during
reactor operation.

This type of philosophy is sometimes called 'engineered QA and QC'.
Figure 3 shows how this philosophy might be applied to the fabrication of
Zircaloy components (see also Part B-3). The same logical system applies to
other activities, including nuclear fuel design and post-performance evaluation.

A critical step in qualifying a product and manufacturing process is the
'procedure qualification'. A full understanding of the process and its control is
obtained only through studying the various operating parameters of the various
steps in the process.

The procedure qualification tests are for inspection and testing of the manufac-
turing and test equipment, the processes and the personnel. The range of accept-
able operating parameters for the various manufacturing steps are evaluated,
with respect to product quality. Tests are conducted on individual manufacturing
and inspection processes that may not allow direct test measurement during
normal operation but none the less may have an impact on the final quality.
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Normally, for fuel assembly production, the following processes, for example,
would be subject to a procedure qualification test: welding (fuel-rod top and
bottom, skeleton, spacer grids), cleaning, helium leak test, establishment of
furnace temperature profile, assembly of skeleton, stamping of spacer grid,
ultrasonic examination of cladding tubes. These processes apply mainly to fuel
rods and assemblies, but the basic philosophy is the same as for all steps in
nuclear fuel manufacturing.

Figure 4 demonstrates the proposed steps in establishing a procedure qualifi-
cation test. It is important that the manufacturing and inspection processes to
be qualified must be identified and controlled. The programme which requires
a repeat of the qualification should be established in advance. Normally, a
repeat is required if significant components or boundary conditions of the
process have been changed or replaced, or have themselves changed. A period
of validity of the process qualification or an allowed maximum period of in-
activity is normally established; when this is exceeded, a re-qualification will
be required. The qualification test documentation and results usually become
part of the QA documentation requirements for certification.

Experience has shown that the concept of technological approach in nuclear
QA/QC must be developed in nuclear fuel laboratories during process develop-
ment. The development personnel must work closely together with the fuel
designer and manufacturer. The intent of the manufacturer is to produce a quality
product in an economical manner. This can be accomplished only if a proper
balance between QA and the cost of the product is maintained. The management
must recognize that, while items related to safety may not be compromised, the
cost effect of each additional quality check must be evaluated with respect to
the additional quality confidence gained.

1.4. Approaches to obtaining nuclear fuel services and the various
QA/QC responsibilities of the partners

For countries having or planning to have a nuclear power programme and
contemplating to enter into the various fuel cycle activities, there are several
different approaches that they might consider:

(a) Purchasing the fuel or services from some qualified supplier
(b) Buying the technology for manufacturing
(c) Developing the technology and constructing a manufacturing capability.

When the fuel or services are purchased, the country should place emphasis
on developing the capability for qualification of suppliers, auditing, and inspection
and check upon receipt.

In the case where the technology for fuel manufacture or for services is
purchased, greater emphasis will be placed on project management, manpower
training, management development and procedure/equipment qualification.
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A country which decides to develop the technology or which purchases only
a portion of the technology must stress the development of the technical capability
and at the same time develop planning and project management functions.

As the different technologies and their related QA/QC programmes are
developed, it takes detailed planning and programme management to ensure that
the proper balance is maintained. Such a balance will allow to optimize the use
of manpower and financial means.

In QA and, more specifically, QC of nuclear fuel technology, the following
main groups are involved:

(a) Official (state) authorities, representing the requirements of the public in the
area of safety (for personnel and the environment) and defining safeguards
against the unauthorized use of fissionable material

(b) Utilities, using the nuclear fuel to generate and supply electric power to
the public

(c) Fuel producers and suppliers, mostly combining the capabilities for design,
fabrication and post-performance evaluation (part of the last operation is
sometimes also performed by the utilities)

(d) Technical consultants, assisting all other above-mentioned parties, specifically
the first two.

1.4.1. QA/QC aspects of state authorities

To ensure the safety of the people and to protect the environment,
governments in all countries where nuclear technology is being used have released
general and specific regulations for the use of nuclear technology. The basic
philosophy is very similar in all relevant countries, but the details of national
codes and regulatory conditions are different from one country to the other.
It is one of the most important targets of the IAEA to harmonize these regula-
tions as much as feasible. The IAEA has established a wide-ranging programme
to provide its Member States with guidance on the many aspects of safety
associated with nuclear power reactors. The current programme, involving the
preparation and publication of about 50 books in the form of Codes of Practice
and Safety Guides, has become known as the Nuclear Safety Standards Programme
(NUSS). Even though mainly intended for nuclear power plants, much of the
guidance in the QA series is also applicable to fuel fabrication.

The regional aspects of governmental regulations are discussed in Section 1.5.
Two main tasks are identified as regulatory targets for governments:

- To establish an authority (a national law) which determines the distribution
of responsibilities. (There is a tendency in all countries involved to assign the
responsibility for nuclear fuel QA to the fuel vendor, depending on the regional
legal situation.)
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— To release guidelines, standards, regulatory codes, etc., which, as a minimum,
describe the general rules of the interaction between the partners mentioned
and the philosophy and requirements for QA and QC.

More details on the experience in the United States of America relating to
regulation of QC are given by L.E. Tripp in Session II of the Proceedings of
the IAEA Seminar in Oslo [ 1 ].

1.4.2. QA/QC aspects of utilities

Utility operators have to deal with three distinct requirements for which
assurance is needed.

(a) Safety. The prime concern must be for the safety of the operations and
the protection of the environment. As additional potential impacts on
the environment are identified, the statutory regulations for nuclear power
are responsive to these. The operator is under the obligation to design operating
parameters and to establish verifiable specifications to meet the requirements.

(b) Reliability. Being a public supplier, the utility is concerned with the
dependability of supply. As a result, its design specifications will reflect
sufficient conservatism to ensure that the continuous supply of electricity
will not be interrupted by inadequate quality control.

(c) Endurance. The economics of nuclear power generation demand a minimum
guaranteed irradiation life of the fuel and an assured lifetime after reactor
operation for post-irradiation storage. A sensitive and properly applied
QA programme, linking design testing and QC of material and processes
with specification verification, should allow the utility operator to be
confident that fuel mangement is optimized.

A detailed review of utility QA system requirements is given by J.L. Fowler
in Session II of the Proceedings of the IAEA Seminar in Oslo [ 1 ].

1.4.3. QA/QC aspects of fuel producers and suppliers

Fuel .producers and fuel suppliers require QA as a management function
within their organization, both to co-ordinate all quality efforts and to
assess and ensure that the fuel supplied will meet all specifications. QA, in
this sense, is an interfunctional discipline under the management organization,
which must satisfy both the utility operator and government agencies.

The observance of the application of regulatory conditions is facilitated
by the QA programmes and, in turn, these conditions stipulate the adequacy
of such programmes. Therefore, there will always be an intimate and inter-
dependent relationship between regulatory conditions and QA programmes.
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/. 4.4. QA/QC aspects of technical consultants

There may be many different motivations for the activities of technical
consultants. As far as QA and QC are concerned, three main tasks are of
importance:

- To verify the function and results of QA and QC systems and activities as
experts belonging to an institution which is able to act independently from
commercial interests of either utilities or fuel vendors

— To aid in solving interface problems between the above-mentioned partners
— To supply consultation in technological areas not yet developed within a

country.

In any case, these functions call for a high degree of scientific and technical
qualification of these experts. Furthermore, the effective work of this partner
depends on the technical experience of the people executing the above-mentioned
tasks. Co-operation between groups from all areas of the nuclear fuel technology
assists in the most efficient use of outside experts.

1.5. Regional aspects of QA practices

Today, the basic requirements to ensure the safe handling and use of
nuclear fuel are regulated by law in all countries where nuclear energy is pro-
duced. These legal rules formulate — in a more or less detailed way — the
requirements for QA and QC of nuclear components as far as they are safety relevant.
The United States of America initiated the first systematic set of QA rules meeting
legal requirements.

Table II lists the QA criteria for the USA laid down in Appendix B to
title 10, Part 50, of the Code of Federal Regulations (10-CFR-50), "Quality
Assurance Criteria for Nuclear Power Plants and Fuel Reprocessing Plants",
which established QA criteria for the design, construction and operation of
safety-related structures, systems and components of nuclear power plants
and reprocessing plants in the USA. Although fuel production facilities are
not direct licensees under 10-CFR-50, there are instructions in Appendix B
for licensees under the Code (such as owners of nuclear reactors) to require con-
tractors and subcontractors (such as fuel manufacturers) to provide a QA pro-
gramme consistent with the criteria of Appendix B (to the extent necessary).
Thus, Appendix B has been interpreted and generally acknowledged to apply
to all primary nuclear fuel vendors (designers/manufacturers). Appendix B to
10-CFR-50 consists of general statements of quality requirements which
have been broken into 18 criteria, as listed in Table II. All nuclear fuel suppliers
and most other major nuclear vendors in the USA have structured their QA
programmes around these 18 criteria.
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TABLE II. QUALITY ASSURANCE CRITERIA IN THE USA
(10-CFR-50, Appendix B)

I Organization

II Quali ty assurance programme

III Design control

IV Procurement document control

V Instructions, procedures and drawings

VI Document control

VII Control of purchased material, equipment and services

VIII Identification and control of materials, parts and components

IX Control of special processes

X Inspection

XI Test control

XII Control of measuring and test equipment

XIII Handling, storage and shipping

XIV Inspection, test and operating status

XV Non-conforming materials, parts or components

XVI Corrective action

XVU Quality assurance records

XVIII Audits

During the last few years, the American National Standards Institute (ANSI)
has developed several standards pertaining to nuclear QA programmes. In
addition to contributing to the development of many of these standards, the
USAEC3 had recognized the acceptability of such standards through the issuance
of Regulatory Guides. Such guides "are issued to describe and make available
to the public methods acceptable to the AEC regulatory staff of implementing
specific parts of the Commission's regulations ... Regulatory Guides are not
substitutes for regulations and compliance with them is not required".

Alternative methods are accepted if they provide the basis for a finding
that the Commission's regulations are being met. Thus, the proof of
adequacy rests with the user. Specific ANSI standards that have been recognized

3 The United States Atomic Energy Commission (USAEC) has been succeeded by the
United States Nuclear Regulatory Commission (USNRC).
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by Regulatory Guides and are applicable to QA activities for nuclear fuel are
as follows:

Regulatory Guide 1.28, "Quality Assurance Programme Requirements
(Design and Construction)", endorses ANSI-N-45.2-1971

Regulatory Guide 1.64, "Quality Assurance Requirements for the Design
of Nuclear Power Plants", endorses ANSI-N-45.2.11.

In October 1973, the American Nuclear Society (ANS) Subcommittee on
Fuel Assembly Criteria established a working group, ANS 13.2, to develop a
QA standard specific to nuclear power plant fuels. This working group is
developing a standard (ANSI-N-45.2.21) that provides requirements and
guidelines for all quality-related activities associated with the procurement, design,
fabrication, handling, shipping, on-site receiving and storage of nuclear power
plant fuels. The first draft of this standard was distributed for external review
and comment in July 1974. Up to now, no finally released version of this
document exists.

Some other countries (e.g. Sweden) are in practice consistently following
these U.S. regulations. Some countries first took over these rules and are
modifying and adjusting them according to their specific needs (e.g. France
and the United Kingdom).

In the Federal Republic of Germany, the federal law regulates only the
general legal situation. The individual state authorities are in charge of licensing
nuclear power stations and the use of nuclear fuel. In addition, independently
working technical organizations, the Technische Uberwachungs-Vereine (TUVs),
in consultation with the state authorities, technically review the design, manu-
facture and operation of nuclear fuel. This solution adds a strong technical in-
centive to the formal QA activities, which are regulated by a nuclear technical
committee where all parties of nuclear technology (see Section 1.4) are co-
operating.

More details of regional QA aspects in nuclear fuel technology can be found
in Part B-l. As far as world-wide experience with reactor operation of nuclear
fuel is concerned, in most cases all variations of QA obviously are basically
working satisfactorily.

1.6. General practical experience and areas of concern

Certain concerns regarding QA/QC have been expressed on several occasions
(for instance at the IAEA Regional Seminar in Buenos Aires in 1979), considering
the experience gained over a number of years. International agreement exists on
there being a danger of over-formulization of QA activities. As has been expressed,
QC levels should be established on the basis of the required confidence levels.
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The level of QA should also take into account the economic impact of each QA
system.

The main concern is that, in meeting the legal requirements of the existing
QA/QC rules, the primary purpose of these rules, namely to provide confidence
that an item or a facility will perform satisfactorily in service, might be overlooked.
The burden and complexity of the system may be so great that the simple problems
and their solutions may be disregarded. A planned and well-founded method for
avoiding such problems is to establish a good working relationship between all
partners involved. The programme must allow for an economically and technically
well-balanced approach.

A second problem involved in QA/QC of nuclear fuel and its components is
the proper generation and handling of large amounts of QA/QC-related infor-
mation and data. During the process development phase, optimization of the
documentation requirements should be considered. Some problems may be
reduced by the use of electronic data-processing equipment. However, because
of the high speed and high storage capacity of such equipment, the tendency
then may be to generate even more information. To avoid these problems, first
of all the representative characteristics of nuclear fuel processes and of the products
should be considered.

The confusion regarding the QA needs for individual reactor components and
the large quantity of fuel products often leads to a large amount of unnecessary
and sometimes useless data. This can lead to difficulties in the evaluation and
interpretation of the data. Because of the unnecessary additional work, the
available manpower will be distracted from the real function of QC, namely
to control the production and to verify the quality of nuclear fuel. Therefore,
adequate documentation should be based on:

— technically meaningful planning of all QA/QC investigations
— proper evaluation and interpretation of collected information and data
— the certification requirements.

2. DESIGN CRITERIA RELEVANT TO QUALITY

2.1. General aspects

Fuel design aims to ensure a proper balance between the requirements of
safe core operation and the properties of the fuel and fuel components. This
balance has to be understood in detail, and analysis has to be made to determine
which properties are of importance, how they can be obtained by fabrication
and how they will change under operation. To clarify the last point, post-
irradiation examination of the fuel is necessary.
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The main steps of the fuel design process are:

- To specify the targets of fuel performance for normal operation and under
off-normal and accident conditions

- To establish the operational conditions of the fuel in the reactor core in order
to meet these targets

- To analyse the behaviour of the fuel under these conditions and to guarantee
that the above-mentioned targets can be met

- To produce the final fuel drawings, specifications and design reports
— To analyse non-conformances arising during fabrication.

Normal operational targets result from a compromise between the objectives
stated by the utility and initiatives of the fuel supplier. Measures taking into
account off-normal and accident conditions are usually imposed by the licensing
authorities; the guidelines from the regulatory authorities are usually followed
in the so-called 'design basis accidents', i.e. scenarios of accidents likely to lead
to the worst situation.

The operational conditions of the fuel result from core designs (for steady-
state operation and accidents) and from safety analyses involving the reactor or
even the whole plant. The output of those designs and analyses constitutes the
necessary input for the fuel rod and fuel assembly analysis. The matter is
complicated by the fact that the resulting fuel behaviour induces feedbacks on
some accident scenarios.

Fuel drawings and specifications have to define the properties of the
as-fabricated fuel components, rods and assemblies, the acceptable tolerances
taking into account the range of changes of these properties that may occur
during operation. The fuel specification requirements expressed by the designer
and translated into control drawings and specifications must also consider
industrial feasibility and must result from commercial and technical agreements
between the fuel manufacturer and the designer. These specifications can be
based on product properties or on (fabrication or control) processes, the idea
behind the latter mode of procedure being to repeat what has been done before
and has proven suitable, hence is qualified. Most specifications are, at both
parties' convenience, a mixture of product and process specifications. The
control drawings and specifications and the consecutive sampling plan and qualified
processes, jointly accepted by the manufacturer and the designer (and sometimes
the customer or his consultant), are the documents on which the work of QC
and the quality audit is based. These documents constitute essentially a set of
simplified criteria which, when met, provide immediate evidence that the required
quality has been achieved. If these criteria are not met, i.e. in the case of non-
conforming material, the designer must evaluate the acceptability of the material.
This should be done on the basis of the control data which define all characteris-
tics of the particular batch of material. The item may be accepted for use without
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restriction or with defined restrictions, or it may have to be re-worked or
rejected. A case-by-case analysis evaluating against the conditions summarized
in the design report must be done in order to obtain a judgement on the adequacy
of the material for safe operation.

Figure 5 gives a typical example of how fuel design has to be reviewed and
of the overall requirements of the 'QA circuit' (Section 1.3). It is based on
experience resulting either from ad hoc experiments or from previous observa-
tions. These informations are based on the commercial know-how and know-
why of the fuel designer. They also depend on the details of the specific core
conditions in the individual reactor. It is therefore not possible to give a detailed
quantitative description of the fuel design criteria relevant to all quality aspects.

A genera! description of quality-related design requirements for nuclear
fuel is given in the following sections, based on published design and performance
experience. In Part B-2, a more detailed review is given, based on presentations
at the IAEA Regional Seminar on Quality in Nuclear Fuel Technology, held in
Buenos Aires in 1979. Further details on practical experience can be obtained
from Ref. [3] (sessions I-IV).

The manufacturing flowsheet usually starts with the fissile materials, and
the structural materials are added as fabrication proceeds. The reverse order
will be followed in the next sections because the boundary conditions imposed
on the design by the reactor system give the least flexibility for the fuel assembly
characteristics and more freedom for those of fuel rods, fuel and cladding.
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2.2. Design requirements for fuel assemblies

There is a wide variety of different types of fuel assemblies for water reactor
cores. The geometry varies from 6X6 to 9X9 square configurations for BWRs and
from 14X14 to 18X18 square configurations for PWRs; the length ranges from
1.9 m in early small-size plants to 4.3 m in the most modern plants, and the width
ranges from 13 to 22 cm. In HWRs, round configurations are preferred and the
length varies from 50 cm long bundles for the CANDU-type reactors to about 6 m long
bundles for Atucha; the diameter varies from 8 to 10 cm. Table III shows some
typical fuel characteristics for the various reactor types. The mechanical environ-
ment to which the assemblies are subjected is another source of difference. In
most PWRs, the assemblies are positioned in the core by bottom and top fittings,
and the lateral clearances are restricted by the assembly-to-assembly contacts at
the spacer-grid levels. Furthermore, the control rods consist of rod cluster control
(RCC) assemblies, the poison part of which moves into guide thimbles. These
guide thimbles are an integral part of the assembly structure. In some PWRs
(USSR designs and early USA designs), the assemblies are shrouded and the
control rods are inserted into the core in positions between adjacent assemblies
(sometimes in assembly positions); the design features and constraints of these
assemblies are therefore closer to those of BWRs than to those of most PWRs.

In most BWRs the assemblies are enclosed in 'fuel channels', i.e. re-usable
square Zircaloy tubes surrounding the assemblies and between which the blades
of the control rods are moving. In some BWRs (e.g. USSR graphite/water reactors)
and in HWRs the fuel assemblies are located in pressure tubes which are part of
the core structure; the control rods are moving in locations separate from the
assemblies. In all BWRs and HWRs, the constraints relative to the axial positioning
of the grids and to the interfaces with control rods are therefore absent.

Irrespective of the many possible different shapes, sizes and configurations,
the common design requirements are:

— to maintain proper positioning of the fuel rods (to ensure coolability and
unperturbed criticality effects) under normal operating conditions (including
operational transients) and in design basis accidents (e.g. seismic effects, LOCA,
loss of flow)

- to warrant handling capability before and after irradiation.

As mentioned above, additional requirements result from the necessity to guide
control-rod movements in PWR assemblies.

The properties of the fuel assemblies are determined by:

— irradiation effects: growth, embrittlement, etc.
- chemical interactions with the coolant: corrosion, hydriding, etc.



TABLE III. FUEL CHARACTERISTICS FOR LWRs AND HWRs

Characteristics

Physical

Total length (mm)

Pin length (mm)

Cladding material

Total weight per assembly (kg)

HM weight per assembly (kg) (initial)

Number of pins per assembly

Pellet diameter (mm)

Pellet length (mm)

Nuclear

Fuel type

Design burn-up (approx.) (GW-d/t)

Specific power (MW/t)

Initial enrichment (%) (uramum-235)

LWRs

PWR
1000MW(e)
class2

3200-4827

3848-4407

Zircaloy-4

480-840

122-548

126-331

8.0-9.6

11.0-17.8

UO2

26-34

33-37

1 9-3.3

BWR
1000 MW(e)
classb

4470

4065

Zircaloy-2

250-307

172-194

47-64

10.4-12.7

10.0- 12.7

U02

21- 28

22-28

1 9-3.0

HWRs

CANDU
540 MW(e)

495

492-405

Zircaloy-4

16.6 24.7

13.4-19.8

19-37

12.2-14.3

15.5-20.1

UO2

6.5-8

19

Natural

Atucha
370MW(e)

6180

5650

Zircaloy-4

210

152.5

37 (26 fuel)

10.6

12.0

UO2

7.0

30

Natural

H
>

1000-MW-class PWRs include reactors in the range of 900-1300 MW.
1000-MW-class BWRs include reactors in the range of 800 1300 MW
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- flow-induced vibrations, resulting in axial and lateral movements of the whole
assembly or in local effects (e.g. fretting or fretting corrosion at the fuel-rod/
spacer-grid interfaces)

- mechanical loads resulting from core operation and handling, including the
related accidents.

The resulting QC specifications for assemblies and structural parts of
assemblies refer to:

- dimensional characteristics:
(a) assembly envelope: including twist, bow, perpendicularity, etc.
(b) rod/rod, rod/guide-thimble and rod/environment spacings: including

spacer-grid profile features, wear-pad and spacer-pad morphology, etc.
(c) critical dimensions of end-fittings and end-plates including interfaces

with the handling tools and (for PWRs) with core bottom and top
plates, and with the RCC, poison and plug assemblies

(d) function-oriented dimensions of the guide thimbles
- surface conditions: roughness, cleanliness, etc.
— material compositions
— corrosion tests: on Zircaloy parts, welded or brazed parts, etc.
— mechanical properties for guide tubes, spacer-grid strips, assembly and grid

springs, spot welds, etc.
— texture (mainly for Zircaloy parts); this specification is usually replaced by

specifying a qualified manufacturing process
— handling, packaging and transport procedures (some key characteristics of all

assemblies are impossible to control at a later stage and most assemblies are
easily deformable structures).

2.3. Design requirements for fuel rods

Fuel rod design has to be based on a systematic analysis of the power-
versus-lifetime history of all fuel rods in a nuclear reactor core. This analysis
determines the critical limits of the reactor operating parameters (especially
within the ranges of heat versus burn-up in each fuel cycle) with respect to
integrity and dimensional stability of fuel rods, and with respect to the physics
and thermohydraulics of the fuel assemblies and the core. The main result of
this fuel rod analysis is the assurance of safe margins to the critical limits of
reactor operating parameters in terms of limiting material properties and dimen-
sional tolerances of the fuel rods. These critical limits have to be taken into
account

— for normal operating conditions, including operational transients, as well as
— for all cases of off-normal operation, such as shut-down, emergency conditions

(e.g. LOCA) and also operation with defect fuel rods.
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The design requirements for fuel rods are established from:

— a set of models describing in-pile behaviour
— the feedback from fuel operation by evaluating 'on-site' and hot-cell examinations

at all stages of burn-up of experimental and commercial fuel.

The specific design parameters are sometimes a compromise between two
different requirements. One example is the pre-pressurization of fuel rods for
which the regular operation criteria require a tendency to high internal pressure,
whereas the LOCA behaviour of fuel rods is better controlled by lower internal
fuel rod pressure. In such cases, fuel rod design has to determine a range which
is safe for both normal and off-normal operation.

Under both normal and off-normal operating conditions, the behaviour of fuel
rods is influenced by the interaction of the fuel cladding with the internal and
external environment. The following points should be considered.

(a) Mechanical interaction

External: The reactor system pressure is the driving force for the creep-down
of the cladding. Spacer-grid/rod interaction, neutron flux tilt and
cross-flow all promote rod bowing.

Internal: The fuel rod gas pressure and composition (filling gas and fission
gas) influence the cladding creep-down under the system pressure.
Pellet densification and cracking, the subsequent relocation of the
pellet fragments towards the inner surface of the cladding, and
the later swelling of the fuel, together with the cladding creep-down,
may lead to local strain and stress on the cladding, particularly
under operational transients. Combined with chemical effects,
such as iodine attack, this may result in stress corrosion cracking
of the cladding tube. The pellet/clad interaction may also influence
rod bowing.

(b) Thermal interaction

External: The coolant water chemistry influences the formation of crud
and oxide layers which affect the cladding surface temperature,
which in turn governs the corrosion rate of the cladding tube.

Internal: Heat transfer between the fuel and the cladding depends on the
gap between them and on the composition of the gas within the gap.

(c) Chemical interaction

External: As already explained, the coolant water chemistry influences the
formation of crud and surface oxide layers.
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Internal: Impurities on the inner cladding surface, possibly from fabrication
procedures such as pickling, may influence the iodine SCC
susceptibility of the cladding. Some vendors therefore prohibit
any pickling after the final annealing, thus ensuring that no
fluorine contaminants are left.
Excessive contents of moisture or impurities in pellets or filling
gas can give rise to local hydriding defects in the cladding.
Fission products or oxygen from fuel burn-up may influence
local attack or stress corrosion cracking during operation. All
free oxygen in fuel rods leads to internal oxide layers.
It should be realized that currently the pellet/clad interaction
(PCI) phenomenon is being investigated by many national and
some international programmes. Nevertheless, PCI is not of
the same practical relevance for all the different types of fuel
designs in use. As a matter of fact, there are no regulatory rules
to control PCI behaviour by fuel design in those countries which
today are leading in nuclear fuel technology.

2.4. Design requirements for Zircaloy cladding

The major design objectives for Zircaloy cladding are to ensure the mechanical
integrity and dimensional stability of fuel rods during reactor operations.

The following cladding characteristics are of importance in determining in-
reactor performance:

— mechanical properties (strength, ductility, creep behaviour)
- irradiation growth
— corrosion resistance and hydrogen uptake
— metallurgical conditions (degree of cold work, texture, distribution of impurities

and inclusions, susceptibility to iodine stress corrosion).

Neutron irradiation has an important effect on the above properties.
The complex operational conditions require a thoroughly adjusted set of

metallurgical properties of the Zircaloy cladding.

2.5. Fuel characteristics

The following fuel characteristics have been shown to be of importance in
determining in-reactor performance of fuel rods:

— swelling
- densification
- restructuring and relocation
— thermal conductivity
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- creep and fracture behaviour
— fission gas release
— chemical properties.

In addition, the distribution of gadolinium in UO2 —Gd2O3 is of significance for
neutron physics reasons (reactivity evolution). InUO2- Pu2 fuel, proper
distribution of plutonium is required for thermal reasons (local hot spots in accident
conditions).

By consistently observing the correlation between fabrication parameters
and powder properties on the one hand and the final pellet characteristics on the
other, it has been possible to 'tailor' the final fuel properties which are known to be
essential from the very beginning of the fabrication process.

2.6. QC specifications of fuel rods

The QC specifications resulting from the above-mentioned design requirements
for fuel rods and cladding as well as from the fuel characteristics concern the
following points:

(a) Fuel
— chemical properties (composition, impurities, moisture and hydrogen)
— physical properties (density, porosity distribution, grain size)
- enrichment (235U, Pu)
- homogeneity (235U, Pu, Gd)
— dimensions (diameter, length, shape)
— surface finish (roughness, defects)

(b) Cladding tube
— chemical properties (composition, impurities, corrosion resistance)
— mechanical properties (strength, ductility, creep)
- metallurgical conditions (degree of cold work, grain size, texture, inclusions,

defects)
— dimensions (outer diameter, wall thickness, ovality, length)
— cleanliness (inside and outside surfaces)

(c) End-plugs
- chemical properties (composition, impurities, corrosion resistance)
— mechanical properties (strength when the end-plug is a structural part of the

assembly)
— dimensions
— cleanliness

(d) Plenum components
— chemical properties (composition)
— mechanical properties (spring force)
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— metallurgical conditions (proper heat treatment)
- dimensions
- cleanliness

(e) Fuel rods
- dimensions (length, plenum, weld geometry, straightness)
- stack dimensions (length, weight)

stack composition (correct distribution of UO2, UO2 —PuO2 and UO2 —Gd2O3

pellets)
- leak-tightness
- weld quality
- cleanliness (inside: pellets and other components free of moisture; outside:

free of impurities and fuel contamination).

3. QUALITY CONTROL

3.1. General aspects

If quality control is taken in the full sense of its definition (Section 1.1),
it is a continuous exercise to be applied basically to all actions in nuclear fuel
technology influencing fuel performance. When applied specifically to fuel
manufacture — and this is the more common interpretation of QC — it means the
control of processes and products both at intermediate stages and at the final stage
for each component.

A direct influence of a QC action on the product under fabrication can be
expected only when this action refers to a production stage where there is still
a possibility of corrective action. In the final production stages, QC very often
can only verify the status of quality already achieved.

Today, there is a tendency for the QC organization to concentrate its efforts
on the verification of product specifications. Process control, on the other hand,
is mainly performed by the production organization for the manufacturing
activities that may eventually produce 'out-of-specification' material. The effect
of QC relying solely on product control is considered to be only economical. It
is recommended to check case by case whether there is really 'only' an economical
risk involved in such restricted QC action.

A case in point is the control of the 'green' density of pressed pellets. The
final certifications show sintered densities which reflect the characteristics of the
'green' densities. Failure to control the 'green' densities may cause a rejection of
pellets when the sintered densities are controlled and therefore has an economical
impact. But it is not always realized that there may also be a quality risk, since only
a limited amount of sintered pellets is controlled and the final decision has to
rely on the statistical relevance of this inspection. A change in the distribution
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FIG. 6. Economic aspects of quality control.

function and/or the (standard) deviation of the density after sintering may be
monitored by adequate control of the statistical characteristics of the 'green'
densities of a pellet lot (which may be controlled by watching the temperature
distribution and the atmosphere in the sintering furnace).

Recognizing that there is a relationship between decisions regarding quality
and economical impacts, it is advisable to have a limited examination of some
process control points by an independent group such as a QC organization.

Finally, the QC actions have to be verified. This means that:
- any wrong measurements should be identifiable
— all inspections should be applied in the appropriate sequence and no inspections

may be bypassed
— correlation should be ensured between specific project requirements (e.g. special

instructions from the customer or others) and test performance.

Today, electronic data-processing techniques provide methods to automate the
data handling of an inspection procedure and to correlate the data from the various
inspection procedures with the QA requirements.
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Assembly
Identification
Number

Identifica-
tion Boss

FIG. 7. Typical BWR fuel assembly (dimensions in inches).

3.2. Cost aspects

Quality control decisions should be made on the basis of specification
requirements and basically should be independent of costs and schedules.
However, it is noted that management decisions usually reflect cost/risk
judgements which must be weighed with a view to the potential impact upon
reactor operations. Of course, cost aspects are not relevant if violations of
reactor safety limits are involved.

Figure 6 illustrates the overall QC cost situation. If there is only the QC
activity to test product quality, the total test costs increase with the amount of
failures and with the production volume. If additional activities are performed
that lower the failure rate, the overall cost level is lowered by optimizing the
relation between the costs of planned QA activities and the test costs. The costs
of the planned QC activities decrease per unit volume with an increase of production.



30 PART A

FLOW DIAGRAM

Production
control3' Process steps

QC procedures and/or
acceptance tests

Press feed
characterization

Green density
Surface and dimensions

NOT
Dimensions
Cleanliness

Powder preparation

I
A Characterization«

II Pellet production

I
A Press feed

preparation

A 1 Enrichment
A 2 Chemical composition
A 3 Physical properties
A 4 Performance

no QC tests

B Pr

1

C Sir

i
D Gr

i

essmg

tenng
4 , .. . .

,
mding

,
III Fuel rod components1^

'
A 1

B. EncJ plugs *

IV Rod assembly

A Tube pre
(end pre
tube clea
claving if

i

aaration
Deration,
ning, auto
desired) /

L. /r *

no QC tests

II C 1
C 2

Re sintering stabil ity
Microstructure

II D 1
D 2
D3
D4
05

Surface roughness
Density
Geometry
Chemistry and moisture
Enrichment0'

III A 1

A 2
A 3
A 4
A 5
A 6
A 7
A8

Material control for
tube hollows, etc
Chemical analysis
Surface inspection
Mechanical properties
Corrosion
Defects (NOT)
Dimensions
Structure

III B 1

8 2
B3

Material inspection
on bar stock and wire
Defects
Dimensions

IV A 1
A 2
A 3

Surface appearance
End geometry
Length

al Indicated for information only Since these are not necessarily QC tests, the test method details are not given
A discussion of the relationship between production control and quality control is given m Session 3 1

bl Other components and inspections may he required according lo specific design, i e spacer tubes, insulator pellets,

springs
cl Enrichment determinations are sometimes made on final fuel rods but must also be considered in the powder and

pellet stages



GENERAL ASPECTS AND GUIDELINES

FLOWDIAGRAM(cont.)

31

End plug dimensions
Weld geometry and
appearance. Visual
inspection by weld
operator (surface, colour,
electrode condition I

Length
Weight
Appearance

B First end-plug weld IV B 1 NOT
B 2 Samples for

destructive tests
(including corrosion)

C Pellet stack
preparation

IV C 1 Moisture (hydrogen)

D Fuel rod loading
(pellets and other
components)

IV D1 Inventory check

E Second end-plug
weld (including
fill gas, pre-
pressurization, seal

As for IV B above
Fill-gas analysis
Seal weld inspection

Weld inspection
Braze inspection
Dimensions

weld if required)
«

1
F Final rod operation

, .

IV E 1
E 2

NOT
Samples for
destructive tests

IV F 1
F 2
F3
F 4
F5
F 6

V Fuel assembly components

*A. Component inspection *
-Grids
— Top and bottom

— Guide tubes
— Spacers
— Other specific items

according to design

V A 1
A 2
A 3

Contamination test
Final dimensions
Weight
Enrichment0'
Leak tightness
Visual inspection

Visual inspection
Dimensions
Other special tests
related to product
specifications (i.e
NOT, destructive
examination,
corrosion, etc )

VI Fuel assembly

VI 1 Dimensions
2 Rod verification
3 Leak tightness
4 Final inspection



32 PART A

Top View

Rod Cluster
Control "~~*>

Top Nozzle

Control Rod

Fuel Rod

Spring Clip

Grid Assembly

Bottom Nozzle

Bottom View

FIG.8. Typical PWR fuel assembly.

3.3. Representative process flow diagram for water reactor fuel assemblies and
test points

The flow diagram presented may be considered to be typical for a manufac-
turing scheme of fuel assembly production. It is recognized that special and
unique requirements exist for both HWR and LWR fuel facilities, and in fact for
both HWR and LWR fuel types. The intent of this flow diagram is to describe
what might be considered as the most common QC procedures and acceptance
tests for most of the different types of manufacturing processes. In order to
differentiate between production control and quality control, some representative
production control points are listed. Manufacturing experience and QC design
concepts determine what actual controls will be made. Figures 7-10 are drawings
of representative BWR, PWR and HWR type fuel assemblies.
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1 Zircaloy Bearing Pads
2 Zircaloy Fuel Sheath
3 Zircatoy End Cap
4 Zircaloy End Support Hate
4 Zircaloy End Support Plate
5 Uranium Dioxide Pellet!
6 Canlub Graphite Interiayer
7 Inter-Element Spacers
8 Pressure Tube

FIG.9. Typical HWR fCANDU) fuel bundle - Pickering reactor.

3.4. Basic quality control tests

Table IV gives typical standards for QC of water reactor fuel assemblies in
the sequence of the process steps in the flow diagram of Section 3.3.

The reference ASTM standards given are considered as typical accepted
standards. Where international standards exist, they are referenced, but in many
cases ASTM standards are used.

3.5. Calibration system for quality control equipment

The equipment used for measuring and test procedures for the various
manufacturing steps must always have the necessary accuracy and precision of
measurement. To ensure the reliability of the measurements, a system for its
verification must be established. Such a calibration system has to take care
of the selection, calibration, adjustment, maintenance and control of inspection,
measuring and test equipment. Figure 11 gives an example of a system for the
control of measuring and test equipment.

For chemical analysis, standard reference material is necessary to calibrate
analytical procedures. There is still a lack of internationally calibrated reference
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material, especially for analysing Zircaloy. At the Bureau of References of the
Commission of the European Communities, Brussels, development work is under
way to supply calibrated reference material for Zircaloy analysis.

3.6. Evaluation of quality control data

Quality control does not end with obtaining the actual information about
one specific material property or process step. It is necessary to compare:

— different properties of the same product
— the same property in different production lots or of different products
- the same process steps at different locations or after using different lots of

incoming material or lots produced by different operators
- the history or trends of the characteristics of a product or process.

Text continued on page 39.
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TABLE IV. TYPICAL STANDARDS FOR QUALITY CONTROL OF WATER
REACTOR FUEL ASSEMBLIES

Process steps/tests Typical standards3

I. Powder preparation

A Characterization
1 Enrichment
2. Chemical composition

(a) Overall
(b) EBC
(c) Impurity limits

3. Physical properties
(a) Particle size
(b) Bulk density
(c) Sieve analysis
(d) Surface area
(e) Flowabihty

4. Performance
(a) Performance tests
(b) Smterabihty

5. General
(a) Lot requirements
(b) Sampling

II. Pellet production

A. Press feed preparation

B. Pressing

C. Sintering
1. Re-sintering stability

2. Microstructure
(a) General ceramography
(b) Gram size distribution
(c) Pore size distribution

* ASTMC696 79

* ASTMC 696 79
* ASTMC 753 78
* ASTMC 753-78

* ASTMC 753-78
* ASTMC 753 78
* ASTMB214 76
* ASTMC 696-79
* ASTMB 213 77

* ASTMC 753 78
* ASTMC 753 78

* ASTMC 753-78
* ASTMC 753 78

No known standards

No known standards

None published
(see Section B-4)

ASTME 3 62(1974)
* ASTME 112-77
none published

In the serial designations, the last number indicates the year of adoption as standard or, in
the case of revision, the year of last revision. Thus, standards adopted or revised during
the year 1979 have as their final number 79. A letter following this number indicates
more than one revision during that year, i.e. 79a indicates the second revision in 1979.
Standards that have been re-approved without change are indicated by the year of last
re-approval in parentheses as part of the designation number, for example (1979). An
asterisk preceding the designation indicates that the standard has been approved as
American National Standard by ANSI.
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TABLE IV (cont.)

Process steps/tests Typical standards

D. Grinding
1 Surface roughness
2. Density (immersion technique,

boiling water technnique)

3. Geometry
(a) Diameter, length, end square-

ness, end-dish volume
(b) Visual

4. Chemistry
(a) Most important. U,

U isotopes, C, Cl, F, O/U,
sorbed gases

(b) Hydrogen

HI. Fuel rod components

A Tube
1. Material control for tube

hollows, etc.
(a) General
(b) Ingot control
(c) Examination including

mechanical properties

2 Chemical analysis
(a) General

(usually defined on ingot)
(b) Sampling
(c) 0 2 ) H 2 , N , C

(elements which may contami-
nate tubing manufacture and
should be analysed on receipt
of product)

3. Surface inspection
(a) Contamination

(autoclave as-received tubing
without prior cleaning)

(b) Surface roughness
(c) Visual

ISO/R468 1966b

* ASTME453 72 Sect.12
* ASTM C 20-74

No known standards

ASTM C 696-79
ASTM C 696-79

* ASTM B 353 77a
* ASTM B 350 -73
* ASTM E 453 72

ASTME 146-68(1974)
ASTM E 55-48 (1978)
ASTME 146-68(1974)

Observe for unusual discoloration
(autoclave practice defined in
* ASTM G 2-74)
ISO/R 468-1966"
Surface defects, discoloration and
damage

International Organization for Standardization, P.O. Box 56, CH-1211 Geneva,
Switzerland.
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TABLE IV (cont.)

Process steps/tests Typical standards

4. Mechanical properties
(a) Uniaxial tensile properties

(TS, YS, ductility)
i. Room temperature
ii. Elevated temperature

(b) Circumferential
(c) Other tests according to

specific requirements
i. Creep
ii. Other tests as required

5. Corrosion
6. Defects: (NOT, ultrasonic

techniques)

7. Dimensions
(a) Significant figures
(b) Outer diameter

i. Capacitance gauge
ii. Air gauge
iii. Electromechanical contact

gauge
iv. Ultrasonic techniques
Wall thickness0

Inner diameter0

i. Capacitance gauge
ii. Air gauge
lii. Electromechanical contact

gauge
iv. Computer calculations

OD minus wall thickness
from ultrasonic techniques

Structure
(a) Metallography
(b) Grain size
(c) Hydride orientation

(not a quantitative test of
texture, sometimes useful
for quality control)

(d) Texture
(pole figures by X-ray
diffraction used during
process qualification)

(c)
(d)

* ASTME8-79
* ASTM £21-70(1978)
ASTME 453-72

* ASTME 139-70(1978)

* ASTMG2-74
* ASTMP353-77a

Annex A 3

ASTM £29-67(1973)

No known standards

No known standards

No known standards

ASTME 3-62 (1974)
* ASTM El 12-77
* ASTMB353-77a
Annex A 2

No known standards

It is recommended that these measurements be recorded and reflect the measurements
over the total length.
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Process steps/tests Typical standards

B End plugs and springs
1

3.

Incoming material control
(a) General (Zircaloy)
(b) General (stainless steel wire)
(c) General (springs)

Specific tests

IV. Rod assembly

A. Tube preparation
1. Surface appearance

(a) Surface defects
(b) Discoloration
(c) Damage

2. End geometry
3. Length

B. First end-plug weld
1. NOT (X-ray)

2 Samples for destructive testing
(a) Penetration
(b) Pores and inclusions

Pellet stack preparation
1. Hydrogen

Fuel rod loading
1. Inventory check

C.

D.

E.

F.

Second end-plug weld

' See B above for all similar tests

Final rod operation
1 Contamination test
2. Final dimensions
3. Weight
4. Enrichment
5. Leak tightness

6 Visual inspection

No known standards
* ASTM A 55 76
* ASTM A 313 76

In general, these tests follow the
recommendations listed under
cladding tubes. The general specifica-
tions above list cross-references to
specific items

Visual inspection

Special gauges
Basic measurement

* ASTM E 94 77
* ASTM E 142 77

ASTM £3-62(1974)
ASTM £3 62(1974)

* ASTM C 696 79

Ensuring that all components have
been placed properly

Standard health physics control
Basic measurement devices
Basic measurement devices
No established standard
Helium leak test (standards
available with equipment)
In accordance with product
specification
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TABLE IV (cont.)

Process steps/tests Typical standards

V. Fuel assembly components

A Component inspection
1. Visual inspection
2. Dimensions
3. Other special tests

(a) Grids
i. Zircaloy strip

(b) Top and bottom plates
i. Precision castings
ii. Radiographic standards for

precision castings
iii. Metallographic examination

(c) Guide tubes or other specific
items according to design

VI. Fuel assembly

1. Dimensions
(a) Rod-to-rod spacing
(b) Twist
(c) Straightness
(d) Overall length

2. Rod verification
(a) QC clearance
(b) Location in bundle

3. Leak tightness

4. Final inspection

According to product
According to product

* ASTMB352 73

* ASTMA613 76
* ASTME 192-75

ASTM £3-62(1974)
According to requirement of product
specifications

Basic measurement
devices

Administrative control
Administrative control

Helium leak test
Standards available with commercial
equipment
According to product specification
(thorough check for cleanliness and
damage; verify that all components
are properly positioned)

Currently, the appropriate tool to handle large QC data groups for dealing with
such problems is statistical evaluation. This is particularly true and important
for QC data from nuclear fuel technology, because of the mass production tech-
niques used.

Theory and practical tools are well developed today. Many pocket computers
already contain programs for the necessary calculations and statistical paper is
available to plot the results.
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„ Measuring and Test Equipment (M TE )

FIG.11. Control system of measuring and test equipment.

In Part B-3, the techniques of statistical evaluation are discussed in some
detail and several examples are given from practical experience in Zircaloy
technology. Other examples of applying statistical methods to product and process
control are reported in Session III of the Proceedings of the IAEA Seminar in
Oslo [1], mainly by R. Sifferlen and J. Senevat.

3.7. Documentation of quality control data

Documentation of QC (and QA) data has already become one of the most
difficult problems in nuclear fuel technology. There is a large amount of data
that must be handled and stored, and at the same time many requirements exist
for the availability and analysis of these data.

Care must be taken in establishing data collection systems to ensure that
the length of life of the product corresponds to the storage life of the data. For
long-lived reactor components, longer storage of QC data is required than for the
shorter-lived fuel assemblies.

Further 'compaction' of data may be obtained with data evaluation programmes;
at present, programmes for handling specific fuel assembly manufacturing data are
not commercially available.
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The data documentation system should be designed in such a manner that
advantage may be taken of the retrieval and analytical functions of the stored data.
It is felt that methods may be devised to evaluate the total data and to establish
the overall quality of a given component. Possibly, it may be of help to project
fuel performance on the basis of the manufacturing data.

At the present time, some data-processing facilities exist which collect and
store the data in order to correlate them to lots, projects, etc. One example from
Japan is given in Part B-3 for Zircaloy cladding-tube fabrication. Other examples
are reported in Ref. [1 ], page 467, and in Ref. [3], page 177.

3.8. Quality traceability and use of 'travellers'

Data of QC tests or other QC actions are reliable only insofar as it is possible
to relate them to the material or the component to be investigated and to the
equipment or process leading to the stated quality. Therefore, the traceability
of all fabrication steps and their consequences on the product is one of the most
important aspects of QA and QC in nuclear fuel technology.

This requirement is generally accepted today. However, this should not
lead to the misunderstanding that traceability calls absolutely for individual
treatment of each component of a nuclear fuel bundle. It is possible to maintain
traceability of important, quality-relevant characteristics for groups of components
rather than for individual parts. Such a group of components is normally called
a lot or a sublet.

If a large number of identically processed parts or components with identical
properties have to be produced or used, there is no need for individual documen-
tation at each step of fabrication and control. It is, however, necessary that all
QC data and other information are statistically relevant for those groups of
components that have to be documented in one lot certificate.

A typical example for this type of traceability is the quality control and
documentation of the pellet properties during the process steps of UF6 conversion,
blending of the powder lot, pressing, sintering, grinding and final characterization
of the pellet lot. There are mainly three conditions necessary to guarantee good
traceability during these process steps:

— representative characterization of the specific powder lot
— correct correlation of the relevant process parameters to the lot that is actually

under fabrication
— representative sampling and a statistically sufficient number of samples that are

investigated.

There is a risk that a lot has to be treated as non-conforming material if the
statistical evaluation shows that the confidence levels are not met. This risk can
be minimized by appropriate sizing of the lot, provided that sufficient experience
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is available to identify which deviations are possible during the process and how
likely these deviations are to occur.

If the risk is considered to be too high or if additional requirements other
than QC exist, it may be reasonable to establish a 'traveller' (often also called
Mist follower') on an individual basis, even if the processes and properties are the
same for each of the individual components.

A typical example is the use of a traveller to establish traceability in the
production and QC of fuel rods. Figure 12 gives an overview on several aspects
that may lead to an individual traveller concept for fuel rods. It also shows the
most important data to be listed and how they may refer to components, processes

and instructions.
Figure 13 gives an example of how all this information may be collected on

one card. This is essential for making efficient use of the large amount of
information deriving for instance from 40 000 fuel rods for a PWR initial core.

More details on the use of travellers are given in Part B-5.

3.9. Organization, responsibilities and personnel qualifications

3.9.1. Organization

The organizational structure of a nuclear fuel fabrication facility will vary
according to state and local requirements, capabilities and needs. It is impossible
to describe an organization and personnel qualifications that meet the needs and
capabilities of all countries undertaking nuclear fuel fabrication. However, basic
managerial responsibilities exist and must be accomplished if a product is to be
produced with optimized costs and quality. To define these basic managerial
functions, a model organizational chart for nuclear fuel fabrication is shown in
Fig. 14. This is only for the purpose of discussion, since the exact organization
will vary within individual institutions.

The authority and the duties of persons and organizations performing activities
affecting the quality of the product shall be clearly established and delineated
in writing. The organizations performing certain quality-related functions shall
have sufficient authority and organizational freedom to identify quality problems
and shall be able to initiate corrective action to provide solutions. Because of the
complexity of fuel manufacturing, the large number of personnel, the various and
diverse activities and the different locations where the activities are being performed,
the organizational structure for assuring quality may take various forms.

The plant management is responsible for maintaining the overall organizational
structure necessary to ensure that the quality of the product is maintained. The
manager is normally responsible for production within a given budget.

Overall direction for each supply contract or product line is given by a centra-
lized office. In our model, this is identified as the project management. The
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project manager has direct access to the plant manager to whom he reports regularly
on project progress and status.

Quality is assured and controlled through the functions of the QA/QC
management which reports directly to the plant management. QA/QC is largely
independent of budgeting and scheduling pressures and is functionally independent
of any group or individual directly responsible for the activities to be audited for
proper performance. The QA/QC activities are normally authorized and exercised
by the QA system. Administratively this system may be attached more to the
QC management but it would function as the in-plant QA group.

Specific QA and QC activities are performed by personnel within both the
plant management and the fuel element design management. The design management
has the responsibility for the preparation of the technical specifications and drawings.
In the case of a violation of the quality requirements, this office is responsible for
the final acceptance or rejection of the material. In most cases, fuel design is
organized independently from the plant management. Fuel technology laboratories
are between these two groups (see Fig. 1); usually, these laboratories are attached
closer to the design functions. But additional laboratories are required within the
fabrication plant organization for the specific needs of the plant QC tasks.
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The responsibilities for both manufacturing and design are assigned to a
functional group with the professional skills and competences necessary to
ensure that all quality functions are properly carried out. To accomplish this,
the organization should carry out internal and external training programmes
and seminars covering the latest techniques, standards, requirements and proce-
dures pertinent to the design, fabrication and inspection of nuclear fuel.

The specific functional management responsibilities are listed below.

3.9.1.1. Quality assurance

The QA group is responsible for the formulation, management and effective
implementation of the QA programmes through preparation and maintenance
of the QA Manual. The QA manager is also responsible for QA audits of all
functions. There may be a QA group within the plant management and one
within the fuel design management. These groups have to co-operate very closely.
The overall responsibility has to be with the design-related group.

3.9.1.2. Plant management

The plant management is responsible for the overall management of the
fuel fabrication facility, including manning as well as organizing the production,
process development and fabrication engineering, and QC activities. The plant
manager is directly accountable for product quality, for manufacturing costs
and schedule performance. He delegates specific responsibilities to develop,
implement and maintain the systems and procedures necessary for effective
plant operation for fuel production

3.9.1.2.1. Quality control management. The QC management is responsible for
the development and implementation of control plans, procedures and instructions.
The QC manager is responsible for ensuring that all QA requirements are imple-
mented and controlled. The responsibility for QA of all materials received and
in process, and for the final product including product certification, rests with
the QC management.

3.9.1.2.2. Fabrication engineering. The responsibility for the development, comple-
tion and control of all manufacturing equipment, processes and procedures rests
with the fabrication engineering group. The manager of this task is responsible
for developing processes and procedures, as required, to ensure that manufacturing
processes are capable of producing products that meet the technical specifications
and drawings at the appropriate quality level.

3.9.1.2.3. Production management. The production management is responsible
for effectively managing the manufacture of products, in conformity with
engineering and product specifications, customers' obligations, and cost and
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FIG.15. Circuit of main activities in nuclear fuel quality control, their correlation to other
activities in nuclear fuel technology and to personnel capability levels.

schedule commitments, and for meeting quality standards. The responsibility
of this manager includes the process and material control functions necessary
to meet quality, cost and schedule requirements. The general maintenance for
the complete facility is also his responsibility.

3.9.1.2.4. Administration management. The responsibility of the administrative
manager is to ensure the effective operation of support services for manufacture.
Normally, the purchasing, personnel, financing, health physics, security and safe-
guards activities are managed by this group.

3.9.1.2.5. Project management. The overall administrative responsibility for any
project rests with the project manager. This includes developing the overall project
schedule, reflecting design, fabrication and customer requirements; co-ordinating
design and production release procedures; and monitoring design, fabrication and
QA performance against established guidelines (costs, schedule, quality level, etc.).
The project management liaises with the customer and co-ordinates all communica-
tions and approvals of customers when necessary. It transmits all design specifications
or QA requirements of customers to the appropriate managerial departments.
There may be a project management group within the fabrication plant and one
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within the organization responsible for fuel design and development; the overall
responsibility — especially versus the utilities — has to be with the design-related
group.

3.9.1.3. Fuel element design management

The design group is responsible for all design and engineering aspects relating
to fuel elements. This includes the management of design activities and the
issuance of technical specifications that stipulate the exact requirements for fuel
element fabrication, including any special provisions to assure product quality.
Such provisions include:

(a) Quantitative requirements for all physical properties related to operational
performance

(b) Identification of appropriate release points during fabrication to ensure
thorough testing and inspection

(c) Use of verified statistical methods in product evaluation.

This management is responsible for establishing the requirements for the qualification
of products and processes, and for giving the release for production. It is also
responsible for evaluating the acceptance of material that does not meet the
design or quality requirements.

3.9.2. Personnel responsibilities and qualifications

It should be noted that the specific activities in nuclear fuel quality control
are interrelated. Figure 15 shows the interrelationship of the functions described
above and the personnel capability levels required. These levels are defined in
Table V.

The question of availability and use of sufficiently highly qualified people
is sometimes believed to be a general problem in QC. This point was already
stressed during the first Panel on Quality Assurance and Control in Nuclear Fuel
Manufacture in Vienna in 1974 and in Ref. [2].

It can be stated that for the daily routine of QC in nuclear fuel manufacturing
it is not necessary — and also net possible — to work mainly with highly
qualified people. But it is necessary that these people are motivated and dedicated
to their task. And, of course, they must be experienced with regard to the
process steps they are watching and the control methods they are applying.

Problems in relation to QC may sometimes turn up that cannot be answered
properly by a QC technician with regular qualifications. For those cases, it is very
important to have qualified experts at hand to help solve such problems. Experience
has shown that one way out of these difficulties is to have continuous contact with
a fuel technology laboratory where research and development is performed to
continually improve the materials, components and methods used in fuel technology,



TABLE V. CAPABILITY LEVELS FOR PERSONNEL IN NUCLEAR FUEL QUALITY CONTROL

00

Level

1

2

3

Definition,
education,
organizational
position

Quality engineer

Technical
sciences

Manager

Quality
inspector

Technical schools

Supervisor

Quality
examiner

Specific
technician

Areas of QC actions

Fuel design, specifications
and development, and contacts
with customers and authorities:
overall planning; final inter-
pretation

Detailed planning and control
of QC action; evaluation of
results

Execution of tests, calibration
of equipment; registration and
compilation of results

C a p a b i l i t i e s

Knowledges
('know-why')

General scientific and techno-
logical background for materials
and process testing techniques;
overview of QA/QC requirements

General technical background for
testing and evaluation of methods
and equipment; specific training
in QC targets and specific QA
procedures

Specific training in testing
methods and procedures

Skills
('know-how')

Experience in technical and/ or
QA management, and in
scientific and technological
evaluation and interpretation

Experience in destructive and/or
non-destructive testing methods
and measuring techniques, and in
equipment and QC evaluation
methods

Specific training and skills to
perform tests, measurements,
calibration, etc., and to registrate
data

•fl

H
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including manufacturing and QC methods. Such a laboratory has a very important
function as a link between design and fabrication; it can also contribute to comple-
ting the feedback portion of the circuit of activities using the results of post-irradiation
examination.

The Agency has recently completed a Guidebook on Manpower Development
for Nuclear Power [4] which treats questions related to the development and
training of personnel for various fuel cycle facilities including fuel fabrication.

There is no magic yardstick to find out how many inspectors or testers are
needed to do a job. High-reliability industries like the nuclear and aircraft industries
may have one inspector for six production workers. An alert manager specifies
the end-result required from inspection and testing, and then all efforts should be
made to reach this goal through balancing the cost of control versus the complete-
ness of conformance.

Morale plays a large role in any operation and therefore an effective 'quality
climate' must be established. If in any area of management indecision is present,
this is passed on immediately to the lowest bench inspector who then may release
a part that would normally have been rejected. Consistency in quality policy
is a cornerstone upon which product integrity is built. The organizational structure
and attitude will have a direct effect on the final product quality.

3.9.3. Quality documents

The responsibility for the preparation, approval and distribution of documents
identified as important for stabilizing the manufacturing processes and for assuring
product quality involves all functions within fuel design and fabrication. Table VI
lists the various management groups and their relation to the preparation, approval
and distribution of the important documentation.

The basic objectives of the quality documents are listed below.

The quality assurance plan (QAP) is intended to establish and maintain an
integral QA system governing the development, design and fabrication of nuclear
fuel. It establishes the responsibilities, authorities, systems and requirements for
the organization to meet whatever quality levels are required by the customer.
To reach these targets, it may be useful to start with a management statement
on QA policy (QA programme) and then to assign the specific responsibilities in
a QA Manual (see Table I).

Design drawings show all dimensions and requirements for items needed by
a vendor to fabricate and inspect them. The applicable specifications are normally
shown on the drawing.

Technical specifications define all requirements for an item, except for the
dimensions, which are given on the design drawings; the specifications list all



TABLE VI. QUALITY DOCUMENTS AND MANAGERIAL RESPONSIBILITIES

Documents Design Design Fabrication Production Quality
management engineering management control

1

2

3.

4.

5.

6.

7

8.

9.

Quality assurance A A
plan (QAP)

Design drawings A P, D A

Technical A P. D A
specifications

Process outline A A A A, D
(sequence plan)

Quality assurance A P, D
procedures
manual (QAPM)

Inspection and A A A P, D
test plan

Manufacturing and A A P. D
quality control
instructions

Inspection report P. D
forms

Traveller cards A

Fabrication Quality
engineering assurance

P, D

A

A

P R
TS

50

A ^

A R

P R

R

P, D R

Responsibilities' A = Approval, D = Distribution, P = Preparation and approval, R = Review and approval
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applicable documents and drawings, manufacturing requirements, inspection and
test requirements, acceptance criteria and administrative requirements.

Process outlines delineate the basic sequence of operations for manufacturing,
including process and inspection steps and release points; they are normally
prepared as required by the customer and the QA plan.

The quality assurance procedure manual (QAPM) (see Table I) is a description
of the systems and procedures in effect for each manufacturing operation to ensure
the requirements set forth in the QA plan. All supporting services, such as purchasing,
receipt and inspection, that might have an impact on product quality should be
included in the QAPM. The format should be uniform, including the scope,
responsibilities and requirements. The control and reliability of the procedure
increases the confidence in product quality.

The inspection and test plan provides a listing of the items for inspection and
tests to be performed, including acceptance criteria, inspection or test methods, and
sampling plans for each inspection or test required by a specification; it will be
prepared in accordance with the QA plan and the specifications for each product line.

Manufacturing and QC instructions provide detailed working instructions for
performing manufacturing or QC operations. The manufacturing instructions
normally cover general operations and may be used on more than one project;
the traveller card indicates the appropriate working station. The QC instructions
document quality system procedures; they should also be used to describe
statistical quality control, non-destructive testing, component and assembly
inspection and release procedures.

Traveller cards (list followers, route cards) are the basic manufacturing
documents. They list each operation to be performed on a specific item and
are routed with the items being processed. They direct the passage of the items
through the processes and furnish operating information by either giving detailed
descriptions and/or by referring to other applicable documents. The card allows
each operation to be signed off and dated immediately upon completion before
continuing the operation.

3.10. Non-conforming material and corrective actions

When inspection shows that the material or component produced does not
meet all QC requirements, three consequent procedures are possible:

(a) To scrap the material
(b) To re-work the material (according to approved re-work procedures)
(c) To release the material after additional tests, considerations or actions.
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In case (a) it is only necessary to ensure and control that further use of the
rejected material will be avoided. If recycling takes place after scrapping, this has
to be accomplished by using approved procedures.

For those cases under (b) for which approved and proven re-work procedures
exist, the material may be re-worked and, if it then meets the specifications, it may be
re-introduced into the process.

For those cases under (b) for which no approved re-work procedures exist, it
is advisable to contact the institution or organization responsible for the design
and establishment of the specification. Both parties — the manufacturer and the
designer - will then jointly undertake to find out what actions, test and verifications
are required for the material to be used without jeopardizing the final quality of
the product. The help of an experienced technology laboratory will be very useful
in finding the best solution.

The procedure under (c) is always applicable.
To handle such actions as fast and effectively as it is desirable, special organiza-

tional arrangements have to be made in advance. Practical experience has shown
that a very effective way is to nominate 'quality co-ordinators' on both sides
(design and production) for every sensitive part of fuel technology, such as:
powder and pellets, claddings, other rod components, fuel rods, assembly components
and fuel rod assemblies.

The co-ordinators from both sides should immediately establish contacts with
each other and take care of all necessary calculations and statements. They must
ensure that the responsible departments of both organizations will be kept informed
to the extent required. They should compile all necessary information and they are
responsible for decisions within their organization. Depending on the extent of
the problem, they may be able to resolve the problem themselves.

The final decision will be submitted to the co-ordinators of the other party.
It is, of course, essential that these co-ordinators are highly qualified specialists within
their area of responsibility and have sufficient experience and authority to act properly.
In order for co-ordinators to be most knowledgeable and capable to make such
recommendations and decisions, it is advisable that they be chosen from a group
continuously active in the particular area of activity in question.

3 . 1 1 . Open QC questions

Currently, QC of nuclear fuel production may be regarded as very well settled
in all those countries where nuclear fuel technology is being performed commer-
cially. Nevertheless, there are areas where further improvement is desirable, such as:

- Development and establishment of effective 'software' for, better evaluation
and documentation of QC data by electronic data processing

- Development and application of methods for a faster feedback of in-reactor
performance experience to the design and manufacturing groups, and consequent
utilization of the information in QA and QC actions.
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Currently, in most cases it takes 4—7 years to get the full information from
production back to a modified product specification. In view of this, it would be
desirable to make special efforts to improve pool site inspection methods in order
to release detailed information directly after each reactor cycle.

Besides these more general requirements, some special problems regarding QC
techniques remain open:

- Better international agreement is needed on the characterization of the important
properties of UO2 powders

- Uniform QC criteria are needed for UO2 pellets with regard to their densifi-
cation behaviour

- The oxygen-to-uranium (O/U) measurement by the gravimetric method is not
applicable to mixed oxides like UO2-Gd2O3 (Gd>4%)

— A better method is needed for characterizing the condition of Zircaloy components
with regard to degree of recrystallization, degree of recovery, etc.

- The ultrasonic test procedures for Zircaloy components need further development
in order to obtain a better correlation between the indicated and the actual
defect sizes and shapes

— An efficient and economical final test on finished fuel rods with regard to
enrichment, poisons, incomplete filling and structural material has to be developed.
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1. INTRODUCTION

Quality assurance plays a major role in the design, development, fabrication
and operation of nuclear fuel. The safe and cost-effective application of nuclear
power depends to a considerable degree on the quality assurance and quality control
(QA/QC) systems that are implemented for fuel and other components.

A formal definition of QA is : "All those planned or systematic actions
necessary to provide adequate confidence that an item or facility will perform
satisfactorily in service". QA can be considered as a management system ensuring
that all important activities are accomplished in a planned, systematic and controlled
manner.

A formal definition of QC is: "Those quality assurance actions which provide
a means to control and measure the characteristics of an item, process or facility in
accordance with established requirements". QC is a part of QA, and for nuclear
fuel can be considered as process control, product inspection and associated activities.

The differences between QA and QC are not always clear because the semantic
definitions vary from organization to organization. Ultimately, the subtle differences
in the names of quality-related activities are relatively unimportant compared with
the objectives to be accomplished.

This part discusses the objectives of QA/QC, the basic systems used, the
actions required by government regulatory bodies in the USA and in Europe to
protect the health and safety of the public, the actions recommended to vendors
and utilities for technical and economic reasons, the participants of QA/QC
activities and their interrelation, and the critical aspects of cost-effective QA
systems.

2. OBJECTIVES OF QA/QC

The two major objectives of QA of nuclear fuel are:

— to protect the health and safety of the public, and
- to achieve the design performance levels and the projected fuel cycle costs

57
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FIG.Rl/l QA cost versus product performance.
(From JURAN, J.M., Quality Control Handbook, 2nd ed., McGraw-Hill, New York (1962).)

through the reliable and safe utilization of the fuel. The protection of the public
is generally the direct responsibility of various government bodies, and their
policies and regulations have to be carried out by the organizations licensed to
handle nuclear fuel. If the regulations are violated, the licensees are liable to
warnings, fines, and suspension or loss of licence. More important than the
punitive aspect is the need for regulators to instil a high degree of confidence in the
public of their individual countries that the activities potentially affecting safety
are performed correctly.

The achievement of low fuel cycle costs through the good technical design
and fabricated quality of the fuel is the direct responsibility of the fuel vendor and
is of critical importance to both the vendor and the user, i.e. the utility client.
The requirements for economic fuel performance are more stringent than those
for safe performance. Most fuel failures do not have a significant influence on
the operation of the external reactor systems, therefore do not affect the general
safety of the plant. While the government regulations provide a good basic
guidance, the vendors and their clients must implement more exacting QA/QC
procedures to meet their economic goals. The vendors must maintain conservative
margins to thresholds of malfunctions or failure, which often are greater than
those required by regulation. Clad failure is one example. The plant technical
specifications of U.S. utilities, as approved by the U.S. Nuclear Regulatory
Commission (NRC),may permit off-gas due to failed fuel representing a failure
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of 0.7% of all the rods, based on permissible dose rates outside the plant. How-
ever, even 0.2% of failed rods could be costly to a utility in terms of plant mainte-
nance and handling of failed fuel. A utility would derate the plant to reduce
radioactivity and further failures, or shut down the plant to replace failed fuel,
before the regulatory limits are reached, at considerable cost in replacement power.
Clad reliability at steady-state operation must be higher for reasons of economic
operation than for the safety of the public.

The cost savings accrued from improved fuel reliability must be balanced
against the cost of the QA system. Determination of the cost/benefit of increased
QA levels in terms of performance is one of the most difficult aspects of establishing
a detailed QA system. At some point, increased QA will bring diminishing returns.
Conceptually, this is shown in Fig. Bl /1 by comparing the increase in cost of the
product with the increase in its 'value' as the level of quality increases. Going
from level 1 to level 2 is clearly beneficial because the value increases more than
the cost. The increase from level 2 to 3, however, reverses the trend. All other
effects being equal, level 2 is an optimum. There are other considerations in
nuclear fuel, however, such as safety, which will tend to shift the necessary level
toward No. 3.

The major participants of the fuel QA activities are evident from the above;
they are: the fuel vendor, the nuclear utility, and the government regulatory bodies.
The vendor is responsible for the design and fabrication of the fuel, the utility
for the licensing and operation of the fuel. The utility is also responsible for assuring

NRC or other
Govt. Regulatory
Agencies

Audit

Audit

*,

Independent Audit

FIG.B1/2. Participants in nuclear fuel QA.
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itself that the vendor has a QA programme that meets regulatory requirements as
well as the technical requirements that affect the utility's fuel cycle costs. The
government regulates both the vendor and the utility.

A minor group of participants, the consultants, should be mentioned at this
point. The functions of the consultants are two-fold:

- to act as an extension of the utility's staff
— to provide a third-party, independent function.

The utilities, many of whom do not have fuel design or fabrication experts, use
them for training and for assistance in auditing. The trend is that, as the expertise
of a utility grows, it depends more on its own staff for fuel QA and uses consultants
to a lesser degree. As a specialized, third-party expert, the consultant will continue
to be called on.

The relationships of the QA participants are shown in Fig. Bl /2 .

3. BASIC QA REQUIREMENTS AND THEIR STATUS

United States of America

In the USA, the 'parent' of all basic QA requirements in the nuclear field
was established, which is the Code of Federal Regulations (CFR). Title 10,
Chapter 1, of the Code of Federal Regulations sets forth the rules and regulations
that govern the actions of the NRC and the applicable licences. The CFR re-
quirements are general, and the detailed regulations and standards are evolved
from these. The following parts of these regulations have particular application to
nuclear fuel:

10 CFR Part 19: Inspections
(by regulatory agencies)

10 CFR Part 21: Reporting of Defects and Non-compliance
(by vendors and utilities)

10 CFR Part 50: Licensing of Production and Utilization Facilities
(licensing requirements, including QA)

10 CFR Part 70: Special Nuclear Materials
(accountability, safeguards, nuclear materials control)

10 CFR Part 71: Packaging of Radioactive Material for Transport
(packaging and transportation)

Of these, the most relevant regulation, Appendix B to 10 CFR 50, "Quality
Assurance Criteria for Nuclear Power Plants and Fuel Processing Plants", issued
in 1970, has become the basic 'constitution' of QA. Its 18 points cover all of the
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QA requirements, and these have, in one form or another, been adopted in most
countries where good QA practices are implemented.

Like other types of 'constitutions', this one outlines the general principles
and actions required, and is open to very broad interpretation. More detailed
guidance was needed, and this task was assumed by the American National Standards
Institute (ANSI) and the American Society for Mechanical Engineers (ASME);
detailed instructions are also given in the NRC's Regulatory Guides which largely
endorse the ANSI standards.

ANSI has, and is in the process of developing, a series of standards for most
of the 18 points of 10 CFR 50, Appendix B. ANSI Standard N45.2 is the equivalent
to Appendix B. The detailed standards are all numbered N45.2, with additional
numerical digits. The NCR staff reviews each ANSI standard and, subsequent to
the issuance of each one, issues a parallel Regulatory Guide which either endorses
or modifies sections of the ANSI standard.

Table Bl/I lists the 18 points of 10 CFR 50, Appendix B, and the applicable,
currently existing NCR Regulatory Guides and ANSI Standards. It should be
noted that these are still in a state of evolution. In fact, ANSI N45.2 itself will
be replaced by a new general document developed jointly by ANSI and ASME,
"Quality Assurance Program Requirements for Nuclear Power Plants", ANSI/ASME
NQA-1 —1979. This document has the same general structure as its predecessor.

In the following, some typical examples of QA approaches in Europe are
discussed.

Federal Republic of Germany

In the FRG, the establishment of a QA system for components for nuclear
power stations is also required by federal law and regulations. The individual
state authorities, however, are responsible for all aspects of the licensing of such
stations.

In the FRG, the Federal Ministry of Internal Affairs issued a document
called "Safety Criteria for Nuclear Power Stations" (Sicherheitskriterien fur
Kernkraftwerke) in October 1977. This document requires that a QA system
shall be established, and gives detailed directions. To secure a commonly accepted
and mutually satisfactory QA system, authorities, utilities and vendors have formed
a committee, Kerntechnischer Ausschuss (KTA), which issues more detailed require-
ments to QA programmes. These documents are roughly equivalent to the U.S.
ASME and ANSI standards. The pertinent documents have the designations KTA
1401 and KTA 1404. The basic philosophy is similar to that found in 10 CFR 50,
Appendix B.

The state authorities use independent consultants, in the majority of cases
the Technische Oberwachungsvereine (TOVs), for assessing most quality-related
activities. Specifically in the nuclear field the TUVs have the authority, on any level,

Text continued on page 65.
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TABLE Bl/I . QA REGULATIONS AND STANDARDS APPLICABLE TO NUCLEAR FUEL
DESIGN AND FABRICATION IN THE USA

Federal Standards NCR Regulatory Guides ANSI Standards

10 CFR 50, Appendix B, and
ANSI/ASME Standard NQA-1-1979

1. Organization

2. QA programme

3. Design control

4. Procurement document control

5. Instructions, procedures and drawings

6. Document control

1.28 Rev.2 (Feb. 1979) QA Program
Requirements

1.58 (Aug. 1973), Proposed Rev.l
(July 1979) Qualification of
Nuclear Power Plant Inspection,
Examination, and Testing Personnel

1.64, Rev.2 (June 1976) QA Requirements
for the Design of Nuclear Power
Plants

1.23, Rev.l (July 1977) QA Requirements
of Items and Services for Nuclear
Power Plants

N45.2-1977 QA Program Requirements
for Nuclear Facilities

N45.2.6-1978 Qualifications of
Inspection, Examination and
Testing Personnel for Nuclear
Power Plants

N45 2.11-1974 QA Requirements for
the Design of Nuclear Power
Plants

N4S.2.13-1976 QA Requirements for
Control of Procurement of
Items and Services for Nuclear
Power Plants
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Federal Standards NCR Regulatory Guides ANSI Standards

7. Control of purchased material, equipment
and services

8. Identification and control of
materials, parts and components

9. Control of special processes

10. Inspection

11. Test control

12. Control of measuring and test
equipment

13. Handling, storage and shipping 1 38, Rev.2 (May 1977) QA Requirements for
Packaging, Shipping, Receiving, Storage
and Handling of Items for Water Cooled
Nuclear Power Plants

45.2.2-1978 Packaging, Shipping,
Receiving, Storage and Handling
of Items for Nuclear Power Plants

O

Z
z
O

w

tn
O

O

O
O

14. Inspection, test and operating
status
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Federal Standards NCR Regulatory Guides ANSI Standards

15. Non-conforming materials, parts
or components

16. Corrective action

17. QA records

18. Audits

1.88, Rev. (Oct. 1978)' Collection, Storage
and Maintenance of Nuclear Power
Plant QA Records

1.144 (Jan. 1979) Proposed Auditing of QA
Programs for Nuclear Power Plants

1.74 QA Terms and Definitions

45.2.9-1979: Requirements for Collection,
Storage and Maintenance of QA Records
for Nuclear Power Plants

45.2.12-1977' Requirements for Auditing
of QA Programs for Nuclear Power Plants

45.2.23-1978 Qualification of QA
Program Audit Personnel for
Nuclear Power Plants

45.2.10-1973. QA Terms and
Definitions

50
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to review and audit QA systems, and all design verification documents and their
basis, and they will assess the suitability of proposed production and control
processes. The TOVs do not have the formal authority to bring any fuel activity
to a halt; however, their lack of approval has the same effect. The TOVs have
developed the degree of independence necessary for their role. This system has
shown to work well. Authorities and utilities generally feel that their interests
are well taken care of and the presence of the TUVs inspires vendors to a continuous
review, assessment and improvement of their activities. With the addition of the
utilities' own consultants, there can be three different sets of audits of the same
activity.

Finland

Finland, a country that does not have a domestic nuclear fuel manufacturing
activity, has laid down the basic regulations regarding nuclear power activities in
a state law. This law identifies the Ministry of Commerce and Industry as the
licensing body. The Ministry, in turn, uses the National Institute for Radiation
Protection as its executive arm. The Institute requires that both fuel vendor
and fuel operator have QA manuals for manufacturing and for operation, respectively,
and the Institute audits these manuals. The requirements for the manuals are very
similar to those found in ANSI N45.2. The Institute carries out its own audits of
the manufacturing activities. This is done at the same time as the utility audits.

Sweden

In Sweden, the basic rules regarding activities in the nuclear field are also
established by law. A Nuclear Inspectorate (Statens Kernkraftinspektion) has
been established to oversee that the rules and regulations are followed. The only
requirement the Inspectorate has for QA systems is that they shall be based on
10 CFR 50, Appendix B. The Inspectorate does not inspect or audit. The establish-
ment and use of a detailed QA programme thus involve decisions to be made only
by the vendor and the utility. The experience with this relaxed enforcement of
QA programmes is good. Such a system is said to work because it is based on mutual
confidence between all parties involved. The relatively small size of the country
and industry is helpful in establishing such confidence.

United Kingdom

In the UK, the Minister of State for the Environment is responsible for all
aspects of nuclear activities by act of Parliament. To provide the executive powers,
Parliament passed the Nuclear Installation Act of 1959 and formed the Nuclear
Installations Inspectorate (Nil) by amendment in 1965. The Nil has full powers
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of investigation and operation. Licences will not be issued before Nil is satisfied
with the QA programmes of both the supplier and user.

The Nil proposes to issue two advisory guides: the Guide to QA Requirements
for Nuclear Power Plants and the Guide to Nuclear Processing Plants' QA
Programmes.

The utility operating the nuclear power stations (Central Electricity Generating
Board, CEGB) has a QA standard, QA 42, which is based on 10 CFR 50, Appendix B.
The British Standards Institute is working on a QA programme for nuclear
power plants.

The availability of these documents will be of help for establishing a QA
system. It must be realized, however, that they are still general enough to permit
an appreciable latitude of interpretation. This is not nessecarily a disadvantage
as the detailed formulation of a QA system will have to reflect local conditions
and practice (legislation, regulation, industry and company structure, etc.).

In the UK, the users and suppliers of nuclear fuel are both controlled to a
degree by the state. A close co-operation between user and supplier — and
authorities - follows almost as a matter of course. In practice, this co-operation
takes place in working committees on which all parties are fully represented.
Some of these committees assess the radiation performance of the fuel and monitor
the operating information.

International Atomic Energy Agency

The nuclear industry is an international undertaking. In view of this, it would
be of great advantage if the QA requirements were internationally interchangeable.
The IAEA Code of Practice on Quality Assurance for Safety in Nuclear Power
Plants, 50-C-QA, and the Safety Guides 50-SG-QA1 to 50-SG-QA11 are
valuable contributions towards this end. The International Standardization
Organization has a QA standard in preparation (ISO/DIS 62.15).

The IAEA has issued a useful guide, which summarizes some of the standards,
in the Technical Reports Series No. 173, "Quality Assurance and Control in the
Manufacture of Metal-Clad UO2 Reactor Fuels" (1976). The Proceedings of a
Seminar on"Nuclear Fuel Quality Assurance" (Oslo, 1976), published by the IAEA
in 1976, also give relevant information.

4. QA RESPONSIBILITIES OF VARIOUS PARTICIPANTS
IN THE NUCLEAR FUEL CYCLE

The QA requirements outlined in Table Bl / I apply, in various degrees, to each
of the participants involved in producing and using nuclear fuel. All of the
requirements are applicable to the fuel vendor, but only some of them apply to
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TABLE Bl/II . QA RESPONSIBILITIES OF PARTICIPANTS IN THE FUEL CYCLE

Vendor Vendor's Utility and

subcontractor consultants

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Organization Y<

QA programme

Design control

Procurement document
control

Instructions, procedures
and drawings

Document control

Control of purchased
materials, equipment
and services

Identification and
control of materials
parts and components

Control of special
processes

Inspection

Test control

Control of measuring
and test equipment

Handling, storage
and shipping

Inspection, test
and operating status

Non-conforming
materials, parts or
components

Corrective action

QA records

Audits
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1 1
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the vendor's subcontractors, the utilities and their consultants. Since subcontractors
generally supply semi-finished products to the vendors, design and test control
do not apply to them in most cases.

The main function of the utilities and their consultants, with regard to
nuclear fuel, is to purchase the fuel and the fabrication services, to audit the
vendors during the design and fabrication stage, and to inspect the fuel upon its
arrival at the power plant site. A lesser number of QA requirements apply to the
utility activities, compared with those of the vendor, as outlined in Table B l / I I .
The utilities are of course responsible for constructing and operating their nuclear
plant, and all of the QA requirements listed apply to these functions.

The details of the QA system can be discussed more meaningfully by reviewing
each one of these functions, evaluating some of the critical QA/QC activities in
each area, and differentiating between the regulatory agency requirements and the
additional actions prudent for economic reasons.

5. DETAILED QA SYSTEM REQUIREMENTS AND
THEIR MOST IMPORTANT ASPECTS

The basis of every QA system, required by all regulations and standards, is
a documented QA programme plan. In essence, this is a general document that
describes the system in effect, and usually follows the outline of a document such
as 10 CFR 50, Appendix B, or the ANSI N45.2 standard. While the QA programme
plan is more detailed than these standards, and specific to the organization, it is
in itself insufficient to implement the details of the system. Many additional
supplementary documents are needed to describe adequate QA procedures for
design control, inspection systems, fabrication process control and other main
functions. It is important that a QA programme plan be written clearly, so that
a person reading it for the first time can understand the system without excessive
supplementary verbal explanations. A good QA programme plan is needed, but
its existence does not necessarily assure a good system.

The properly oriented, independent QA/QC organization is the second
basic requirement of the system. Numerous acceptable methods exist for integrating
QA/QC into the company organization chart, as long as QA/QC is empowered
to apply its standards in other departments, and is able to preserve its freedom
and independent judgement. For this reason it is vital that QA/QC report to a
level that is above those immediately responsible for technical supervision and
schedule or economic profit and loss of the activities where QA ranks parallel
to all the other major departments. The QA organization can also be subdivided
among various projects, manufacturing plants or power plants if the QA group has
a method of reporting to a higher level or if a staff QA function exists at a higher
level, which ensures that the QA groups in the line organization are functioning
adequately. Figure Bl/3(b) illustrates such an example.
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Assigning a sufficiently high organizational level to QA caused surprising
difficulties in the early days of QA implementation, and does sometimes even
today. In those days, the highest quality-related person in a plant was usually
the head of the inspection department incorporated into the fabrication organization.
Management did not think of quality-related persons as helping to set company
policy and standards, and acting as advisor to the chief executive. Today, personnel
assigned to high QA responsibilities must have a broad background in all phases
of the company's operations as well as be knowledgeable concerning the performance
of their product, in this case nuclear fuel.

Design control is another item that was, and often still is, difficult to implement
in the sense of modern QA systems. In comparison to the organized workers in a
fabrication plant, designers are used to operating more independently, and their
natural instinct is to resist the intrusion of QA into their world. Properly applied,
however, QA should assist the designer in doing a better job, rather than just
flooding him with a mass of additional paperwork. In pre-QA days, design control
meant checking of drawings for consistency, sign-offs by various responsible persons,
and controlled files of documents and their revision. The current standards broaden
the scope of design control considerably to include other functions, some of which
are shown in Table Bl/III.
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TABLE Bl / I I I . DESIGN CONTROL REQUIREMENTS

Design input

Function of component
Applicable regulatory requirements, standards, codes
Performance requirements
Design bases
Interface with other components
Developing and testing requirements
Failure effects requirements

Design process

Design process definition
Design analysis procedure for documentation

Interface control

External organization
Internal organization

Design verification

Design reviews
Alternative calculations
Qualification testing

Design change control

Corrective action

Records

Audits

The design input should be documented in considerable detail in product
specifications specific to the item. The greater the detail, the less the likelihood
of subsequent omissions of important design considerations. The design process
is usually documented in a general procedural standard that applies to all items,
but is specific to the organization. The interface controls and considerations must
be addressed in both the process specification and the design control standard.

Design verification requires more subjective judgement than any of the
other design control requirements. The frequency and depth of design reviews,
alternative calculations and qualification testing depend on many factors, including
how critical the functions of the part are to safety and reliability, the amount
of operating experience available for similar parts, the predictive capability of
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the design tools and the experience of the designer. The fuel vendor is of course
responsible for internal design reviews and for doing alternative calculations. The
qualification, i.e. the calibration or 'benchmarking', of his design tools, in both
the original and alternative calculations, is an extremely important part of this
process.

In the USA, utilities are required to review the vendor's design as proposed
in Regulatory Guide 1.144, to assure themselves, at a minimum, that the required
QA programme exists and is followed. The U.S. NCR requires an annual design
audit, or one for the length of the duration of the activity audited, whichever is
shorter. An option offered is to review the results of audits from other organizations
(NCR, internal audits, etc.) and to audit only once every three years.

Fuel design reviews by utilities are very important in order to make certain
that the design is, at a minimum, the one that was purchased, or, better yet, one
including the latest improvements. The reviews should ensure that the design will
perform as expected, will maintain the margins available in the design when
purchased, and will be licensed to full power operation on schedule. Design reviews
will provide utilities with continued vendor contact, so that they will have an input
to design choices as these may become available.

If the design purchased is one that the vendor has been producing and using
successfully for many years, the importance of the design review is reduced. If,
on the other hand, the design has been modified, or completely changed, as is
often the case today, the design review takes on a particular importance. Finally,
the design review will provide utility personnel with an understanding of the fuel
design bases, a knowledge that will help them in their operation of the plant. The
frequency of design review should be keyed to the vendor design process schedule
and to decision points for key design parameters. The S.M. Stoller Corporation
design reviews, as an example, are made in a series of steps that include nuclear,
mechanical, thermo-hydraulic and safety reviews, and conclude with reviews of
drawings and specifications before release for fabrication.

Procurement document control refers to the entire procurement procedure,
most of which is outlined in Table Bl/IV. Whether the procurement is by a fuel
vendor from a subcontractor, using detailed product design specifications, or by a
utility from a fuel vendor, via more general product performance specifications,
the QA philosophy and system are the same. Since the principles of good procure-
ment practices are well known, only a few areas of specific importance to fuel QA
are mentioned. Clearly, the past performance experience of the vendor's product
is of paramount importance in source evaluation. The vendor's QA system must
be evaluated as per regulatory requirements, to determine that all of the criteria
are satisfied. Of equal importance to the purchaser is the reliability and the attitude
with which the QA system is implemented by the proposed vendor. Unless the
purchaser has prior experience with the specific vendor considered, this information
is best obtained from sources that have such specific experience.
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TABLE Bl/IV. PROCUREMENT CONTROL

Procurement document

Preparation
Review
Change control

Selection of procurement sources

Bid evaluation and award

Evaluation of vendor performance

Documentation
Source verification
Receipt inspection
Qualification of personnel to do verification

Control of non-conformances and corrective actions

Acceptance of items or service

QA records

Audits of procurement programme

The procurement document itself must place QA requirements on the vendor
or subcontractor. These must cite all of the regulatory requirements as well as the
purchaser's requirements. To avoid disagreement at some later date, the purchaser's
rights to obtain information regarding the quality-related activities of the vendor,
his rights to audit the vendor, and to review and reject non-conforming items in a
timely manner should be clearly stated in the procurement documents.

Instructions, procedures and drawings, and document control refer to some
of the detailed procedures and specifications that need to be documented to
implement the QA programme plan. These include everything from fabrication
process instructions, inspection and test procedures to personnel qualifications
and drawings. Control of the documentation system must be established and recorded.
It is important that the system identify the personnel responsible for preparing,
reviewing, approving and issuing the documents, and that the system provide the
latest issues of the documents to the people who need to use them.

Control of purchased items, and identification and control of items refers
to inspection and identification of incoming purchased components. The documen-
tation and records required are standard types of procedures. It is particularly
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important that traceability of items be maintained by the system from the finished
component back to the raw materials.

Control of special processes refers to the qualification of processes and person-
nel implementing them. Processes that require precise controls, being critical to the
performance of the product, and that are sensitive to the skills of the operators
are defined as 'special processes'. The published standards refer to welding, heat
treatment, cleaning and non-destructive testing such as radiography, dye penetrant
and ultrasonic testing as examples of special processes; however, they do not
exclude others. Clearly, most fuel inspection processes are 'special' since they
are critical to the product and require well-trained inspectors. Each inspection
process is qualified originally, and periodically by calibration, to prove that it is
capable of performing its function. Chemical analysis is a type of inspection that
is particularly sensitive to procedures and personnel; technicians are usually
qualified to do specific analyses, yet this type of inspection is rarely designated
as a special process. Fuel vendors or their subcontractors are at liberty to define
special processes at their own discretion. The qualification of personnel to do
a specific job is all-important. The criticism levelled at the operators of the Three
Mile Island Plant during the accident is likely to result in additional emphasis on
this aspect of QA.

The inspection programme requires a documented plan of the type and frequency
of inspection, and a description of the personnel qualifications for performing
the inspection to approved methods. A ground rule is that the inspectors must not
be the same individuals as those who performed the work to be inspected. The
heart of the fuel QA programme is the inspection and test plan, which defines all
the fuel inspections required, the methods to be used, the points in the process
when inspections are to be made and their frequency. Combined with the fuel
fabrication process control requirements, this plan constitutes one of the most
important documents in the fuel QA system. Many important considerations
are concentrated here, such as the following.

(a) Are the fuel parameters chosen for inspection and the process parameters
chosen for control complete?
(Excessive inspection or control of insignificant parameters raises the costs
unduly; insufficient inspection and control of significant parameters involves
the risk of fuel failure.)

(b) Are the inspection and process control methods sufficient for control to the
desired tolerances?

(c) Will the frequency of control provide adequate assurances that the number
of failures do not exceed the maximum specified defective level?

The answers to these questions are equally important to the fuel vendor and to the
utility, and should be the subject of periodic review, audit and updating.
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The adequacy of a list of required inspections or process controls should
not be taken for granted just because they meet a documentation requirement.
As an example to question (a), current knowledge indicates that fission gas release
from fuel is dependent on fuel grain size, open porosity and surface area. Results
for the effects of grain size on fission gas release were reported as early as 1973,
as shown in Fig. Bl/4. These parameters were not part of any fuel QA programme
a few years ago. Should they be included in the light of today's knowledge?

To question (b), the inspection technique should be evaluated in the light
of the engineering requirements. In one example, a specification called for a
maximum pore size to be inspected by metallographic sectioning. The pore size
measured by metallography was always less than the actual one because the pores
are never sectioned at their maximum diameter. Therefore, the pore size accepted
by this technique was always greater than that specified by the inspection method.

With regard to question (c), if a 100% inspection is not made, the frequency
of inspection and the sample sizes must be related to the confidence level for
accepting a certain number of defective items. This has to be based on the historical
quality data base for the items, including the data distribution. Almost invariably,
a normal data distribution is assumed. The classic case where this led to excessive
hydride fuel failures was the basis of the moisture specification. Figure Bl/5
shows that the actual moisture distribution was assumed to be at about the mean
value; the specification was based on a confidence level calculated on the basis of
this assumption. A large number of pellets exceeded the specification; the number
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(From LYONS, M., "BWE fuel testing at GE", BNES Nuclear Fuel Performance (1973).)

would be in excess of that predicted by the confidence level and result in a much greater
number of failures than expected. This type of data distribution is not untypical
for impurities in either UO2 or Zircaloy, and must be analysed.

Test control requires a documented programme that outlines all of the
testing required before a specific component is used routinely. In the case of fuel,
this may range from the ex-reactor seismic test of the grid to the evaluation of a
lead test assembly in a reactor. All of the procedures necessary for process control
or inspection, such as calibration of instruments, as well as trained personnel and
good documentation are required. Perhaps most important of all is that the test
conditions are as close to actual service as possible, and if this is difficult to achieve,
other tests should be considered.

Qualification testing is vital wherever even small design changes are made.
In-reactor qualification testing of modified design fuel assemblies is now en-
couraged by the U.S. NCR and almost universally required by utilities as a prudent
step prior to charging an entire reload of a revised design. Non-destructive pool
examination at the end of each fuel cycle provides the necessary data for assurance
that subsequent fuel of similar design will perform satisfactorily. Examples of such
lead test assemblies are General Electric's modified 8X8 assemblies in the Peach
Bottom reactor, Babcock and Wilcox's 17X17 assemblies in the Oconee reactor,
and Westinghouse's optimized fuel design assemblies in the Farley and Salem
reactors. In addition, or in some cases instead of lead test assemblies, several well-
characterized assemblies in the first core loading of a new design are monitored,
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as in the case of the Combustion Engineering 16X16 assemblies in the Arkansas
reactor.

Control of measuring and test equipment requires that a system be established
and documented to ensure that inspection, process control and test instruments
are capable of performing with the required accuracy, and that they maintain this
capability. Each measurement system must be qualified at the beginning. Sub-
sequently, all instruments must be subjected to periodic calibration with standards
that reasonably simulate their range of operating requirements. The calibration
programme, the instruments and standards involved, and the frequency of
calibration must be documented.

Handling, storage and shipping requirements for fissionable material as well
as for the fuel assembly have to receive considerable attention and must result in
a scrutiny of the quality of the fuel assembly in order that it attain perfection.
At the end of the production line, there is a tendency to relax and to think of
the job as successfully completed. But improper packaging and rough handling
or shipping methods can undo the best-quality fuel assembly in many subtle and
unsubtle ways. There are numerous examples of such instances, most of which
could have been avoided. A qualification test of the shipping crate before its
use for transporting fuel is highly advisable. This has been done in the past, by
shipping a dummy or a real assembly via truck over rough roads or via air to
subject it to some high-g landings. The assembly is inspected before and
after shipping. The final specifications are confirmed by such a test.

The inspection, test and operating status or processing status of each fuel
assembly component has to be identified and documented. This is generally
done by a card or 'traveller' on which all the process steps of the component are
recorded and confirmed by signatures of the process or quality control engineers.
This system must provide for a clear method of identifying non-conforming items.

Non-conforming items are components that deviate from the design specifi-
cations or that were not manufactured according to process specifications. The
system handling and analysing these deviations is one of the most important ones
in the overall QA programme. The non-conforming items must be:

- identified
— physically segregated
— disposed of by scrapping,

or re-inspected/re-worked,
or used as is after having been evaluated by responsible personnel.

Identification, segregation and scrapping of grossly deficient items are rarely
controversial processes. Borderline cases are the subject of more discussion.
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A request for a waiver of the deviation is written by the process engineers if
they believe that the deviation may not be harmful to component performance.
This request is then reviewed by the fuel vendor's Material Review Board, comprising
knowledgeable design, QC and process engineers, in order to determine whether the
deviation would or would not adversely affect product quality. Depending on
the agreement, as stated in the utility's fuel procurement document, the utility
may or may not have the right to review, comment on, or reject such a waiver.

The acceptance of a minor deviation is rarely a problem. The decisions are
more difficult to make in the grey area between minor and major deviations, when
the effect of a deviation on performance is difficult to evaluate. In this grey area
the vendor, under economic and scheduling pressures, may try to justify the
acceptance of deviations. The utility, which has ordered a product that meets the
specifications, does not wish to take the risk of a non-conforming product but may
not be able to prove conclusively that the deviation has a significant effect on
performance. These instances can result in lengthy discussions, additional testing
and analysis, and are a true test of the vendor's attitude towards quality as well as
of the reasonableness of the utility. The conscientious review and evaluation of the
fuel vendor's waivers of deviations is an extremely important activity for both the
vendor and the utility.

The QA records refer to several types of documents, including QA programme
reviews and audits, and process and personnel qualifications. These records must
be legible, identifiable and retrievable. They must be stored for a period of time
generally agreed upon by the vendor and the purchaser.

Audits are the last on the list of QA responsibilities and are perhaps most
difficult to define. They are required within and among the various organizations.
Figure Bl /2 shows some of the audits that are made. The objective of audits is to
verify that the organization being audited is complying with all aspects of their QA
programme.

There are several types of nuclear fuel audits, which can be classified as
follows:

- Quality system audit
— Design audit
- Process (fabrication and inspection) audit
- QA/QC records audit
- Subcontractor audit.

The quality system audit is a general audit of the quality programme without
reference to specific types of fuel being produced. The objective is to determine
whether the QA programme is being implemented with respect to design and
processing. The U.S. NRC Regulatory Guide 1.144, currently proposed, states
that both internal and external audits should be conducted annually, or at least
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once during the life of the activity, whichever is shorter. This means that both
the fuel vendor and the ut i l i ty will make, for all practical purposes, annual quality
system audits of fuel design and processing. The Regulatory Guide offers an option
to audit only once every three years, if the results of other audit documentation are
reviewed. The NRC Division of Enforcement itself makes a minimum of one audit
per fuel vendor in the USA every six to nine months, and a maximum of one audit
every three months. The results of these audits, in progress since 1973, are published
in public documents.

For reasons stated before, it is prudent for both vendors and utilities to
audit more frequently than required. As a matter of practice, the vendor's QA
organizations audit internally as frequently as monthly.

The recommendations of the S.M. Stoller Corporation to utilities are to
audit fuel design in a series of four to five audits, the fabrication of a first core
in a series of six to eight audits, and the fabrication of a reload batch in about
three audits. Since the design and fabrication of fuel can represent over 100 000
man-days of effort, and the auditing time of two to three utility people during one
year will be less than 60 man-days, only a very small part of the total product can
be evaluated in these audits.

In order for the audit to be effective, the areas to be audited must be chosen
carefully and must be related to their significance to performance and licensing.
For the design audit, a knowledge of the critical areas of the design basis and the
fuel performance is vital for the auditor,as well as a knowledge of the areas of
uncertainty in the design. Clearly, the auditor should have a good background in
such technologies. Other effective areas for audit are the design models that determine
operating margins for steady-state and accident analysis.

During the process and QA/QC records audits, it is again useful to focus on
areas that have caused performance problems, on new processes and inspection tech-
niques that have resulted in a large number of deviations or erratic quality variations,
and on areas with minimal control or without built-in controls.

A key item to be used in reviews and audits is the vendor's sample and test plan;
a test of the statistical validity of the plan itself should be made before the start
of the fuel production campaign.

As mentioned before, a 100% review of deviations waived by the vendor is
highly recommended. Since the vendor spends several thousand times more
man-hours looking for deviations than an external auditor can, the vendor findings
represent a large investment in time and should be reviewed and evaluated.

The audit itself starts with a pre-audit conference between the auditor and
the organization being audited in order to define the audit scope. This is followed
by the audit itself. When the audit is completed, the findings are discussed in a
post-audit conference. The findings are confirmed in writing by the auditors; the
organizations audited will then reply, indicating corrective actions to be taken if
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necessary, all in a timely manner. Unless the findings are handled in a timely
manner, the audit is not likely to be effective.

It must be clear from the foregoing discussion that the entire QA system
depends on the action of people, and the people involved must be qualified in
their work and dedicated to achieving quality. Without such a staff, no amount of
documentation or regulation will produce a product of good quality.
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1. INTRODUCTION

The reliability, freedom from defects and good performance of nuclear fuel
are related to quality as well as to design. A minimum quality standard is expressed
as part of the design in terms of materials and product specifications.

This part discusses some of the more important quality aspects of fuel and
materials that must be regulated to ensure that an adequate standard is achieved.
Such a standard is inevitably a compromise between the best that is technically
feasible and what is economically acceptable. It must also be influenced by the
cost of fuel defects to a utility as well as by any safety-related rating penalty
arising from the fact that the meeting of safety criteria must be based on the
'worst' fuel pin.

Factors determining the adequate quality level may to a large extent be
subjective; they are discussed here in general terms only, partly because of
proprietary restrictions. Indeed it is doubtful whether any fuel manufacturer
has tried to evaluate quantitatively the cost/benefit of different degrees of control
on key design parameters and quality criteria. The data for such an exercise
would be difficult to obtain.

2. DESIGN REQUIREMENTS FOR FUEL RODS

2.1. UO2 fuel

In most thermal reactors the UO2 fuel is used in pellet form and is designed
to operate within some peak centre temperature limit, set to provide a sufficient
margin against a design criterion, which may be centre melting, a fission-product
release level, or a peak clad temperature in a design-basis accident. The achieve-
ment of this design performance may be affected by a variety of quality factors,
such as:

— enrichment (variations from nominal)
- composition
- UO2 density

81
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grain size
- pellet diameter and surface roughness

surface chipping and cracking
- stability against thermal/irradiation densification
- stoichiometry.

UO2 has been the source of a large number of defects in LWRs and HWRs
arising from chemical and mechanical effects whose elimination has depended
on identifying the design requirement and specifying the necessary quality
criteria. These features can be categorized under the heads:

— impurities
— mechanical integrity.

The various quality-relevant design requirements for UO2 are discussed
below. Typical UO2 specifications have been issued as ASTM standards [1,2].

2.1.1 Enrichment

There must be some limits of 235U content within which UO2 can be pro-
duced, depending on the manufacturing route, on whether blending is involved,
on the sampling procedures used and on the accuracy of the analytical pro-
cedures. The uncertainty of these various stages must be established so that a
permissible range can be specified at an acceptable confidence level. It would
seem probable that a ± 1% variation from the nominal 235U content could be
specified at a high confidence level by most fuel manufacturers. Thermal per-
formance assessments should be based on the upper bound value, except that
some designers may feel justified in taking this as one of a number of factors
affecting thermal performance that can be combined in a statistical treatment
which expresses the low probability of all such factors occurring together at
their most pessimistic level.

The variability of 235U content from pellet to pellet has been seriously
proposed as an alleviating factor in LOCA analysis, since the resulting local hot
spots would cause only local clad swelling. This is a discredited argument, since
neighbouring pellets in one fuel rod are most likely to be from the same process
batch of UO2 and to show little variation. Rod-to-rod variation over a long
manufacturing campaign involving many different batches of UO2 is a more
realistic possibility.

A quite different aspect of the control of 235U content is the accidental
placement of individual pellets in rods or the placement of rods in assemblies
having the wrong enrichment. The main line of defence against such events is
good management and administrative control. There are, however, design aids
that can be employed, such as visually different features, e.g. the 1/d ratio for
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pellets, and either different attachment features for rods, such that they cannot
be misplaced, or visually different end caps. In other words, in an ideal fuel
design such accidental errors would be made so difficult as to tax human
ingenuity.

2.7.2. Composition

The composition of UO2 influences its absorption cross-section, hence is
an important nuclear parameter, and the presence of adventitious impurities
deriving from the ore or process chemicals can influence cladding integrity.
This latter aspect is covered in Section 2.1.9.

The composition of UO2 is basically determined by the purification that
occurs in the acid leaching of ore (ion exchange), the U3O8 solvent extraction
and the production of UF6. The UO2 so produced is of reasonably high purity
and a fairly standard impurity level specification is used throughout the world [2].
The reason for a number of the specified impurity levels is not readily identi-
fiable, except that they are levels that can comfortably be achieved. The levels
of strong neutron absorbers are of obvious importance, and the lowest possible
levels should be sought. Other trace elements may well have effects on various
aspects of UO2 performance, such as fission-product diffusion and creep rate.
There is now, however, a large body of data on the properties and behaviour of
technical UO2 and no evidence of any endeavour to make compositional changes
of a substantial nature, other than the possible use of certain dopants (e.g. MgO,
TiO2, NbjO s) , to promote grain growth or to reduce the fission gas diffusion
rate [3].

Designers may feel it desirable to stimulate development in directions
where the properties of present-grade technical UO2 are limiting on performance.

2.1.3. Density

The density of UO2 influences the thermal conductivity according to a
relationship of the form:

X = A0 (1 -2 .5p)

where p is the fraction of residual sintering porosity [4,5]. The closer that
density and the size distribution of residual porosity can be controlled, the
better is the quality of the fuel, especially since thermal conductivity affects the
fission-product release and the stored thermal energy that has to be dissipated
under accident conditions.

Density also has a strong influence on creep strength of UO2 [6] which
plays a role in determining the stress applied to fuel cladding under PCI
conditions.



84 PART B-2

A measure of quality is the density range that a manufacturer is able to
specify and the confidence level obtained from the inspection procedure. There
are pitfalls for the unwary in density measurement, when immersion methods
are used, if there is any open porosity (i.e. interlinked from the surface) or
cracking in the pellets. Mensuration is a possible alternative if due account is
taken of surface chipping.

2.1.4. Grain size

Grain size in UO2 affects fission-product release [7] and creep strength.
Both these parameters influence critical areas of fuel performance, making
control of grain size an important quality feature. It is common to find the
as-manufactured grain size of UO2 falling in the range of 5 — 15 jum, depending
on the nature of the UO2 powder used and the sintering cycle employed. The
designer can assess the influence of grain size on performance, using established
modelling codes, and make his decision on the range to be aimed at. It may
be that he will prefer to take some added risk of PCI problems (stiffer UO2)
by omitting an upper limit and so encourage manufacturers to make a more
fission-product-retentive product.

2.1.5. Pellet diameter and surface roughness

The pellet diameter is one of the components making up the important
fuel/clad gap in the finished rod. A narrow tolerance range on the gap is a sine
qua non of good-quality fuel. Experience shows that if UO2 pellets are ground
on the cylindrical surface after sintering, the tolerance range achievable (better
than ± 0.0125 mm) is a small component of the variation in fuel/clad gap com-
pared with that arising from the cladding. If UO2 pellets are not ground, the
tolerance range over a production run is likely to be considerably larger,
approaching that of the cladding (±0.05 mm).

The surface roughness of UO2 pellets contributes to the minimum gap
conductance in the contact situation [8] and also to the resistance to axial
sliding within the cladding. A designer should therefore say what level he
requires within the limits of achievable technology. A value of 1.5 /urn centre-
line average may be regarded as typical of good practice. Another approach to
the problem of axial sliding is the application of a film to the inside of the can,
as used in Canada in the Canlub process. The introduction of this process
illustrates [9] the co-ordination of national laboratories, manufacturers and
utilities to progress from diagnosing a problem to introducing a new fuel design
into reactors on a mass-production scale.
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2.1.6. Surface chipping and cracking

Being a hard and brittle material, UO2 is readily chipped, either during
grinding or handling. In general, the better the quality of the pellet with respect
to surface and internal defects, the more resistant to chipping it will be. Chipping
results in less fuel being loaded into a can, leading to the possibility of keying
between the fuel and the can due to creep-down and to adverse local thermal
effects. With any reasonable-quality UO2 the loss of fuel is a minor factor and,
in most LWR fuel, clad creep-down leading to keying is not significant, but, in
some HWR fuel where the cladding is thinner, such as CANDU/PWH, this effect
should not be neglected. Attempts have been made in the United Kingdom to
calculate the effect of surface chipping on UO2 temperature and hence on
fission-product release. Chipping standards have been set to ensure that the
effect is minimal (less than 50°C on peak and mean UO2 temperatures) and
these standards can be achieved at a very low rejection level.

The definition of a standard and assessment of conformity to it are difficult,
and the best solution is a set of visual standards with 100% examination of
production pellets.

Cracking of UO2 pellets will occur in the reactor and is therefore not
necessarily a very important matter with respect to design requirements. How-
ever, surface cracking can make it more difficult to achieve the necessary low
H2 content (see Section 2.1.9) and may indicate an increased tendency to chip
during insertion of the pellet into the can. Freedom from surface cracking is
therefore desirable and some control should be exercised. Again, the definition
of a standard and inspection are difficult matters and may vary, depending on
the type of pellet being made and its surface finish. Only operational experience
will lead to an acceptable compromise between designer and manufacturer.
Internal cracking in UO2 pellets does occur, but it is difficult to detect and of
little significance. The occurrence of major internal cracking on a regular basis
will be revealed by ceramographic examination and, if found, corrective measures
will lie in the detailed pressing and sintering cycle.

2.1. 7. Stability against thermal I irradiation densiflcation

It is not practicable to sinter UO2 pellets to 100% density, so that there
is always some propensity for additional sintering to occur in the early stages of
irradiation, which itself assists the sintering process. This is a most important
aspect of UO2 quality, since performance must be based on the most adverse
condition that may arise in service. Densification, if isotropic, results in reduc-
tions in both pellet diameter and length. However, densification may also be
anisotropic, depending on whether it is assisted by external forces. The con-
sequences can be two-fold. Firstly, an increase in the fuel/clad gap, UO2
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temperature and fission-product release, with the risk of triggering off a thermal-
feedback effect on fission-product release. Secondly, axial shrinkage may occur,
as was seen in the Ginna reactor, with the attendant consequences of local power
peaking effects and the possibility of clad defects due to local overstrain. The
widespread use of pre-pressurization in LWR fuel has reduced the risk of defects,
but only the control of UO2 densification can give a complete answer. The
densification process has been extensively studied [10] and two solutions are
available:

— to produce a type of UO2 powder which fully sinters to the required density
range
to make additions to the UO2 powder which provide non-sinterable voidage
in the finished pellet.

The first solution becomes more difficult to engineer if the required density
is relatively low. say below 97% T.D., and is subject to very precise and con-
tinuing control of the nature of the UO2 powder, i.e. of the fine structure and
morphology of the individual UO2 particles. The second solution, the use of
controlled-porosity additives [ 11 ], is a more flexible approach. The principle
of providing non-sinterable voidage is based in the main on the void size. It
has been shown that voids of about 5 pm diameter and greater are stable and are
not readily removed by further sintering.

In order to achieve his design requirement, the designer must know that
the necessary quality is being achieved. This can be done by ceramographic
examination to categorize the void size distribution, or by the use of an
arbitrary re-sintering test on sample pellets. The latter test is now widely
specified with a re-sintering limit in the region of 1%. It is not practically
feasible to manufacture pellets which have no fine porosity and therefore show
no densification.

Since the purpose of aiming at a pellet density lower than the maximum
attainable (i.e. by the use of controlled-porosity additives) is to provide free
volume to accommodate solid fission-product swelling, the designer needs to
satisfy himself that this is achieved, and the only fully satisfactory way is by
irradiation testing.

2.1.8. Sto ich iom etry

The stoichiometry of UO2 has dramatic effects on thermal conductivity [12],
increasing with hypo-stoichiometry and reducing with hyper-stoichiometry.
Hyper-stoichiometric UO2 shows more plasticity. This is an important para-
meter therefore to specify and control. Fortunately, the sintering of UO2

pellets is invariably done in a strongly reducing atmosphere, and the end pro-
duct has a high degree of stoichiometry, generally in the range UO2 00—UO2-003
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or closer. Since the UO2 powder itself has a substantially larger amount of
oxygen combined with it, and indeed some U3O8 is also sometimes combined,
the only circumstance in which a substantial degree of hyper-stoichiometry
might be expected would be if very rapid sintering leading to pore isolation
occurred before completion of reduction.

Although the use of hypo-stoichiometric UO2 may appear to have some
attractions, it has not as yet been specified by any fuel designer for use in LWR
or HWR fuel. Other problems would need attention before its use could be
adopted.

UO2 stoichiometry changes during irradiation because of fission-product
oxygen formation, a process not under design control. The precise fate of this
oxygen is not certain, but probably the majority is gettered by zirconium. It
is not common for designers to take account of UO2 stoichiometry changes
during irradiation in performance calculations, but to use a well-established
conductivity curve incorporating data on irradiated UO2.

2.1.9. Impurities

Possible impurity effects on UO2 properties are briefly referred to in
Section 2.1.2. There are certain impurities which, if present in sufficient
amounts, can have a quite disastrous effect on cladding integrity. The two
principal such elements are H2 and fluorine, although the effect of the latter
as an impurity in UO2 is not well documented. Perhaps the most that can be
said with confidence is that a fluorine content at a level of 100 ppm or above
is liable to cause a penetrating type defect, possibly stress-assisted, while there
is no certain evidence for any adverse effect at a fluorine level of 10 ppm or
below. Within such a lower limit the only added requirement is perhaps that
local surface concentrations of fluorine should be avoided.

There is no room for doubt that H2 contained within a sealed fuel rod
above a certain concentration will cause it to defect. Exactly what this level
is, and whether it should be related to weight of UO2, internal volume or
internal surface area is controversial. The mechanism of the effect (Fig.B2/l)
seems quite clear and is well documented [13]. An added factor that a designer
must take into account is that the tolerance level for H2 may be related to the
design philosophy on the fuel/clad gap and may be less for designs in which
there is fuel/clad mechanical interaction early in the irradiation life. A further
point to note is that there is also some evidence for local effects, such that if
all the H2 (say as H2O) is in one particular fuel pellet, then, although the rod
was nominally within specification, a defect could still arise. This is not a
design matter but is in the realm of quality control since such a situation is only
likely to arise through malpractice. It points to the need for the fuel designer
to be alert to the possibilities of malpractice in manufacture and to ensure that
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F/C B2/7. Severe hydride 'sunburst' with leak path through cracked hydride.

a quality assurance audit will find and control them. For instance, the fact that
very few defects have been caused in CANDU fuel by hydrogen-bearing impuri-
ties is reported to be reflected in the process control procedures.

2.1.10. Pellet in tegrity

Overstressing of fuel cladding locally can arise from pellet fragments
becoming loose and dislodged, taking up design clearance during fuel rod
assembly. Also, pellet chips small enough to jam in the fuel/clad gap during
assembly can have similar effects. Such occurrences are not expected to be
frequent and are difficult to diagnose retrospectively. The most effective
design solution is insistence on generally high pellet quality standards, but it is
open to the designers also to consider chamfering pellet edges to lessen the risk
of chipping.

2.2. Fuel cladding

The other vital fuel rod component besides UO2 is its cladding, and the
range of effects that quality variations can have is very similar to those of UO2,
i.e. neutronic, thermal performance, mechanical integrity, both in the steady



FUEL ROD/ASSEMBLY DESIGN REQUIREMENTS 89

state and during operational manoeuvres and fault condition transients. The
specific features that contribute are:

- thermal and mechanical history of tubing
— composition
— dimensional variations
- surface finish and cleanliness
- defects and inclusions.

The materials used for LWR and HWR fuel in the Western world are almost
exclusively Zircaloy-2 and Zircaloy-4, both containing about 2.5% tin and
minor additions of iron and chromium, while Zircaloy-2 has in addition some
nickel replacing part of the iron. The two alloys have been optimized for
operation in BWRs and PWRs respectively, based largely on water-side corro-
sion and H2 pick-up. Zirconium has a strong affinity for O2 and these alloys
are made from chemically reduced zirconium metal sponge by a double-
vacuum arc-melting process. In the USSR, a Zr/1% Nb alloy is used as fuel
cladding for both BWRs and PWRs and is manufactured by thermal decomposi-
tion of ZrI4, yielding a basically purer metal, especially with respect to O2 ,
and having somewhat different properties in consequence.

Stainless steel cladding of the 304 type is still used in a small number of
PWRs in the USA and in Europe. The general principles of much of the
following sub-sections apply also to stainless steel, but Zircaloy cladding is
specifically treated.

The relevant ASTM specifications are fairly typical of those used by fuel
vendors for zirconium sponge, intermediate products and cladding tubes [14].

2.2.1. Thermal and mechanical history

The processes of manufacturing reactor-grade fuel cladding tubes from the
second-melt Zircaloy ingots involve forging, machining to remove (Decontaminated
metal, copper clad hot extrusion to tube hollows, and finally tube drawing or
more commonly tube reduction or rocking. At the final stages there are inter-
mediate vacuum annealing and pickling operations.

A number of aspects of cladding behaviour, particularly its tensile properties,
creep properties and corrosion resistance, depend on the thermal and mechanical
history. Corrosion resistance is worse in the high O2 coolant conditions of a
BWR (Fig.B2/2); to optimize corrosion resistance, a fine uniform dispersion of
intermetallic particles (FeNiCr) is desirable. Such a structure is promoted by a
rapid quench from the beta phase, which has to occur after the ingot stage when
the maximum section is small enough to obtain the necessary cooling rate, so
avoiding the intermetallics concentrating in the last areas of the beta phase to
transform. The specification for tubing has therefore to go back to this stage
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FIG.B2/2. Nodular corrosion on Zircaloy-2 cladding exposed in a BWR.

in order to ensure suitable corrosion behaviour, although, as far as the fuel
designer is concerned, he only needs to specify a maximum corrosion weight
gain in a short-term test, such as 22 mg/dm2 in a 72 h test at 673 K, ~ 10 MPa [14]

The tube reducing process, in which very large area reductions are obtained
in two or three passes, is most important in controlling the mechanical proper-
ties (and dimensions) and is a key stage in determining tube quality. During this
process the tube develops a preferred crystallographic orientation (texture) which
influences both irradiation growth and creep. The extent of texture develop-
ment depends on the detailed deformation and annealing history [15]. The
basal poles of the zirconium crystals line up generally perpendicular to the tube
axis, and with a limited spread about the tube radial direction. This texture is
normally produced by tube reduction and is considered to be the most desirable
in giving maximum uniform circumferential elongation. It also has a significant
influence on swelling behaviour of the fuel cladding in LOCA transients.
Texture is not normally specified by the fuel designer, but he will rely on the
definition of a fabrication route.

The magnitude of the area reduction (deformation) in the final tube reduc-
tion pass, i.e. after the first interstage anneal, determines the cold-work level
in the cladding tube. In this condition its strength level will be very high and
its ductility low - an undesirable condition in that, for example, it will be very
prone to stress corrosion cracking. The cladding tube is therefore normally
given at least a stress-relief annealing treatment in the range of 740-800 K. In
some applications it may be given a recrystallization anneal at higher tempera-
ture [16]. The exact treatment specified will vary, depending on the designer's
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FIG.B2J3 Radial hydride structure in Zircaloy-2 cladding.

requirements. There is a tendency to use stronger tubing in PWRs than in BWRs,
partly to reduce creep-down in PWRs and partly because it is believed that
partially or fully recrystallized cladding is more resistant to iodine-induced
stress corrosion cracking, a more crucial requirement in BWRs. The evidence
on creep-down rates is not clear-cut, it depends on texture, stress level and
temperature, and it must be remembered that PWR cladding can be operating
at a temperature where irradiation-induced hardening is small.

The designer's path through this complex field is difficult, and he must
remember that tube quality with respect to texture and degree of cold work can
vary and can be strongly influenced by necessary operations such as straightening.
There is no doubt that tube quality in these metallurgical aspects can be variable
and can have important effects on performance.

A further characteristic, imparted particularly by the mechanical working
history, is the so-called 'hydride texture'. Hydrogen is present in as-manufactured
Zircaloy tubing to the extent of some 20 ppm, about the solubility level at room
temperature. However, the corrosion reaction with the coolant liberates H2,
some of which enters the cladding, probably about 5% in a BWR environment
and 20% in PWR. This means that the H2 content builds up during irradiation,
possibly to 100 ppm in a BWR and to 200 ppm in a PWR, both values being
above the solubility level at operating temperature. Zirconium hydrides when
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FIG.B2/4. Circumferential hydride structure in Zircaloy-2 cladding.

they form precipitate in platelets whose orientation is determined by the prior
mechanical working history and stress level at the time of formation. In cold-
worked, stress-relief-annealed tubing the mode of orientation may be either
radial or circumferential, in a recrystallized tube it tends to be random (Figs B2/3
and B2/4). Radial hydride precipitation has generally been assumed to be
undesirable and liable to lead to low-ductility failure. It is certainly desirable
to have a circumferential or random orientation, although the hydride itself is
reasonably ductile above 160°C. Some designers specify an Fn number (the
proportion of hydrides lying outside a 40° angle to the radial direction). In
manufacture, a high ratio of wall thickness reduction to diameter reduction gives
a low Fn number. In early fuel elements operating with low cladding temperature,
hydride texture was a most important parameter.

The grain size of fuel clad tubing affects creep strength and from this view-
point a large grain size would be beneficial, but, for other reasons, such as
cavitation creep, it is usual to require a minimum number of grains across the
clad wall. In the United Kingdom, this number has been of the order of ten.
For another reason, a large grain size is undesirable in zirconium alloys, it being
possible for large hydride platelets to form along grain boundaries with the risk
of leakage. The fuel designer should therefore compromise between risk of
leakage from either of these causes and creep strength. A specified grain size
of ASTM 7 or finer is a usual choice.
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2.2.2. Composition

As-manufactured zirconium alloys are generally of high purity, apart from
gaseous impurities picked up from the atmosphere during heat treatment and
forging of the as-cast ingot. The ore is itself purified before sponge production,
particularly to remove hafnium, a strong neutron absorber frequently found in
substantial amounts in combination with zircon sands. Nitrogen has very
adverse effects on the corrosion resistance of zirconium alloys, an effect which
is counteracted by the addition of tin in Zircaloys. It is essential that the Nz

content should not exceed about 80 ppm if the tin is to be effective. Oxygen
increases the strength of zirconium alloys and should be present with a range of
about 800-1500 ppm if adequate strength and ductility are to be obtained.
Hydrogen has adverse effects on the mechanical properties of zirconium alloy
tubing if present in amounts in excess of about 300 ppm. The higher the initial
H2 content, the sooner this limit will be reached, but the levels normally found
in commercial tubing (20 ppm) are small and should present no problem,
provided adequate checks are made.

2.2.3. Dimensional variations

As discussed earlier, in the UO2 pellet context, the control of the fuel/clad
gap, which is an important quality parameter, is mainly determined by the clad
bore diameter. Experience shows that the combined bore diameter and ovality
tolerance can be held to ± 0.04 mm or thereabouts, without an excessive cost
penalty from tooling or rejects. Of this variation the ovality component
generally represents less than half. This component is not so harmful in terms
of thermal performance as genuine diameter variation, since it leads to an
azimuthal gap variation only and its net effect, if any, on UO2 temperature
and fission-product release is certainly small.

Ovality and wall thickness variation can both affect the mechanical per-
formance, particularly in interacting (PCI) situations and under fault transients.
If a pellet expands to contact the cladding, then the clad bore surface on the
major axis experiences an increased tensile stress, adding to the possibility of
a PCI defect. Additionally, the larger the as-manufactured ovality, the greater
the rate of increased ovality development under non-interacting conditions as
a result of creep-down. The initial ovality level is so small that the stress con-
centration effect is of minor significance unless this enhancement occurs. One
of the beneficial effects of helium pre-pressurization is to reduce the rate of
ovalization in LWR fuel. Wall thickness variation is a direct stress-concentrating
feature whenever the clad is stressed, and is potentially harmful in interacting
conditions, where tensile stressing is involved, or under fault conditions, where
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coolant pressure is lost. In the latter case there may be an argument that the
effect is not harmful if it concentrates the swelling locally.

Wall thickness variation is neutronically undesirable in that the amount of
parasitic absorber is increased above that minimum which the designer requires,
i.e. the specified minimum wall thickness. In the case of LWRs the effect is
small and would not justify expensive measures in manufacture. In the case of
natural-uranium HWRs the effect is more significant and may well justify at
least additional financial inducements for the tube manufacturer. Wall thick-
ness variation starts at the stage of machining extrusion hollows and is difficult
to correct at later stages.

2.2.4. Surface fin ish and cleanliness

There are diverse views on surface finish for fuel cladding, both on the
bore surface and outside diameter. One of the early problems with Zircaloy
cladding was highly erratic corrosion behaviour; this was attributable to con-
tamination of a surface layer by fluorine or N2 . The fluorine resulted from the
use of a HNO3/HF pickling agent to descale Zircaloy and from the difficulty
of completely removing fluorine by subsequent washing. N2 contamination
arose from residual air in vacuum heat-treatment furnaces being gettered by the
tubes. The problem has been largely overcome these days by finishing the bore
surface by abrasive grinding, usually with a SiC belt, and by improvements in
vacuum heat-treatment furnaces. The resultant surface finish, although fine,
does seem to influence the nucleation of nodular corrosion in BWR conditions.
It is doubtful, however, whether the net effect is of such significance as to call
for the development of a smoothing process. On the bore surface the presence
of a trace of residual .fluorine from pickling may be less important, but it is
better avoided and grit blasting processes are now widely used to remove a small
surface layer. The fuel/clad gap temperature drop in the case of interaction
would be reduced by having a smooth surface, and there are some views that
iodine SCC initiation may be made more difficult, although this may depend
on the use of a process that removes intermetallic precipitates from the surface.
Other views have been advanced, namely that a rougher bore surface is bene-
ficial in presenting a bigger surface area for H2 absorption, but the validity of
such a view seems doubtful and positive evidence is lacking. The fuel designer,
being aware of the options and the pros and cons, must make up his mind in
the light of the particular requirements on a specified treatment for clad sur-
faces and on a particular surface finish. A normal requirement is a roughness
specification of about 2 ;um centre-line average.
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2.2.5. Defects and inclusions

Defects in Zircaloy tubing can arise as a result of defects in the cast ingot
or can be produced by internal tearing or surface laps during the deformation
processes. In practice, most defects found originate from the surfaces, and their
effect on mechanical performance depends on depth and length. Defects are
detected by ultrasonic scanning with water coupling and the practical limit of
detection is about 0.025 mm. The acceptance level is commonly set by the
designer at 10% of wall thickness, i.e. about two to three times the detection
level. Experience shows that defects found are generally short, and some
designers may like to adopt a combined length/depth acceptance criterion to
avoid rejecting local defects that are unlikely to be harmful. Again, the designer
may consider bore surface defects to be more serious and therefore may have
separate standards for the two surfaces. It must be said that it has not proved
easy to get a good numerical statement on the effect of small defects, nor
indeed to point to cases where these have caused clad failure in the reactor.

2.3. Fuel rods

Many of the quality aspects already discussed are only relevant in the
context of fuel rod performance. In this section, only those new features intro-
duced by the assembly into a fuel rod are dealt with. A typical fuel rod design
is shown in Fig. B2/5. It consists of a cladding tube cut to length, with the UO2

fuel stack inserted (sometimes on a bottom support tube) and held in place by
a plenum hold-down spring, filled with helium at the required pressure and
sealed at both ends by welded end-caps.

2.3.1. Gas filling

It is universal practice in LWR and HWR fuel rods to fill with helium
before making the final weld seal. The purity of the final helium atmosphere
with respect to moisture, residual air and hydrocarbons is important to per-
formance and integrity. The helium must be dry and measures must be taken
to avoid the entry of hydrocarbons from pump fluids and lubricants. The
quality with respect to residual air will depend on how the operation is done,
i.e. whether a glove-box technique is used or not. Since it may be costly to aim
at too high a purity, a target level should be set, say 95%, and checked by periodic
destructive examination. Similarly, the design intent with respect to permissible
filling pressure variation is important. The best assurance comes from conformity
to a procedure that has been shown to give consistent results, but there can be
equipment or human failures and a procedure for periodic checks is necessary.
The permitted variance in filling pressure is for the designer to lay down, on the
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FIG.B2/5. Schematic drawing of typical L WR fuel rod.

basis of his performance calculations and the manufacturing experience. It is
not a feature that should be specified so closely as to result in frequent manu-
facturing rejects. Needless to say, an inadvertent omission to fill with helium
would have a dramatic effect on UO2 temperature, possibly as much as 500 K,
with major safety implications (see Section 2.3.3).

2.3.2. End-caps and seal welding

Except for natural-uranium HWRs with segmented fuel, such as
CANDU/PHW, there is little incentive to minimize the quantity of Zircaloy



FUEL ROD/ASSEMBLY DESIGN REQUIREMENTS 97

BUTT WELD

SPIGOT BUTT WELD

RESISTANCE BUTT WELD

FIG.B2/6. End-closure weld designs.

in end-caps and these generally incorporate attachment features in the case of
BWRs. End-caps are manufactured from rolled bar stock which must be free
from axial defects that could represent a leak path. Suitable NOT and
metallurgical examination must be undertaken to ensure this. CANDU
experience has shown that process control procedures may call for 100%
inspection of the starting bar material and 100% inspection of completed
elements. Dimensional control requirements for end-caps depend on the
particular assembly design and seal welding process. A particular feature where
spigot-butt tungsten inert gas (TIG) welding is used is the gap between spigot
and cladding tube which can influence weld porosity and crevice corrosion.

The commonly used methods of seal welding are spigot butt welding or
butt TIG welding and resistance butt welding (Fig. B2/6). The quality features
to be looked for in TIG welds are minimum leak path, freedom from porosity
and cracking, extent of heat-affected zone (HAZ) and grain growth, external
weld contour and atmospheric contamination. In producing reliable high-quality
welds, the control of cladding and end-cap dimensions, surface finish and
cleanliness are key features. The necessary weld quality standards are difficult
to establish quantitatively and experience of successful operation is the best
guide. Inspection to ensure compliance with quality standards established by
experience is likely to comprise radiography, visual examination, destructive
examination of control samples and periodic destructive examination of fuel
rods.

Resistance welds have been used on CANDU and SGHWR fuel rods for
many years (Fig. B2/7). The advantages of this process are: virtually guaranteed
freedom from contamination, the use of weld condition monitoring as an on-line
inspection technique and freedom from any extensive heat-affected zone. A
disadvantage is the need to remove the external weld flash. Quality standards
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FIG.B2/7. Section through SGHWR resistance-weld end-closure.

are based on operational experience combined with sample weld testing and
destructive examination. Cleanliness of the components being welded and the
accuracy of machining the weld preparation are important contributors to weld
quality.

In all seal welding, components such as the plenum spring must be far
enough away from the weld HAZ to avoid any risk of alloying. This may be
done by having a reduced spring diameter at the upper end, centred by an
internal spigot on the end-cap, or by the use of self-locking springs.

2.3.3. Leak-tightness

It is a paramount requirement that all fuel rods be leak-tight to a very
high standard. Leaks can in principle be in the cladding tube, the end-caps or
the welds. It is normal practice to leak-test all rods by helium mass spectro-
metry which has a sensitivity of about 10~9 cm3 /s. Separate leak-testing on
cladding tube and end-caps is rarely called for, and reliance is placed on the
composite test. The maximum pressure differential in the test depends on the
helium filling pressure and may be less than will be operative in the reactor.
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FIG.B2/8. Hydriding in the region of an SGHWR end-closure weld.

It is in principle possible to miss quite large leaks by the helium leak test,
i.e. if all the helium can be pumped out while evacuating the rod in the mass
spectrometer. A precaution used in the SGHWR is to mix a small amount of
85 Kr with the helium so that the presence of this gas can be checked after the
leak test. This technique has the added advantage of confirming that the
helium filling has been carried out.

Any detectable leaking rod should be rejected, regardless of size, and the
offending weld or end-cap may be replaced as a recovery operation.

2.3.4. In ternal hydriding

The importance of low H2 content of UO2 fuel has been stressed. Experience
in the United Kingdom has been reported [17] and typical damage mechanisms
and reactor behaviour have been illustrated. The tolerance to hydride damage
can be further enhanced by design features such as avoiding internal crevices
(a situation in which the necessary high H2/O2 ratio can be developed locally)
and avoiding local internal hot spots at the lower end-cap, or possibly by internal
surface treatment.

Freedom from internal crevices is accomplished with resistance-welded
end-seals. In spigot butt welds a crevice is a necessary design feature, but it
should be kept as short as possible and be relieved to avoid a long narrow crevice.
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Internal hot spots occur when the bottom UO2 pellet is in direct contact with
the bottom end-cap (Fig.B2/8). The situation can be alleviated by having an
insulating disc, probably A12O3, at the bottom end of the fuel stack, by using
a natural UO2 end-pellet, or by having a support stool at the lower end, thus
transferring part of the fission gas plenum from the top end.

It goes without saying that the cladding tube and end-caps should be dry
and free from any hydrogenous contamination.

2.3.5. The pellet stack

The designer requires the correct amount of fuel to be contained in each
rod for there to be minimal inter-pellet gaps together with freedom from debris.
Administrative control should largely ensure the amount of fuel loaded, but
some check on plenum length, together with a check (possibly gamma emission
or radiography) on inter-pellet gaps and stack continuity, gives an added
assurance. Debris formation during loading is difficult to check, except in the
plenum, and is another objective of periodic destructive examinations.

2.3.6. Other internal components

Neither LWR fuel rods nor those of HWRs usually contain any internal
components other than the UO2 , a plenum spring (not in CANDU/PHW),
insulation discs, a bottom support stool and a getter. Not all rods contain all
these features, and getters have indeed been mentioned only by General
Electric Co. for their BWR fuel rods.

Quality requirements for all these internal components include dryness
and freedom from harmful contaminants. A reasonable quality standard with
respect to freedom from inclusions and defects should be imposed on the wire
used for making plenum springs, since fracture in service can lead to a rod .
defecting. Alumina insulation discs should be of pure A12O3 with low irradia-
tion swelling characteristics, and support stools should preferably be made of
reactor-grade Zircaloy.

To be effective, getters must be in a suitably active condition in the
finished fuel rod and must be restrained in order to prevent them from vibrating
and so damaging the tube wall. They are generally proprietary alloys with a
high affinity for H2 and O2.

2.3.7. Surface finish

Some fuel designers still specify an autoclaved finish on the outside of
their fuel rods. This is a form of final check on corrosion resistance, may offer
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FIG.B2/9. Schematic drawing of 17X17 PWR fuel assembly.

more resistance to scoring on loading the rods into the assembly, and gives a
lower friction coefficient against the spacer springs.

The treatment is generally done in a steam autoclave at 670 K for 12 or
24 hours. Alternative anodizing treatments are now available if a hard low-
friction surface finish is desired. Quality control is exercised by visual examina-
tion of the finished product, which has a dark grey colouration, either lustrous
or matt, depending on the surface finish of the tubing.

3. FUEL ASSEMBLIES

In the field of LWR and HWR fuel assemblies there is a wide variety, from
the short CANDU/PHW bundle of 19 or 28 rods [18] to the 4 m long PWR
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FIG.B2/10. Fretting damage on BWR fuel cladding at fixed contact point caused by
insufficient spring load.

assembly of 17 X 17 rods (264 fuelled) [19]. Intermediate lies the modern
BWR assembly, also about 4 m long, of 8 X 8 rods (62 or 63 fuelled), with an
external shroud tube [20], sometimes called a channel or box. There are also
special types of round assemblies for reactors such as Atucha, RBMK and
SGHWR [21 ] which have pressure or flow tubes.

With the sole exception of CANDU/PHW, all these assemblies have axial
support members (fuel rods in the BWR case), intermediate spacer grids, and
top and bottom fittings (Fig.B2/9). CANDU/PHW has thin end-support-plates
of Zircaloy-4 to which all rods are resistance-welded. Rod spacing is preserved
by appendages welded or brazed to the cladding, and separation from the
pressure tube is provided by similar appendages on the outer facing side of
outer rods.

In the normal run of LWR elements the main quality aspects are the
strength and integrity of the welded or brazed joints in the spacer grids and the
end-fittings. The spacer grids are designed to hold the fuel rods in the desired
lattice position and the accuracy with which this is done is also an important
quality aspect since mal-positioning has adverse neutronic and thermo-hydraulic
effects. The springs in the spacer grids, either separate or integral, are involved
in determining this accuracy, and their continued integrity is essential from
this point of view as well as in preventing the possibility of serious mechanical
damage (fretting) to the fuel cladding (Fig.B2/10).
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3.1. Rod support structure

Spacer grids and the axial support of fuel rods are generally made from
stainless steels, high-temperature alloys of the Inconel-718 type or Zircaloy,
joints being made either by brazing, manual TIG welding or automatic resis-
tance welding. There can be problems with spacer grids in meeting the positional
tolerances of rods required by designers, but mechanical integrity is not a
problem. With resistance-welded construction, substantial redundancy is built
in to allow for variable weld quality. As with other high-integrity joining pro-
cesses, good design, good dimensional control, high consistency of surface
finish and cleanliness, and good atmosphere control are the keys to success.
The designer gets his quality assurance from detailed mensuration, from
mechanical testing of sample joints, from visual examination and from
destructive examination.

Corrosion resistance of spacer grids is no problem as a rule, but Zircaloy
grids and support members are subject to the same corrosion problems as fuel
cladding. The quality assurance comes from specified corrosion tests on
incoming materials and from compliance with laid-down process control
requirements to avoid contaminants. Additional corrosion checks can be made
on some joints if required.

In some spacer grids the springs that apply forces to the fuel rods to fix
them accurately in position against fixed stops are integral (typical PWR
practice), in others they are of a different material and separately attached.
The designer must specify a nominal load to meet the design requirement,
bearing in mind irradiation damage and relaxation effects. Control of spring
load within an acceptable tolerance range is not easy; it depends on geometry,
influenced by heating effects during joining, material thickness, width and
strength level. Without later adjustment at the finished grid stage there may be
difficulty in working to a maximum/minimum load ratio of less than two.
There can also be 'shake-down' effects, especially with separately attached leaf
springs.

3.2. Assembly

The loads required to insert fuel rods into the skeleton structure can be
high, up to say 100 Ib, and care has to be taken that grid springs are not over-
strained during this operation or that rods are not excessively scored. Some
rod scoring is inevitable; the position is improved by good geometrical design
of springs and fixed stops. Damage to grids is avoided by good process control.
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TABLE B2/I. MATRIX COMPARISON OF CSA QUALITY PROGRAMME
STANDARDS

Requirement

Quality programme

Organization

Quality audits (internal)

Quality programme documents

Manual
Inspection and test plan/checklist
Procedures/descriptions

Records

Inspection and test
Disposition of non-conforming

items
Feedback or corrective action
Qualification of special processes,

personnel, etc.
Audit and analysis of audit data

System functions

Contract review
Design assurance
Document control
Measuring and testing equipment
Purchasing
Incoming inspection (including

test as appropriate)
In-process inspection (including

test as appropriate)
Final inspection (including test

as appropriate)
Inspection status (including test

as appropriate)
Identification and traceability

of items
Handling and storage
Manufacturing and construction
Special processes
Preservation, packaging and shipping

Z-299.1

Assurance

1

1

QA
1
1

1

1
1

1
1

1
1
1
1
1

1

1

1

1

Z-299.2

Control

2

QC
1
1

1

1
1

1

1
1
1

1

1

1

1

1
1
1
1
1

Z-299.3 Z-299.4

Verification Inspection

3 4

QV
3
3

1 4

1 4
1

3
3 4
3

3

1

3 4

1

1

1
1



FUEL ROD/ASSEMBLY DESIGN REQUIREMENTS 105

TABLE B2/I (cont.)

Requirement Z-299.1 Z-299.2 Z-299.3 Z-299.4

Quality records
Non-conforming items
Customer-supplied items
Corrective action

Verification of quality by customer

Initial evaluation for quality
programme capability

Inspection and test plan/checklist
review and acceptance

Continuing evaluation and
verification

Corrective action (right to demand)
Access — audit

- surveillance

1
1
1
1

QA

X

X
X
X
X

2
1
1
1

QC

X

X
X
X
X

3
3
1

QV

X

X
X
X
X

4
4
4

X
X
X

Legend:
1 - as required by CSA Z-299.1
2 - as required by CSA Z-299.2
3 - as required by CSA Z-299.3
4 - as required by CSA Z-299.4
X - as appropriate.

3.3. Other components

The design and variety of other components of fuel assemblies varies
with type and designer. Most components are non-critical in terms of per-
formance, but good material quality and dimensional control are a general
requirement, the materials being selected on the basis of the environment and
performance requirements.

The overall envelope and length of a finished fuel assembly must be gauged
to ensure its acceptability for the charge route and reactor loading.

4. ROLE OF QUALITY ASSURANCE

The main subject of this part is not quality assurance, but the identification
of various quality features, necessary to obtain good performance, as design
requirements.
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TABLE B2/II. GUIDELINES FOR SELECTING A QUALITY PROGRAMME
STANDARD

(a) Design Process Complexity (DPC)

0. Design effort is minimal and simple
1. Design effort is significant but simple
2. Design effort is significant and presents some complexity
3. Design effort is extensive or complex
4. Design effort is extensive and complex

(b) Design Maturity (DM)

0. Proven design available
1. Combination of proven design elements for the same application
2. Modification of proven design for a different application
3. Re-design of existing item for a different application
4. New design from first principles of a complex item

(c) Item or Service Characteristics (1C)

0. Item or service has no tight or interrelated characteristics
1. Item or service has only a few tight or interrelated characteristics
2. Item or service has a few tight and interrelated characteristics
3. Item or service has a significant number of tight and interrelated characteristics
4. Item or service has a large number of tight and interrelated characteristics

(d) Manufacturing Complexity (MC)

0. Few simple processes3 required
1. Significant number of simple processes required
2. Few complex processes required
3. Significant number of complex processes required
4. Large number of complex processes required

(e) Safety (S)

0. No risk to the health and safety of operating personnel
1. Results in limited risk to the health and safety of operating personnel
2. Results in significant risk to the health and safety of operating personnel
3. Results in undue risk to the health and safety of operating personnel and/or

limited risk to the public
4. Results in undue risk to the health and safety of operating personnel and undue risk

to the public

(f) Economics (E)

0. Results in negligible inconvenience and/or cost
1. Downgrades the service of a facility to a limited extent and results in limited cost
2. Significantly downgrades the service of a facility and results in significant cost
3. Seriously downgrades the service of a facility and results in serious cost
4. Results in total loss of service of a facility and in extreme cost
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TABLE B2/II (cont.)

Selection Formula

Select the applicable value from 0 to 4 for each of the above factors and sum all values
Read the suggested Z-299 Quality Programme Standard requirement from the following
listingb

Value range Quality Programme Standard

18-24 CSA Z-299.1
13-17 Z-299.2
8-12 Z-299.3
4-7 Z-299.4
0-3

Processes: manufacturing, inspection, testing, assembly, construction or any other activity.
This can be adjusted to suit the industry concerned.

The role of QA is to ensure that the design requirements are met to an
acceptable confidence level. There is a hierarchy of procedures and documenta-
tion leading to this end-point. The key parts are:

- component and assembly drawings
— material specifications
- product specifications for components, sub-assemblies and the final assembly
— process specifications, where necessary
- quality control plans.

It must be remembered that the best systems and procedures can be upset by
human error or omission. The manufacturing and inspection processes need
some monitoring, an audit (perhaps in the form of a random check by a dif-
ferent authority) to ensure compliance with process specifications, good working
practices and the quality control (QC) plans. Constant vigilance should be the
watchword.

Within these concepts a variety of systems exist. These vary between
countries and regions. One example is given in an outline of Canadian practice [ 22].
The Canadian Standards Association (CSA) Z-299 series of quality programme
standards are built on the philosophy that every good quality programme is con-
structed around the same elements: planning, performance and proof. The basic
variation is one of intensity, i.e. how much visibility is achieved on the three
elements.

The lowest standard, CSA Z-299.4, is called an Inspection Programme and
it requires the supplier to inspect the product before it is shipped.
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The next level, CSA Z-299.3, is a Quality Verification Programme. Here,
evidence of the planning of inspection and of some elementary controls on
purchasing and special processes is expected.

The second level, CSA Z-299.2, is considered a full QC Programme. At this
level, the supplier is required to demonstrate that both inspection and manu-
facturing are fully controlled from the time of receipt of drawings to the time
of final shipment, including extensive sub-vendor control as well.

The top standard, CSA Z-299.1, the QA Programme, requires implementa-
tion of visible control, right from the receipt of a contract by the supplier, and
includes control of all activities that could affect the product, the two major
additions being design and management.

A condensed listing of the requirements of the four standards is shown
in Table B2/I. The requirements that pertain to each of the programmes are
noted and it can be seen how the need for each requirement changes or
disappears for the lower levels.

There are two criteria, both empirical, which can be used for the selection
of the appropriate standard for the procurement of fuel. The first criterion
was developed by the CSA committee which developed the standards and is
included as 'Guideline B' in each standard. This criterion requires the designer
to consider the level of impact the product has on station safety and per-
formance and to assign the 'scores' appropriate to this impact on a number of
safety and performance aspects. The questionnaire is shown in Table B2/II.
Using this questionnaire with a number of fuel experts we have most often
had the results of the Z-299.2 standard and occasionally those of the Z-299.3
standard, but very infrequently those of the Z-299.1 standard.

The second criterion is more empirical still and was produced by
AECL-EC. This criterion requires the Z-299.1 standard to be used if any of
the following conditions apply:

- the fuel is of a new design
- the fuel is for a first charge
— the fuel fabricator is producing the design for the first time

a warranty is offered for the plant.

If none of the above conditions apply, then Z-299.2 may be used.
Process specifications are not widely used in the United Kingdom, and

would be unnecessary if materials and components could be fully specified.
This is not the case, however, and if it were, the inspection load would be
formidable and prohibitively expensive. A lot of non-critical things are there-
fore taken on trust, but in the knowledge that satisfactory behaviour is being
or has been obtained. Some additional assurance comes from the knowledge
that the processes used are not varying. Although many manufacturers may
not be prepared to disclose full process details, they should be prepared to use
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a process unaltered, unless after prior notification a change has been agreed by
the fuel designer. This principle may be extended to a manufacturer qualifica-
tion procedure, which has a lot of merit; only qualified manufacturers, samples
of whose products have been shown to be satisfactory, should be considered as
suppliers.

5. CONCLUSIONS

The design requirements for fuel rods and assemblies for LWRs and HWRs
must ensure adequate quality in many aspects of the fuel, fuel cladding, fuel
rods and fuel assemblies in order to ensure satisfactory neutronic, thermal and
mechanical performance.

The quality requirements are almost certainly all known for current fuel
designs; they have evolved as a result of reactor experience, sometimes obtained
at great cost in terms of failed fuel.

In Canada, the existence of experimental reactors which were able to
simulate power reactor conditions made it possible to do meaningful ad-hoc
experiments and to proceed quickly from an idea to a proven design with
reduced reliance on modelling, which is usually more time consuming and
frequently not as conclusive. Also the ability to detect defects on-line in the
CANDU reactor system and to remove them during operation has made the
identification of the causes of the defects possible and has facilitated the
development of improved fuel designs.

This part has highlighted current views in the United Kingdom and experi-
ence in Canada on the key design requirements, taking account of world
experience, and has outlined how the designer can ensure that satisfactory
standards are achieved by specification and quality control procedures.
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B-3. QUALITY CONTROL IN ZIRCONIUM ALLOY TECHNOLOGY
FOR WATER REACTOR FUEL APPLICATION

H.G. WEID1NGER
Kraftwerk Union AG

Erlangen, Federal Republic of Germany

1. INTRODUCTION

Zircaloy is a typical 'nuclear' material for reactor design. It was specifically
developed as a core material because of its beneficial properties with regard to
neutron economy. Most of the Zircaloy products, such as fuel cladding or control-
rod guide tubes, are used for very specific nuclear functions. Safety aspects are
important for almost all core components where Zircaloy is used. These facts
made it necessary to develop well-proven quality control (QC) systems for the
material properties.

Today, Zircaloy-4 is the most universally used zirconium alloy for claddings
of PWRs and HWRs, for PWR guide tubes, for spacer grids in all types of HWRs
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FIG.B3/2. Basic approach to 'engineered quality assurance'.

and LWRs, and for BWR channels. Zircaloy-2 is still rather widely used as a
cladding material in BWRs. Zircomum/2.5% niobium is mainly used for HWR
pressure tubes.

World-wide reactor performance experience with Zircaloy components has
been very satisfactory. It can be shown that there is no significant contribution
from Zircaloy technology to any of the fuel rod defects that have been found
so far [1 ]. The most recent survey on this experience can be obtained from the
Proceedings of the IAEA Symposium held in 1978 in Prague [2], the last ASTM-
Zirconium Conferences, held in 1978 in Stratford on Avon and in 1980 in
Boston [3], and from the papers presented in 1978 at NUCLEX in Basel [4].

Zircaloy technology (Fig. B3/1) starts with the chemical processes to obtain
pure ZrO2 from zirconium sand. A well-based knowledge of Zircaloy properties,
down to the final fabrication steps, is needed to manufacture fuel rods and fuel
assemblies for LWRs and HWRs. This part considers only the properties and
processes for tubes, sheets, bars and wires, since the technology for fuel rods and
fuel assemblies is covered elsewhere [2, 4).

Sometimes, one has the impression that quality control of Zircaloy processes
and products is only feasible by very specific and very sophisticated control methods.
This may, however, lead the whole QC system into the wrong direction. The key
point is to know and to understand the typical metallurgical characteristics of the
processes involved and of the intermediate products. Also, of course, all modern
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engineering methods for measuring and evaluating the significant data should be
available. Therefore, a basic approach to an effective Zircaloy QC system is a so-
called 'engineered quality assurance' philosophy [5] where a balanced process and
product control is applied on the basis of a broad understanding of

— process metallurgy
— physical metallurgy
- in-reactor performance
- control techniques
- data evaluation and interpretation methods.

Figure B3/2 shows how these areas must fit together in order to establish a
technically meaningful system of controlled processes and properties.

2. PROCESS AND PRODUCT CONTROL

The main technical aspects of successful quality control of processes and
products in Zircaloy technology are presented below in two groups. First, the
practically approved approaches are discussed which are necessary to sufficiently
understand the processes used and their products. Second, the status of the
characterization of processes and products needed for consistent quality control
is discussed.

Thus in the first group of sections we try to answer the 'know-how' questions,
the second group of sections should help to answer the 'know-what' questions of
engineered quality control of Zircaloy technology. The 'know-why' background
has to come from the research and development work behind and around all QC
activities, as already mentioned (Fig. B3/2).

2.1. Procedures for establishing quality control

Three types of procedures should be available to find out the sensitive process
steps and their parameters as well as the sensitive product properties in each step
to be controlled:

- a 'sensitive-path analysis' with regard to the process steps
- a 'sensitive-path analysis' with regard to the intermediate product properties
- an evaluation technique to 'densify' the control data for quality-relevant

interpretation.

Of course, these three analytical steps cannot be applied independently. With
these investigation techniques it is possible (a) to establish an effective process
and product control, and (b) to perform process step qualifications.
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TABLE B3/1. PROCEDURE OF PROCESS ANALYSIS FOR IDENTIFICATION
AND LIMITATION OF SENSITIVE STEPS AND PARAMETERS DURING
BETA QUENCHING OF ZIRCALOY BILLETS (Part 1 )

Target of process step

Homogenization of structure to
assure corrosion behaviour of final product
remove anisotropy from prior deforming

Sensitive equipment

- furnace
transportation facility

- water tank

Sensitive procedures

— annealing
- transport from furnace to water tank
- quenching

Sensitive parameters

soaking time in furnace
- time of stay at given temperature in furnace
- time during transport
— quenching rate, depending on dimension

Possible deviations and consequences

— overheating: too large beta grains
- underheating: insufficient homogenization

long duration of transport

- too slow quenching rate

too slow passage through
ion:

inhomogeneous structure

2. /. 1. Sensitive-path analysis of process steps

To achieve an identification of the controllable process parameters, an

analysis of the process step sequence can be performed as follows:

(a) Process equipment: Which parts and which functions are relevant for

important product properties?

(b) Process procedures: What are the specific impacts of regular and deviating

operating conditions on the material and on process steps?
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(c) Corrective actions: What is feasible and how?
(d) Limitations: Which limitations on equipment, functions and process para-

meters are necessary and feasible to keep the product 'on line'?
(e) Control methods. Development and approval.

One example for such an analysis is given in Tables B3/I and B3/II. The
beta-quenching step is very important for the final corrosion behaviour of Zircaloy
components in the reactor. There is also evidence of an impact on the workability
in subsequent fabrication steps; and since the dimension at which the beta
quenching is performed is very important, this step influences the whole sequence
of hot deformation.

2.1.2. Sensitive-path analysis of product properties

In Zircaloy technology, many properties essential for reactor performance
of Zircaloy components are influenced by very early production steps. On the
other hand, material properties from very early manufactured intermediate

TABLE B3/II. PROCEDURE OF PROCESS ANALYSIS FOR IDENTIFICATION
AND LIMITATION OF SENSITIVE STEPS AND PARAMETERS DURING
BETA QUENCHING OF ZIRCALOY BILLETS (Part 2)

Feasible corrective actions

— underheating ] .
reheating and

- long duration of transport r requenchmg
— too slow quenching rate J

- overheating none

Influence on other steps

- quenching dimension must be optimized between
quenching and further processing requirements

- insufficient quenching influences further workability

Consequences for process control

— verification of correct dimensions
- control: annealing temperature

annealing time
transportation time
coolant temperature
quenching time
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products influence significantly the later processing steps and the subsequent
intermediate and final material properties. It is therefore important to investigate

which properties are achieved in what process step
- which intermediate property influences the subsequent product and process

parameters in which way and where.

Experience has shown that the success of this type of analysis depends very much
on a good and close co-operation between the manufacturer and the fuel designer.

The chemical composition of the final Zircaloy products is mainly established
in the very first steps, starting from the zirconium sand, i.e. hafnium separation,
ZrO2 reduction, scrap recycling and ingot melting. Only the gas contents can be
influenced also in later processes.

The chemical composition is important for corrosion and mechanical
properties, for instance of a cladding tube in the reactor.

The microstructure of the final Zircaloy products is established in many
different steps, namely: beta quenching, hot reduction (forging, rolling, extrusion),
cold reduction and intermediate annealing, and final annealing.

The chemical composition also influences the final structure, for instance by
affecting the recrystallization behaviour.

The microstructure very strongly influences the corrosion and mechanical
behaviour of the fuel components in the reactor.

Chemical composition as well as microstructure are of course very important
also for several production steps from the ingot to the delivered products.
Chemical composition for instance influences the parameters of beta quenching,
the necessary loads during deformation at lower temperatures and the recrystalli-
zation behaviour during final annealing. The microstructure is of great importance
especially for all cold deformation steps such as rolling or rocking.

2.1.3. Data evaluation and interpretation

Quality control does not end with obtaining the actual information about
one specific material property or process step. It is necessary to compare:

- different properties of the same product
— the same property in different production lots or of different products
- the same process steps at different locations or after using different lots of

incoming material or lots produced by different operators
— the history or trends of the characteristics of a product or process.

The appropriate tool to handle QC data in order to make such comparisons is
statistical evaluation. Today, many pocket computers already contain programs
for the necessary calculations; also 'statistical paper' is available to plot the
results.
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FIG.B3/3. Plot of log-normal distribution with its confidence limit for eccentricity of Zircaioy
cladding tubes (one production lot).

For a proper application of statistical evaluation to the interpretation of
Zircaioy QC data, some of the most important aspects are indicated below.

2.1.3.1. Type or function of data distribution

There are many different types of data distribution; these have to be handled
in different ways by statistical mathematics. Most of the Zircaioy QC data can be
treated as having a 'normal' (Gauss) distribution, a log-normal' distribution, or a
mixed distribution of one of these two. Weibull distribution must be considered
if life-time properties are evaluated.

It should be realized that in a 'normal' distribution the arithmetic average
has to be calculated, in a 'log-normal' distribution the geometric average of the
single values. Using the wrong distribution can lead to significantly wrong inter-
pretation, for instance the establishment of wrong rejection levels. Figure B3/3
gives an example of a convenient way of data plotting (see also Figs B3/4, B3/5,
andB3/13 toB3/16).
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2.1.3.2. Confidence interval

In many cases, only values for a portion of all interesting pieces of a product
or for several steps of a specific procedure are available. When this population
of data is evaluated, the confidence level depends on the number of measured
values, as compared with the values for the total number of pieces or incidences
considered. Using the way of plotting as shown in Fig. B3/3, a confidence
interval can be given to show where all the other - not measured - values should
be. In Zircaloy technology, very often a confidence interval is evaluated showing
the range where 95% of all values will be with 95% probability.

2.1.3.3. Discrimination and interpretation

Specific mathematical tests have been developed to find out if it is statistically
meaningful to discriminate between two populations of data. In many cases it is
helpful and sufficient to use the type of plotting shown in Fig. B3/3. If the
confidence intervals are not overlapping, it is permitted to distinguish between two
or more data populations for interpretation. Figure B3/4 shows an example
where the significantly different oxygen levels in cladding tubes influence tensile
strength. Figure B3/5 demonstrates the influence of tube eccentricity on
uniform burst elongation. In Section 3.2.1 (Fig. B3/13) it is shown how this
statistical method is used to evaluate the size of one error contribution out of
several in the tensile test of Zircaloy cladding tubes. Section 3.2.5 also gives some
examples of how different analytical methods influence the QC data for control of
chemical composition (Figs B3/14, B3/15).

2.1.4. Data processing and documentation

With the increasing volume of QC data, there is also an increasing demand
to handle these data with a minimum of manpower.

The three major objects of using stored QC data are:

- to document the results of QC for the next users of the produced material,
for the final customers, and for the authorities

- to enable more detailed evaluation and interpretation of the manufacturing
processes

- to enable an interpretation of the fuel behaviour during reactor operation.

Some of these objects may become important many years after production.
Therefore, these data have to be stored for a very long period, in such a way that
many different evaluation programmes can be applied.
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FIG.B3/6. Development of inspection data logging system.

Basically, there is only one way to solve this problem economically, namely
by electronic data processing. However, it should be taken into consideration
that rather sophisticated computer software and hardware is needed if many
different requirements for evaluation are to be applied. As far as Zircaloy
technology is concerned, not many systems have been described in the literature.
Bergman and Patterson report on "Quality data systems" in the IAEA Proceedings
of a seminar in Oslo, held in 1976 (see Ref. [6], page 467). Another system was
mentioned by S. Takai during the IAEA Regional Seminar (Buenos Aires, 1979)
on Quality in Nuclear Fuel Technology. Since no proceedings of this seminar will
be published, the basic principle and some examples of application of this 'data
logging system' are given in Fig. B3/6.
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FIG.B3/7. Overview on sensitive process steps and sensitive product properties
in Zircaloy technology.

2.2. Process control and qualifications

Only if a consistent knowledge of all important intermediate product
properties and their intercorrelations is achieved is it possible to establish a
technically meaningful network of product control steps. Basically, this network
consists of

— inspection of the incoming material
- acceptance tests of the outgoing material
- counter-checks by the receiver of material on important properties measured

by the deliverer.
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FIG.B3/8. Example of systematic variation of fabrication parameters for Zircaloy cladding
tube production.

The details of this system depend on the interface between a deliverer and the
next accepting user. Practical experience in Zircaloy technology has shown that
these three types of product control should be established for

- zirconium sand
— sponge
- ingot
— semi-final products (hollows, slabs, billets)
- final products (e.g. cladding, guide and pressure tubes, spacer strips).

Figure B3/7 gives a general overview on the sensitive paths of process and product
controls in Zircaloy technology.

Sometimes, both suppliers and users of Zircaloy material perform qualifi-
cation tests in order to verify that a specific sequence of process steps will take
care of the needs of the user. It can be useful to vary some particularly sensitive
parameters during such a study in order to quantify the limits where those para-
meters may be varied without significant impact on the product. Figure B3/8
gives an example of where some parameters for Zircaloy cladding tube production
at the final steps of reduction and annealing may be varied and investigated.
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TABLE B3/III. SENSITIVE CHEMICAL ELEMENTS IN ZIRCONIUM SPONGE
ANALYSIS

Chemical element

Hf

Cl

Mg

0

N

ASTM limit
(ppm)

100

1300

1400

50

Relevance of preceding
process steps

Chemical separation

Chemical separation
and reduction

Reduction

Reduction

Reduction

Relevant points
for further use

Neutron economy

Melting

Ingot specimen

Scrap recycle

Scrap recycle

TABLE B3/IV. SENSITIVE CHEMICAL ELEMENTS IN ZIRCALOY INGOT
ANALYSIS

Chemical element
ASTM limit
(ppm)

Relevance of preceding
process steps

Relevant points
for further use

Alloying elements

Sn
Fe
Cr
Ni
O

Impurities

N
H

[ Melting and
According

-to Zircaloy .
.... .. scrap recyclingspecifications J

Scrap recycling

<65
<25

<270

1 Melting and
J scrap recycling

Scrap recycling

1 Mechanical and
>• corrosion

J properties
Mechanical
properties

~) Gas uptake during
>• subsequent process

J steps; corrosion

Mechanical
properties
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TABLE B3/V. CHARACTERIZATION PARAMETERS FOR ZIRCALOY
SHEETS (FOR SPACER AND CHANNEL FABRICATION)

Dimensions

Surface condition

Chemical analysis

Material condition

Grain size

Structure and texture

Mechanical properties

Workability test

Defects

Corrosion

Width, length, wall thickness, flatness, camber

Roughness of surface and edge-surface imperfections,
cleanliness

H, N, O

Recrystallized

>6 (or 9) ASTM

Depending on last hot rolling (generally in alpha range)

ET yield strength and ductility; RT strength and ductility
(generally in transverse direction);
hardness

Bend test
Dimple test

depending on manufacturing
requirements, etc.

Ultrasonic tests with standard defects
(generally at intermediate dimensions)

ASTM steam test

ET = elongation test; RT = rupture test.

2.3. Status of product characterization

According to the above-mentioned philosophy of an engineered QC system
there are two aspects of characterizing Zircaloy products:

- an understanding of the material properties in order to be able to ensure its
technical performance during the next fabrication steps or in its final stage as
a fuel assembly component during reactor operation

— the establishment of a quantified basis for technical and commercial communi-
cation: from one manufacturing organization to the other and from the fuel
assembly supplier to the users.

The status of product characterization is discussed below under these two aspects
for some significant stages of the production sequence for Zircaloy products.
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FIG.B3/9. Evaluation of texture pole figures: relative intensity, ///0, versus tilt angle in
Zircaloy-4 hollows and trexes.

2 3.1. Zirconium sponge

This is the first production stage where zirconium appears as a metal. For
the next production steps, mechanical and structural properties are not yet
relevant. It is important to ensure that the separation of hafnium and the purifi-
cation of the zirconium sand from other major constituents (e.g. silicon) or
impurities from earlier processes (e.g. chlorine and magnesium) have been per-
formed to a sufficient degree. In addition, there must be a reasonable margin
for the feedback of zirconium impurities from scrap recycling (for instance of
carbon and nitrogen). These points can be verified by chemical analysis. To
obtain a high confidence level of these test results, two steps are commonly taken:

- to develop a well-planned sampling system
- to apply two independent analytical techniques (for instance spectroscopy

and X-ray fluorescence).
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TABLE B3/VI. TYPICAL CHARACTERIZATION PARAMETERS FOR
ZIRCALOY RODS, PLATES AND WIRES

Dimensions Diameter, straightness

Surface condition Surface roughness (for UT test)

Chemical analysis O, N, H

Material condition Recrystallized (generally)

Grain size >6 ASTM

Mechanical properties Uniaxial strength and ductility

Defects Ultrasonic test with standard defects at final dimension,
Metallographic examinations

Corrosion ASTM steam test

Typical figures for some of the important impurities, in accordance with
ASTM-B-349, are given in Table B3/III.

2.3.2. Zircaloy ingot

This is the first stage where zirconium appears as an alloy. The scrap has
already been recycled. The chemical composition will not be changed significantly
by further fabrication steps, except for a possible gas uptake. Two points are of
major interest for the characterization of the final ingot:

chemical composition and homogeneity
- workability, i.e. forgeability during the subsequent reduction steps.

These can be evaluated by chemical tests. In addition, hardness measurements
are commonly used as an integral method to verify the overall content and
distribution of impurities. Following ASTM-350, Table B3/IV lists some of the
most important elements in Zircaloy ingot analysis.

Again, it is essential to use a reasonable sampling system for ensuring that
the elements measured are within the required levels over the whole ingot length
and over the cross-section at any axial position.

Since ingot analysis supplies the data base for the chemical composition of
the finally delivered Zircaloy products, it is very important that certificates of
this analysis refer to the position in the ingot where the sample was taken. In
practice, the criteria for 'top', 'middle' and 'bottom' are reported as a minimum.
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FIG. B3/10. Typical flow of Zircaloy cladding-tube manufacture and quality control.
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FIG.B3/11. Texture and microstructure of stress-relieved Zircaloy-4 cladding tube
(~~4% recrystallization).

2.3.3. Semi-final Zircaloy products- tube hollows, sheets, bars

The closer the intermediate products are to their final use in the reactor,
the more their characterization is dominated by the reactor performance require-
ments, i.e. the mechanical properties and corrosion behaviour at 300-400°C.
However, for tube hollows, sheets and bars, workability criteria are still of
significant importance. Up to now, only for sheets are more or less standardized
workability tests in common use (Table B3/V). For tube hollows (or trexes)
a simple strain-compression test has been proposed [7]. At this stage of manu-
facturing the characterization of structure and texture becomes of interest for
the first time. Figure B3/9 shows typical textures for hollows and trexes. Since
these products are used mostly in the fully recrystallized condition, there is no
need for detailed verification of the microstructure, but sometimes data on the
distribution of second-phase particles are needed. The grain sizes are commonly
required to be finer than specified in ASTM-9 for spacer strips.

Tables B3/V and B3/VI give some typical requirements for the characteri-
zation of sheets and bars.
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FIG.B3/12. Texture and microstructure of recrystallized Zircaloy-4 cladding tube
(100% recrystallization).

2.3.4. Final Zircaloy products: cladding and guide tubes

The fabrication process and the control steps of all types of cladding and
guide tubes are basically the same. A typical flow diagram of Zircaloy cladding-
tube manufacture and quality control is given in Fig. B3/10.

For some types of guide tubes an additional rocking step is applied in order
to reduce the diameter along a part of the total length. In other designs, only
welding steps are added.

In any case, all important requirements on cladding and guide tubes are
governed by reactor operation. Therefore, details of these requirements depend
on the specific core designs. However, the metallurgical characterization always
follows the same basic philosophy.

If stress-relieved tubes are specified, a comprehensive metallurgical characteri-
zation requires obtaining information on the degree of recrystallization, degree of
recovery in the non-recrystallized areas, texture, and size and distribution of
precipitates. If fully annealed material is used, the degree of recrystallization and
cold work is not relevant.
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TABLE B3/VII. CHARACTERIZATION PARAMETERS FOR ZIRCALOY
SEAMLESS TUBES (CLADDING, GUIDE, TIE AND PRESSURE TUBES)

Dimensions Length, OD, ID, wall thickness, eccentricity, ovality,
straightness

Surface condition Surface roughness at OD and ID, surface imperfections,
cleanliness

Chemical analysis O, H, N

Material condition Stress-relieved or recrystallized, depending on design

Grain size >6 ASTM

Structure and texture Depending on last deformation and annealing steps

Mechanical properties Uniaxial RT and ET strength/ductility;
Biaxial ductility (total/uniform) at ET/RT;
Biaxial creep rate at ET

Defects Ultrasonic tests with standard defects at final dimension

Corrosion ASTM steam test

RT = rupture test, ET = elongation test.

Today, there are still no methods available for practical quality control tests
to measure the degree of recrystallization and crystal recovery. Transmission
electron microscope (TEM) methods can be used to measure the degree of
recrystallization, but it is very expensive to obtain data with a high level of
confidence.

Figures B3/11 and B3/12 show the typical texture and microstructure of
stress-relieved and fully annealed Zircaloy cladding tubes.

It has already been shown that the metallurgical condition of Zircaloy tubing
can be kept within very close limits by an adequate system of mechanical
specifications [7]. The requirements on the mechanical properties depend on fuel
rod design. Regardless of which figures are requested in the specification, there
is always a need for at least two types of mechanical properties:

(a) Elevated temperature uniaxial yield strength and ductility. These properties
can give two important informations, namely:
— maximum tolerable load at a given geometry
- degree of crystal recovery and recrystallization;
this information can be used to understand the creep and growth behaviour
under irradiation.
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(b) Room temperature or elevated temperature circumferential ductility,
measured by an inner pressure burst test. If uniform elongation is evaluated,
this test gives an information on the available deformability of the tube
before plastic instability. If burst elongation is evaluated, this test gives the
ultimate limit for plastic deformation.

As noted in Ref. [7], it can be useful to measure also the out-of-pile creep
rate, because this helps to keep uniform metallurgical conditions during tube
production.

The corrosion behaviour of Zircaloy tubes depends on the reactor conditions
and on the material. Since the influence of well-controlled beta quenching at
earlier production steps is now very clearly understood, the quality of Zircaloy
tubes and also of other fuel products - is obtained very uniformly with the
ASTM standard corrosion test. It is, however, still of practical importance to
watch the surface of Zircaloy tubes since its condition may influence the corrosion
behaviour.

Typical values of mechanical properties, corrosion rates and dimensions and
their statistical distribution are reported in Ref. [8] for Zircaloy-2 and Zircaloy-4
tubes.

Table B3/VII summarizes the most important characterization requirements
which are typically applied on cladding and guide tubes.

3. STATUS OF CONTROL AND TESTING TECHNIQUES

The status of testing techniques is essential for the technical effectiveness
of an engineered QC system. For evaluating QC data for further interpretation,
first of all the possible deviations and the sources of error of the applied testing
techniques should be known. Counter-checks from another laboratory are only
useful if both sides know very well the details of their test methods and care for
a thorough adjustment of their techniques.

Test methods are being used for the control of material properties as well as
for the control of fabrication parameters. The following sections concentrate on
techniques for checking material properties; the control of important process
parameters is also referred to.

3.1. Non-destructive testing techniques

The targets of non-destructive testing in Zircaloy technology are:

- determination of dimensions
- detection of defects
- investigation of surface condition.

Text continued on page 136.



TABLE B3/VIII. NON-DESTRUCTIVE TESTING TECHNIQUES FOR THICK-WALLED ZIRCALOY TUBES

Product

Thick-walled
Zircaloy tubes
(hollows, trexes,
pressure tubes)

Test target
Overall

r\-

Defects

Surface

Specific

Diameters

(OD, ID)

Wall thickness

Length

Straightness

Inclusions
Cracks
Shrink holes
Imperfections

Imperfections
Contamination
Roughness

Test technique

OD:
Electromechanical
ID.
Computer calc.
OD/wall thickness

Ultrasonic transit
time method

Ruler measurement
Weight measurement

Comparison with
Straightness standard

Ultrasonic pulse
echo technique
(rotating heads)
4 areas; point focus,
line focus = up to 5 MHz

Optical and visual

'Pick-up' transformer
Microscope

Calibration

Standard test tube

Standard test tube

Standard ruler
Standard sample

Standard defects
U-notches at OD/ID and
transverse and longitudinal
in test tube

Standards

Standard samples

Accuracy or resolution

OD: ±5 Mm

ID: ±60 Mm

±50 Mm

±0.25 mm
0.3% (hollows)
0.8% (trexes)

0.1 mm

Cracks and notches

>100;um

5-10X
magnification

0.1 Mm

K)

73



TABLE B3/IX. NON-DESTRUCTIVE TESTING TECHNIQUES FOR THIN-WALLED SEAMLESS ZIRCALOY TUBES

Product

Thin- walled
seamless
Zircaloy tubes
(for claddings,
guide tubes
and other
applications)

Test target
Overall

Dimensions

Defects

Surface

Specific

OD

ID

Wall thickness

Straightness

Cracks

Flat defects

Imperfections
Contaminations

Roughness

Test technique

Ultrasonic transit time
method,
electromechanical

Pneumatic or computer
calculation; OD/wall
thickness

Ultrasonic resonance
method (~20 MHz)
Ultrasonic transit time
method

Comparison with
Straightness standard

Ultrasonic pulse echo
method (in 4 areas)
Point focus, line
focus = up to 5 MHz)

Indicated by wall
thickness measurement

Optical and visual

'Pick-up* transformer

Calibration

Standard test tube

Calibration gadgets
Standard test tube

Standard test tube

Standard test tube

Standard defects,
V and U notches at ID/OD,
transverse and longitudinal

Standard defects with Hat
spherical shape at OD/1D

Standards

Standard samples

Accuracy or resolution

±3 Aim

±5 nm
±10 tan

±4 tan

±4 Mm

0.01 mm

Rejection level
according to specificatio
long cracks 1 0 nm
transverse cracks 20 um

go/no-go rejection
level 0.5 mm2

5 - 1 0 X magnification

0.1 ttm

z
N
53
o
O

to
o
a
o

U)
U)



TABLE B3/X. NON-DESTRUCTIVE TESTING TECHNIQUES FOR ZIRCALOY SHEETS

Product

Zircaloy sheets
for
(a) channels
(b) spacer strips

Test target
Overall

Dimensions

Surface

Defects in
slabs

Specific

Thickness

Length

Width

Flatness

Camber

Roughness
Imperfections
Contamination

Imperfections
Inclusions
Shrink holes

Test technique

Electromagnetic
probe micrometer

Ruler measurement

Caliper
width gauges

Several micrometers
in one line

Gauges measure space
to standard straight edge

'Pick-up' transformer
optical/visual

Ultrasonic immersion
pulse echo technique
~5 MHz longitudinal
waves perpendicular to
surface

Calibration

Calibration gauges
Standard samples

Calibration gauges
Standard samples

Calibration gauges
Standard samples

Calibration gauges
Standard samples

Calibration gauges
Standard samples

Standard samples

Standard defects:
flat bottom holes in
standard block

Accuracy or resolution

±0.005 to 0.001 mm
(R)

±0.5 mm

for (a) ±0.01 mm
for(b) ±0.1 mm

±0.01 mm

±0.01 mm

>0. 1 pm
5-10 X magnification

~3 mm2

"0
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TABLE B3/XI. NON-DESTRUCTIVE TESTING TECHNIQUES FOR ZIRCALOY BARS

Product

Zircaloy bars

Test target
Overall

Dimensions

Defects

Surface

Specific

Diameter

Straightness

Imperfections

Inclusions

Shrink holes

Imperfections
Contamination

Roughness

Test technique

Gauges at middle
and ends

Gauges check space
to Straightness standard

Ultrasonic immersion
pulse echo technique
2- 10 MHz
Point focus + line focus
Metallography
Cross-sections at ends

Optical and visual

Visual

Calibration

Standards

Standards

Standard defects:
radial and axial
holes;
longitudinal and transverse
notches
Microscopic examination

Standards

Standards

Accuracy or resolution

±0.01 mm

±0.02 mm

0.3 mm <f>
(techn. standard)

0.1 mm 0
(lab. cond.)
10 Mm

5-10 X magnification

5 — 10 X magnification

oo
z
N
3
8
c
s

I
Io
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There are no basic problems with regard to measuring techniques for
determining dimensions. Nevertheless, development efforts are still continuing
in many laboratories to improve the effectiveness of the techniques used. These
efforts concentrate on faster throughput of the material and a higher degree of
automation, including digitized print-out of the measuring results.

It has been shown [8, 9] that the throughput of cladding tubes could be
increased by up to a factor of eight by consequently applying ultrasonic
measuring techniques for OD, ID and wall thickness, and by using rotating
transducers instead of rotating tubes. In this case, the ID is being calculated by
a computer from the results of the OD and wall-thickness measurements [10]. At
present, this technique also includes defect detection. Some laboratories also
have been successful at increasing the speed of tube rotation for the 'classic'
ultrasonic immersion techniques with fixed transducers from 1000—1500 rev/min
to about 5000 rev/min. This improvement can be used either for achieving a
higher output or for obtaining narrower spirals at the rotating tube. Thus, for
ultrasonic transducers a small point focus can be used instead of a line focus, if
necessary.

There are still some open questions on how to interpret ultrasonic signals
for defect detection in thin-walled components. However, so far no other method
is actually applicable for Zircaloy components. For instance, up to now, all
attempts to develop the eddy-current technique for Zircaloy QC to achieve better
performance than with ultrasonic techniques have not been successful.

The problem of interpretation of ultrasonic signals derives from the fact
that it is not possible to obtain all information on defect size, shape and position
in thin-walled Zircaloy components from one ultrasonic signal. Using the com-
mercially approved ultrasonic frequencies in the range of 5 MHz, the wavelength
(1 mm for longitudinal waves, 0.5 mm for transverse waves) is much too large as
compared with at least one dimension of most of the defects looked for. This
problem is of minor importance as long as Zircaloy raw materials are investigated,
where the material thickness is larger than, or equal to, about 10 mm. But most
of the final Zircaloy components used in the reactor have wall thicknesses of the
order of 1 mm or less. Development work is under way to use much higher ultra-
sonic frequencies (about 50 MHz or more) to find new solutions to this problem.

For the practical requirements of quality control, technological solutions to
obtain sufficient information have been found. The transducers have to be very
well characterized, and the electromechanical fit between the amplifier and the
mechanical system should be optimized.

If the ultrasonic test is performed in several areas (usually four for claddings)
and if standard defects of different sizes are used, the practical results of this test
method are satisfactory. Some of these aspects are discussed in Ref. [7].

Operators have to be very well trained, and counter-checks of a second well-
experienced laboratory are recommended to assure a high level of confidence for
this measuring technique.
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TABLE B3/XII. TENSILE TEST OF CLADDING TUBES, INFLUENCE OF
TEST PARAMETERS AND EVALUATION OF TEST RESULTS

Tolerance Deviation

Temperature ±5°C

Strain rate 0.3-0. 7%/mm

Sample geometry

Evaluation (from plotting)

±1.5%

±0.5%

±2%

±4%

Total

Tables B3/VIII to B3/XI give an overview on non-destructive testing
techniques at present being commonly used in Zircaloy technology.

It should be mentioned that radiation techniques, such as X-ray measure-
ments, play an important role when Zircaloy parts are joined by fusion welding;
this is, however, outside the scope of this book. X-rays or gamma radiation are
sometimes used successfully to investigate so-called 'scrap ingots' for identifying
foreign particles which did not dissolve during melting.

Dye penetrant techniques can be used to improve the visibility of surface
cracks, for instance after a bending test. However, experience has shown that
quantitative data can hardly be obtained with this method. Sometimes this test
also exaggerates the findings. It is therefore recommended not to rely on this
type of test without making other additional checks.

3.2. Destructive testing techniques

Destructive testing is used in Zircaloy technology to obtain information on:

- mechanical properties
— chemical composition
- structure and texture
- corrosion properties.

Some important features of the tests used in this broad field are discussed in the
following sub-sections.

3.2.1. Tensile test

This test is generally supposed to be one of the highly standardized checking
procedures and is very commonly used to determine yield, ultimate strength and
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FIG.B3/13. Tensile test of cladding tubes:
statistical evaluation of 60 test diagrams
(influence of errors from diagram reading).

uniform or fracture elongation at room temperature or elevated temperature.
Practical experience shows that some precautions are necessary to obtain reliable
values.

Standards ASTM E-8 and E-21 specify that the strain rate should be kept
at between 0.3 and 0.7% per minute, up to the yield strength limit of 0.2%. For
accurate measurements it is essential that this strain rate is measured at the sample
(some laboratories measure the cross-head speed). Today, modern equipment
is available, with electronic feedback from the measured (at the sample) strain rate
on the cross-head speed to accurately ensure constant strain rates.

A round-robin test between six laboratories showed that the range of
possible deviation of all values (20 limits) was at ±8%. Table B3/XII indicates
how large the major contributions of errors can be. The most important finding
was that the major contribution to deviation from the average is the result of
errors from evaluating a plot of load versus elongation (Fig. B3/13 and
Table B3/XII). This round-robin test was performed with cladding-tube samples;
however, the basic results are also valid for other sample geometries.
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3. 2. 2. Mechanical tests under multiaxial stresses

For a characterization of the multiaxial mechanical properties of Zircaloy
tubes, testing techniques are used for which a biaxial stress distribution is
maintained in the tube wall by applying internal pressure in tube sections. As
pressurizing media, gases (air or argon) are used for tests at elevated temperatures
and liquids (oil or water) for tests at room temperature.

3.2.2.1. Creep test

For measuring the creep rate, a so-called closed-end test is used, where the
ratio between circumferential and axial stresses is

The test temperature is 400°C. The test time is 240 hours; this is reasonable for
measuring the primary creep and part of the secondary creep.

For good accuracy and reproducibility of the test results, the tolerance for
the test temperature should be better than ±2°C, and the pressure stability should
be at least ±2%. More details on the layout of this test are given in Ref. [7].

For calculating the sample pressure from the requested stress in the tube wall
the following formula should be used:

with
p = pressure (in bar)
I = wall thickness before test (in mm)
uHm = averale diameter (OD + ID)/2 before test (in mm)
at = tangential stress (in N/mm2).

3.2.2.2. Burst test

For burst tests, so-called open-end tests at room temperature and closed-end
tests at elevated temperatures are in use. With an open-end test the axial stress
component is approximately zero. In a strict sense, this is not a biaxial test.
In this test, very high ductility values can be measured. However, it should be
realized that these stress and strain ratios are not realistic. The same results can
be obtained also by a ring tensile test, which is easier to perform. For a closed-
end test at elevated temperatures the following test parameters and tolerances
have turned out to be appropriate:

- temperature 400°C ± 3°C
- pressure rate 50 bar/min ± 10%
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TABLE B3/XIII. BURST TEST OF CLADDING TUBES
Parameters influencing the uniform burst elongation

Test performance

Measurement of samples
Test temperature (level)

Sample temperature distribution
Pressure substance

Pressure rate
Stress ratio

Sample geometry

Eccentricity

(Surface) defects
Diameter/wall ratio

Material properties

Degree of recrystallization
Texture
Chemical analysis

In some designs the total burst strain is evaluated, in others the uniform strain
is determined by measuring the change in diameter sufficiently far away from the
burst bulge (for instance 20 mm). Experience with the latter type of evaluation
shows that the temperature distribution on one burst sample must be kept very
small, i.e. less than 1°C.

Table B3/XIII gives a list of important parameters that influence the closed-
end burst test evaluating uniform burst elongation.

It should be noted that the eccentricity of the tube sample has a significant
effect on the measured uniform burst elongation. Experiments have shown that
in the technically relevant range of <10% eccentricity the dependence is in the
range of 0.025% strain per 1 jum eccentricity for standard PWR cladding tubes
(see Fig. B3/5). If one is interested in the basic material properties, this coefficient
can be used to correct the measured strain with the measured (before the test)
eccentricity.

3.2.2.3. Manufacturing performance test

Besides the biaxial internal pressure tests for Zircaloy tubes, multiaxial
tests are being used to verify specific workability properties of Zircaloy materials.
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3.2.2.4. Bending test

Bending tests are often applied for checking whether Zircaloy strip material
can be used for spacers or for channel production. In these tests the bending
angle and the bending radius have to be specified according to the requirements
of the relevant manufacturing step. Mostly it is required that the bending area
has to be free of cracks under a given magnification (e.g. 10 X). It is important
that the bending direction is specified relative to the direction of the strip rolling.

3.2.2.5. 'Dimple test'

Strips for spacers may be subject to tests on their 'deep drawing' properties.
A tool is stamped into the strip; the shape of the tool depends on the require-
ments of the manufacturing steps. Again, the quality criterion is that after the
procedure the material has to be free of cracks.

3.2.3. Microstructure and texture tests

A well-developed metallographic technique is available for the classic QC
checks on grain size and shapes. Also, a well-proven and automatized X-ray
technique is available to determine textures with an average area of about 10—20 mm2.
Basically it is also possible to determine the degree of recrystallization by trans-
mission electron microscopy evaluation, but the amount of work necessary to
obtain reliable figures is rather high. A more economic procedure would be highly
desirable. A similar situation exists with regard to determining the degree of
crystal recovery in a merely stress-relieved material; hardness measurements can
give only rough information. An economic and precise non-destructive technique
is not yet available for practical quality control.

3.2.4. Surface condition tests

For obtaining more detailed information on surface conditions the scanning
electron microscopy (SEM) technique can be very useful. Today, fairly reasonably
priced equipment is available for practical quality control.

3.2.5. Chemical analysis

Most of the elements specified for Zircaloy products are analysed after
melting. In practice, only the gas contents can be changed by process steps after
melting. Besides oxygen, hydrogen and nitrogen, some other elements are of
special interest either for further fabrication or for final in-reactor performance.
The analytical techniques recommended for those 'sensitive' elements are
summarized in Table B3/XIV.
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TABLE B3/XIV. TECHNIQUES FOR CHEMICAL ANALYSIS OF 'SENSITIVE'
ELEMENTS IN ZIRCALOY PRODUCTS

Element

Sn

Fe

Cr

Ni

C

H

O

N

Hf

Method

lodometric titration or
atomic absorption

Atomic absorption or
photometry

Atomic absorption or
photometry

Atomic absorption or
photometry j

from
^ aqueous

solution

Combubtion+titration or conductance
measurement for CO2 determination

Hot extraction (1300/1 500°C)

Hot extraction (2000/2200°C)

Hot extraction (2000/2200°C)
Kjeldahl (specific experience necessary)

X-ray fluorescence
Activation analysis

Calibration

Synthetic solutions,
US-NBS ref. material

Zircaloy-2 (360 A)
Zirconium A

US-NBS 360 A

BRM ref. material

US-NBS 360 A

Accuracy (% relative)

±1%

±2%

±5%

±5%

±2.5%
(related to 1 200 ppm)

±5%

±10%

For the elements Sn, Fe, Cr and Ni, it is possible to use either X-ray fluores-
cence or emission spectroscopy; however, with both techniques, great care has to
be taken to use the right reference materials because of structural impacts.
Figure B3/14 gives a comparison of two analytical methods — atomic absorption
and X-ray fluorescence - for determination of tin content by two laboratories.
In this case there was very good agreement between both methods.

For the determination of hydrogen and nitrogen the influence of surface
contamination has to be carefully excluded. If the Kjeldahl method is used for
measuring the nitrogen content in Zircaloy, extensive analytical experience is
necessary to ensure that really the whole amount of nitrogen is included in the
analysis. Figure B3/15 shows the possible 'loss' of part of the nitrogen in a
comparison of two techniques applied in three laboratories.
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FIG. B3114. Comparison of two analytical methods for determination of
tin content in Zircaloy-4.

There is still a need for specific chemical zirconium standards. From the
U.S. National Bureau of Standards, one Zircaloy-2 (360 A) standard and one
zirconium-A standard are available, containing mainly the most important
metallic elements; the Zircaloy-2 standard contains nitrogen (43 ppm) and
carbon (136 ppm). From the Commission of the European Community
(Bureau of Reference),Brussels, a specific zirconium-oxygen standard is available,
with oxygen contents of 500, 800 and 1200 ppm. Zirconium-nitrogen and
zirconium-carbon reference material will be released. Also, a standard for boron
content in zirconium will be proposed.

3.2.6. Corrosion tests

For quality purposes, the steam corrosion test according to ASTM G-2 is
generally used at present. Typical parameters are:

- temperature T = 400 ± 3°C
- pressure p = 105 ± 7 bar
- time t = 73 h (3 days) or 336 h (14 days)

For steam production, deionized water should be used with pH = 7 ± 1, electrical
resistance R = 500 left. The water should be degassed.
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FIG. B3/15. Comparison of two techniques applied in
three laboratories for determining nitrogen in Zircaloy-4:
the Kjeldahl method (2 laboratories) and hot extraction (1 laboratory).

This test is performed with pickled samples. The corrosion rates should be
less than 22 mg/dm2 after 3 days or 38 mg/dm2 after 14 days. Sometimes also
samples with 'as-delivered' surface qualities are tested and judged according to
standards.

It should be noted that an autoclave test can also be applied, with the samples
being exposed to pressurized water. This test is more sensitive to (local) uptake
of nitrogen, as it can happen during welding or mechanical conditioning when
the material becomes too hot. Typical test parameters are:

temperature
— pressure

time

300°C (350°C)
saturation pressure
3 days (1 day)

The test condition of pressurized water tests can of course be varied to simulate
the chemical conditions in a reactor system.

Sometimes a test in superheated steam is preferred for checking the corrosion
behaviour under extreme conditions and for shortening the test time as compared
with reactor exposure times. One possible test condition could be 530°C, 60 bars, 24 h.
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FIG.B3/16. Material removal from Zircaloy-4 tubes after pickling. Evaluation of 39 tubes to
qualify the pickling procedure (20 turn = 5.4 g/m).

3.3. Process control methods

Several different approaches have been proven in Zircaloy technology:

(a) Direct measurement of a sensitive process parameter and immediate feedback
to the procedure

Example: Reduction of ZrCl4 by Mg (Kroll process). The progress of the
reaction is controlled by feeding back a pressure signal to the
power input in order for the ratio of the reacting partners to
remain within given limits; thus a complete reduction of the ZrCl4

is ensured (no subchlorides left over).

(b) Determination of a product property for controlling a process step if there
is no way of direct measurement of a sensitive process parameter

Example: Rocking of seamless tubes. The dimensions have to be checked
along the tube with a certain frequency. Depending on the results,
the rocking parameters (e.g. rocking feed) have to be changed or
the rocking tool has to be reworked.
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(c) Control of step sequence by locking subsequent steps until the preceding
step has fulfilled the necessary QC criteria

Example: Vacuum annealing. The function of heating up the product above
the temperature where gas uptake can happen is locked until the
vacuum has reached the specified limits (for instance less than
I(r3torr).

Finally, an example is given of how the process can be controlled by proper
evaluation of the adequate resulting material property.

The process of pickling Zircaloy can be surveyed by controlling the process
parameters

— temperature
— time
— fluorine concentration
— concentration of HNO3

The result is a removal of material, which can be controlled by weighing or by
dimensional measurements.

For a statistical evaluation of removal of material (Fig. B3/16) the minimum
removal must be ensured as well as the maximum material loss. If there is a large
degree of scattering of the values, it may be economical to tighten process control.
The costs of this additional control can be compensated by a decrease of the
average material loss. Thus this type of analysis and the technical improvement
may increase the confidence level of process control and the economics of the
procedure.

4. FINAL REMARKS

Quality control is a very important tool in nuclear fuel technology. The
specific function of QC is to ensure reliable reactor performance of the fabricated
components. Therefore, a continuous feedback of operational experience is
essential to keep QC technically meaningful. In the case of Zircaloy, one should
also not forget that zirconium alloys are still young products of material technology.
Therefore the results of operational experience should always be compared with
the most recent basic knowledge on the properties of this material so as to better
understand how these properties are influenced by the manufacturing parameters.
Consequently, QC in zirconium technology must be a dynamic process. It should
always be possible to drop or to add or to change a QC procedure if better under-
standing calls for it.

A second general aspect significant for Zircaloy technology is that a particular
know-how is involved in deforming or machining or joining of Zircaloy materials.
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This is a consequence of the properties of Zircaloy, such as elasticity, anisotropy,
thermal expansion, relaxation and creep behaviour, and high chemical affinity to
oxygen and other gases, which are significantly different from comparable
properties of the more generally used metals. An engineered QC system is
essentially based on such know-how. Therefore a good flow of information from
the early stages of production to the final stages and vice versa is very important
for a technically effective quality control.
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The fabrication of UO2 pellets from the feed materials uranium hexafluoride
(UF6) or aqueous solutions of uranyl nitrate hydrate (UNH) consists of two
processing stages (Fig. B4/1):

(a) Production of UO2 powder by a chemical process (conversion of UF6

o r U N H t o U O 2 )
(b) Fabrication of UO2 pellets from UO2 powder by powder metallurgical

methods (pelletizing and sintering).

Since the characteristics of the UO2 pellets are determined by the powder
properties, controls are performed not only on the end product (pellets) but also
on the intermediate product (powder).

UNH

DRY
CONVERSION
(IDR, GECO)

DRV
PREPRESSING &

CRUSHING

WET OR DRY
GRANULATION

pellet
^_«^B«M—

FIG.B4/1. Industrial manufacturing processes for UO2 pellets.
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1. CONVERSION AND CONDITIONING OF POWDERS

Industrial manufacturing processes (Fig. B4/1) are based either on wet
conversion, where the intermediate products are precipitated from aqueous
solutions, or on dry conversion, where UF6 is directly processed to UO2 powder.
The latter process can start only with the feed material UF6, whereas the wet
conversion processes can start either with UF6 or UNH. The dry conversion
process consists of a variety of modifications with respect to intermediate products
and types of equipment (e.g. IDR = Integrated Dry Route, GECO = flame
reaction process, Dry Bed Method). The wet processes are usually designated by
the uranium compound which constitutes the precipitate, e.g. ammonium
diuranate (ADU), ammonium uranyl carbonate (AUC).

Quality assurance procedures have been developed by the particular fuel
manufacturers in relation to the specific manufacturing route being used, with the
double intention of controlling the process stage by stage and of controlling the
product. Production experience has led to scheduling of QC plans for the
following:

(a) Characteristics specified by the customer (e.g. impurities)
(b) Process monitoring (to ensure that the process parameters are within the

qualification range and consequently that the powder is of the quality
level normally and regularly achieved)

(c) Powder characteristics known to influence the subsequent manufacturing
performance or the fuel properties.

To illustrate the principal points, two conversion processes are described in
more detail:

- the AUC conversion process
— the Integrated Dry Route (IDR) process.

1.1. AUC process

The AUC process [ 1 — 11 ] is a semi-continuous process which includes five
steps (see Fig. B4/2), as described below.

7 7 7 Evaporation of UF6

The UF6 containers are heated with steam; UF6 is vaporized and easily
transferred to the next process step. All nuclear daughter products are separated;
the contamination of the gaseous UF6 with radioactive elements is nearly zero.
This is also valid for the alternative conversion processes, since each of these
processes starts with an evaporation step.
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CO

FIG.B4/2. The ammonium uranyl carbonate (A UC) process.

1.1.2. Precipitation of AUC

The precipitation of AUC is performed in a precipitator filled with
demineralized water. UF6, CO2 and NH3 are added as gases through a nozzle
system. The reaction takes place according to the following equation:

UF6 + 5H2O + 10NH3 + 3CO2

i.e. UF6

6NH4F

Instead of UF6, UNH can also be used as a feed material. In this case, the total
reaction equation yields:

UO2(NO3)2 . 3H2O + 6NH3 + 3CO2 - ̂ (NH4)4IUO2(CO3)3|+ 2NH4NO3

i.e. UNH — ̂ AUC

The AUC precipitates in the form of yellow single crystals.



TABLE B4/I. TYPICAL IMPURITY VALUES OF EX-UF6 UO2 POWDER (WET CONVERSION) AND PELLETS

UF6

UOj powder

UOj pellet

U/O ratio

na

2.12 ±0.05

2.01 ± 0 0 1

F

(ppm)

na

-40

6

H

(ppm)

na

440

1

Total
boron
equi-
valent
(ppm)

4

40.5

2.5

Fe

(ppm)

na

20

20

Si

(ppm)

50

10

6

Ni

(ppm)

10

10

5

N

(ppm)

na

20

4

C

(ppm)

6

20

4

Cl

(ppm)

50

5

5

Ca

(ppm)

10

10

10

Ag, Bi, Co, Cu,
Mg, Mo, Na, Pb,
Sn, V, Zn, Ti,
Th, Ta, P, W
(ppm)

1600

200

200

•t)

W

na = not analysed.
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During AUC precipitation, the particle corners and edges are rounded off
by stirring the solution. The later transformation of the coarse AUC particles into
UO2 leaves the shape of the particles nearly unchanged (mean UO2 particle
diameter: 5 /;m). UO2 powder ex-AUC is therefore free-flowing and can be
processed into UO2 pellets by the direct pelleting process.

Since the grain size depends on the precipitation parameters, the temperature
and pH-value must be carefully controlled. The characteristics of the precipitate
are usually as follows:

- specific surface area (BET): 0.2 m2/g
— monoclinic crystals with rounded corners and edges, and a

length:diameter ratio of between 1:1 and 3:1
- mean particle diameter: 8 /urn
- bulk density: 1.0-1.5 g/cm3.

The AUC precipitation is a highly effective purifying process. Most impurities of
the feed material (this refers to UNH, since UF6 is per se a pure material) are at
very low levels in the AUC crystals. The impurities remain almost quantitatively
in the filtrate.

1.1.3. Filtra tion of th e suspension

The suspension is pumped to a vacuum filter and successively washed with
a solution of ammonium-carbonate and methyl alcohol. Because of the shape and
size of the precipitated particles, filtering and washing are simple and effective
technical processes. Because of the small specific surface area of the AUC powder,
only very low amounts of impurities can be absorbed on the material.

Typical impurity contents of the AUC powder are:
- fluorine: 300 ppm (feed material: UF6)
- water: 1000 ppm
- methyl alcohol: 2%

Eventually, the AUC powder can be transported pneumatically without any
sticking. The uranium of the filtrate is recovered in an effluent unit.

1.1 4. Calcination and reduction step

The AUC is pneumatically transferred to a fluidized-bed furnace. The
decomposition of AUC and the subsequent reduction of the hexavalent uranium
to tetravalent uranium is performed according to the total reaction equation:

(NH4)4IU02(C03)3I+H2—MJ02 +4NH3 + 3CO2 + 3H2O

i.e. AUC MJO2
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During the transformation of AUC to UO2, a large amount of the open
porosity of the UO2 powder is generated by the formation of channels through
which the gaseous reaction products are released. This UO2 powder micro-
structure allows an effective pyrohydrolysis procedure in the fluidized-bed furnace.

The high sintering activity of the UO6 powder ex-AUC is due to its large
specific surface area (~ 6 m2/g) and its small crystallite size (~ 0.1 /urn). Both
parameters are generated during the calcination and reduction step.

Integrated into the fluidized-bed furnace treatment is a depletion of fluorine
by pyrohydrolysis in a steam atmosphere. The fluorine content after calcination
is 20 60 ppm. The typical impurities of UO2 powder are given in Table B4/I.

7 7.5. Stabilization of the UO2 powder

After the fluidized-bed treatment the UO2 powder is made chemically
passive by slight oxidation to about UO2.10.

1 1.6. Homogenization of the UO2 powder

Since particle density, size and microstructure strongly influence pellet
properties, blending several powder batches into a single larger homogenized
powder lot markedly improves the reproducibility of the pellet properties. The
UO2 powder is pneumatically transported into the homogenizer, where about
2000 kg are softly blended without changing the powder properties. During this
step, U3O8 is mixed with the virgin UO2 powder; this additive allows an
adjustment of the desired density and pore size distribution of the pellets. Dry
recycling of fabrication scrap (clean rejected material oxidized to U3O8) can
easily be integrated; UO2 powder from the AUC process, with U3O8 additions
of up to 15 wt%, is directly pressed into green pellets without any further
additions or additional steps, since it is free-flowing. When the particle density,
size and microstructure of this powder are known, a specific tailoring of the
desired pellet properties is possible.

This process step may also be utilized to incorporate additives in the
manufacture of mixed oxide powders (e.g. UO2-PuO2 or UO2-Gd2O3).

Other methods are also in use, such as, for instance, coprecipitation of
uranium and plutonium as (UPu)C. This method may be used to produce a
'master mix' with high plutonium content, which will then be added to UO2

powder as mentioned.

1.2. Integrated Dry Route (IDR) process

The IDR process (Refs [1-8], [12-14] is usually a two-step process, as
described below.
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U02 Powder

FIG.B4/3. Rotating kiln route of the dry conversion process (IDR).

1.2.1. Conversion

The IDR conversion is a continuous process from UF6 to UO2 powder (see
Fig. B4/3). After evaporation of the UF6 by heating the UF6 containers, the
feed material is reacted with steam in the gas phase at the feed end of a rotary
kiln to give an active uranyl fluoride (UO2F2) which is converted in its passage
down the kiln to ceramic UO2 in a counter-current flow of H2 and steam. The
chemical reactions take place according to the following equations:

UF6 + 2H2O ^ UO2F2 + 4HF

4UO2F2 + 2H2O + 2H2 * ». U3O8 + UO2 + 8HF

U3O8 + 2H2 » 3UO2 +2H2O

The UO2 F2 as produced is a dendritic powder with a specific surface area in the
range of between 5 and 6 m2/g. During defluorination in the rotary kiln there
is a morphological change of the particles which are more or less spheroidized
(depending on the temperature) and reduced in the specific surface area.
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It has been found possible to adjust the kiln conditions so that the product
is fully defluorinated before the spheroidization process is complete. This
partially dendritic oxide powder, with a typical specific surface area of 2.6 m2/g,
is used for a binderless pelletizing route. A fully spheroidized powder of a
particle size of less than 1 /im for up to 90% is produced at high defluorination
temperatures: it has a specific surface area of typically 1.5 m2/g; this powder is
used for a binder pelletizing route. The surface area of IDR powders calculated
from crystallite size and shape measurements correlates well with the BET
surface area measurements and the individual crystallites contain little or no
porosity. The fine particle size of the IDR powders prevents them from being
free-flowing as produced. Since a good flowability of the powders is important
to ensure a constant filling of the dies at the pelletizing stage, it is necessary to
achieve this property by a granulation step.

1.2.2. Granulation

The dry granulation or precompacting process and the wet granulation
process, which are used for UO2 powders from the dry conversion and the ADU
processes, involve some or all of the following powder preparation steps: milling,
granulating, precompacting, and potential incorporation of additives into the
UO2 powder.

(a) Dry granulation or precompacting process (binderless route)
The so-called binderless route consists of pre-pressing the powder to briquettes,
fracturing these and sieving the debris to produce granules. Small amounts
of a dry lubricant are usually added to the granulate so obtained. After
pressing, these small amounts of lubricant are usually extracted from the green
pellets in the first part of the sintering furnace. It is also at this stage that
the pore-formers are added.

(b) Wet granulation process (binder route)
Pellet production by the binder route uses a binding agent, which has the
advantage, besides others, that it produces a green pellet of good mechanical
strength. The first stage of the granulation process is micronizing of the
powder to increase its specific surface area and activity. Alternatively, a fine
powder that need not be milled can be utilized as starting material.

The fine-grained UO2 powder is continuously slurried with solvent and binder,
the slurry density being controlled within limits to achieve the desired size
distribution of the final granules. The slurry is spray-dried and the UO2 granules
discharged from the spray-drier are classified on a series of vibratory screens.

The disadvantage of the binder route is the necessity to incorporate a
dewaxing step between the pelletizing and the sintering steps. This is performed in
a 'debonding' furnace operating at 800°C.
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2. PELLET FABRICATION

Pellet fabrication consists of three steps: pelletizing (to a 'green' pellet),
sintering and grinding.

2.1. Pelletizing

The homogenized UO2 powder is transferred to the presses and fed into the
dies. The walls of the dies are automatically lubricated with a thin film of oil or
with the lubricant (or binder) incorporated in the powder. The flowability of the
UO2 powder is of major importance when multi-die presses or rotary presses are
used; such high-capacity presses must be utilized to achieve industrial production
rates. The green pellets must be perfect with respect to their surface condition
and micro-structure and must show great strength.

In order to have only a minimum variation with regard to the properties
and dimensions of the sintered pellets, the green density is carefully controlled.
Samples are taken for this purpose on a statistical basis. The weight and length
of the green pellets are taken as a measure for the green density.

2.2. Sintering (standard process)

The green pellets are loaded into molybdenum sintering boats and sintered
in pusher-type furnaces under a hydrogen atmosphere at temperatures of
about 1700°C. The final depletion of impurities during the sintering process leads
to UO2 pellets with impurities as listed in Table B4/I.

In principle, the sintered density can be controlled by four measures:

(a) Control of the specific surface area of the powder (see Fig. B4/4)
(b) Control of the green density by variation of the compacting pressure (see

Fig. B4/4)
(c) Mixing of different amounts of U3O8 powder (see Fig. B4/5) and,

in some processes, of pore former with the virgin UO2 powder
(d) Control of sintering conditions: sintering temperature, time and atmosphere.

The inherent properties of the powders have the largest influence on the density
and the porosity characteristics of the pellets. Minor adjustments of pellet
density can be made during pellet processing by variation of pressing conditions
and sintering temperatures and times. The use of binders and additives of various
types all influence the porosity that is produced in the pellet.

It is not desirable to use variables such as sintering time, temperature or
compacting pressure as production controls, because of the loss in time and
efficiency resulting from changing conditions for each batch and also because
constant production parameters result in improved operation of the equipment
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FIG.B4/4. Dependence of the sintered density on the specific surface area of the powder and
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FIG.B4I5. Dependence of the 'sintering characteristics' on the amount of t/3O8 addition
ex-AUC).

and reduce the chances of human error. The approach has therefore been to
minimize the variability of the powder as produced to such an extent that
alterations of plant conditions to cope with batch variations are very minor
indeed; this approach is being applied for large-scale production. In practice,
therefore, the sintered density is adjusted by the measures mentioned under (c),
the powder properties, pressing and sintering conditions being kept constant as
much as possible.
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2.3. Sintering of UO2 at low temperatures

Low-temperature sintering of UO2 pellets [15] is possible if flowable UO2

powder with high sintering activity is used.
Low-temperature sintering is performed in an oxidative environment. The

process starts with hyperstoichiometric UO2 + x powder with any given O/U ratio.
The green pellets are sintered in a continuous sintering furnace, e.g. for 1 hour at
1100°C in CO2, and subsequently reduced to stoichiometric UO2, e.g. for
20 minutes at 1100°C in H2. By this advanced sintering technology the costs for
energy, material and equipment can be reduced. Furthermore, the production
rate can be increased owing to the short sintering cycle. The pellet properties are
equivalent to those of the conventionally sintered pellets.

2.4. Centreless grinding

The pellets are finished by grinding the cylindrical surface to dimensional
tolerances as required by the fuel rod specifications. This operation is usually
carried out under a spray of water to ensure lubrication and evacuation of the
surplus UO2; it has the disadvantage of moistening the pellets. Dry grinding is
utilized in a few manufacturing plants.

3. QUALITY CONTROL PLAN

The QC plan (see Refs [1, 5, 7, 8, 16]), sometimes referred to as QC
schedule, must take into account the technological development state and
industrial experience acquired; it is furthermore related to the kind of process,
the equipment and the throughput of the plant. No general plan can therefore be
outlined within the scope of this book. The data given here are based on an
industrial plant with a capacity of 100-700 t U/a, working with homogenized
powder lots of 2000 kg UO2.

The QC plan can be simplified when sufficient experience has been acquired,
when the reproducibility of the process has been demonstrated and when key
characteristics for monitoring and verifying the reproducibility of the process have
been delineated. This applies not only when a new process is implemented but
also when the process parameters or some pieces of equipment are modified.

The QC plan can be implemented in three successive stages:

- In the initial period (development, commissioning and production of
demonstration batches), every process parameter is monitored and all
characteristics of the intermediate and final products are measured.
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TABLE B4/II. QUALITY CONTROL PLAN OF UO2 POWDER AND
GRANULES

Material Frequency of testing Analysis

1. Uranium hexafluoride

1. AUC process

UO2 powder
(homogenized lot
of 2000 kg)

3. IDR process

UO} powder

Kiln product check hopper
(up to 100kg)

UO2 powder

Homogenized lot
(up to 2 t)

Micronizmg and granulation
Micronized UO2

Gassified UO2 granules
(250 kg per drum)

On request only

1 specimen per powder lot

1 specimen per powder lot

1 specimen per powder lot

1 specimen per powder lot

1 specimen per powder lot

1 specimen per powder lot

1 test per powder lot

23SU only, since samples can
only be taken from the
vapour phase

Enrichment ("SU)

O/U ratio, U content

H2O, F, Cl, Ca, Fe, Ni, Si

Specific surface area (BET)

Flowability

Bulk density and vibrated
density

Performance test ('sinter
characteristic")

Once per month per plant unit Fe, Ni, Cu, Cr (corrosion
control)

Every check hopper

Every batch

Every 5th batch

Every 1 Oth batch

Every 20th batch

Every 40th batch

Daily bulk sample

Once per week

Every drum

Every 10th drum

First two drums of each
campaign and then
every 25th drum

F, SSA, O/U ratio

"5U, F, O/U ratio, SSA, H2O

U ( w t % )

Ca, C, Cl, Fe, N, Si,
pour density

B, Cr, Cu, Mn, Ni, W

Al, Co, In, Mg, Mo, P, Pb, Sn,
Th, Ti, Tl, V, Zn, Li, Cd, Eu,
Gd, Sm, Dy

SSA, O/U ratio

Fe, W, H/U ratio, Al

H/U ratio, pour density, sieve

Ca, F, Si, Fe, W, U(wt%), "5U
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- In the next period (qualification of batches), selected process parameters are
monitored and key characteristics of the products (intermediate and final) are
controlled on a very conservative sampling basis, e.g. to a high confidence level,
since the variability of the product is not known.

— In the final period (routine fabrication), key process parameters are monitored
and recorded as integral QC constituents and the only quality controls on the
product are those specified by the customer and those found to be essential for
ensuring proper application of the next processing steps. The QC plan can be
alleviated, since the variability of the product is known.

3.1. QC plan for UF6

A typical composition of UF6 is given in Table B4/I. The enrichment and
total uranium content are checked, in principle, on a shipper-receiver relation
basis. However, since the analytical methods available at enrichment plants are
more sophisticated than those at fuel manufacturing plants, the manufacturer
and the customer (owner of the enriched uranium) have real difficulties in
controlling the values given by the enrichment plant. Possible dilution resulting
from head and tail effects and from adsorption on the container must be
considered as a customer's risk. Controls of enrichment, total uranium content
and impurities therefore may not be repeated at the manufacturing plant but
checked by auditing the controls performed at the enrichment plant (shipper's
QC), as soon as a routine operational fabrication level is reached at both plants
and confidence is acquired. The same policy is applied for UNH, UO3 and U3O8.

3.2. QC plan for UO2 powder

From the outlines of the conversion processes it becomes clear that strong
emphasis has to be put on quality assurance by control of process parameters.
The chemical, microstructural and physical properties of the material are measured
and correlated with the processing parameters. On the other hand, the routine
quality control of the product (including the frequency of sampling) could be
considerably reduced, as shown in Table B4/II, on the basis of extended process
control and fabrication experience. Section 4 outlines the methods employed for
determining the chemical and physical properties of UO2 powders.

The following controls are made on the batches produced after homo-
genization: enrichment, total uranium content, O/U ratio, moisture, fluorine
content, metallic impurities, surface area, densities, and fabricability tests
(flowability and sinterability). Enrichment and total uranium content of the
product are checked at several points in the process to avoid inadvertent mixing
and for nuclear safeguards purposes. The enrichment is determined by differential
gamma-emission spectral analysis, with periodic controls with a mass spectrometer.
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Total uranium content is measured thermogravimetrically, as is the O/U ratio.
The moisture is measured by a coulometric method. The fluorine content is
measured using hydropyrolytic methods and spectral photometry.

Metallic impurities are determined spectrographically. The measurements of
the spectrographic plate are made using a precision densitometer. Typical
impurities measured and controlled with this technique are calcium, iron, nickel
and silicon.-

The physical properties of UO2 powders are normally checked to ensure
consistency and reproducibility. The specific surface area is determined by
nitrogen adsorption and desorption, with the BET method recognized throughout
the industry. Bulk density and vibrated density are measured according to
standard procedures; flowability is measured with a flow-meter.

Notwithstanding the several process controls, the ultimate manufacturability
of each homogenized UO2 powder (or granule) lot is verified by means of a
sinterability test. This test for assessing compressibility and sinterability of
powders is closely related to the standard pellet-manufacturing route; particular
care is taken to ensure good correlation between this performance test and plant
operational practice. The detailed testing procedure is therefore different at each
manufacturing plant. In principle, a small sample is pressed on a laboratory press
conducting a range of standard compaction pressures, and the resulting green
pellets, together with a standard green pellet for comparison, are subsequently
subjected to the standard production sintering procedure. The evaluation is done
by means of the so-called sinter characteristic which is a graph of sintered density
versus green density (see Fig. B4/5) or versus green pellet diameter. This
sinterability test on the blended lot provides global information about the
constancy of the fabrication parameters. It is applied to each lot before
it is released for further processing. In addition, on the basis of experience,
control is exercised from time to time on a broader range of characteristics such
as chemical constituents considered significant, and geometrical and micro-
structural properties of the powder controlled by ceramographic methods (and
even by means of scanning electron microscopy). This information is continually
analysed to provide close process control during the initial periods of powder
production (development, demonstration and qualification).

In each powder production route, the importance of substantial powder lots
with uniform properties is readily apparent, not only to avoid changing the
pressing and sintering parameters for fuel manufacture but also to achieve
consistency of the final product. The uniformity of blending is controlled by
blending time, volume, conditions of the blending apparatus, etc.; it is of additional
importance if a secondary constituent (pore former, PuO2, Gd2O) is incorporated
in the powder.

The major control procedures described in this section are valid for powders
from the AUC process and from the IDR process. In the case of the IDR process,
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a granulation step is carried out before pelletizing; quality control is applied
selectively on the virgin powder or on the granule properties; the latter involves the
content of binding agent (if used), bulk density, flowability and granulometry
measurements (see Table B4/II).

3.3. QC plan for UO2 pellets

Quality control of the finished pellets concerns the maintenance of specified
requirements regarding composition, density, geometry, micro- and macro-
structure, and thermal stability. Methods for the assessment of these properties
are outlined in Section 4.

Control of pellet quality is exercised with composite samples representing
different pellet lot sizes (see Table B4/III), either, for one group of properties,
relating directly back to the homogeneous powder lot, or, for another group of
properties, defined by the daily production of one sintering line. The sampling
and testing frequency is statistically related to these pellet lots. This statistical
control is only possible because of the close homogeneity control of the powder
lot and the continuous operation of the sintering lines.

With respect to chemical and isotopic composition the pellets are tested for:

- O/U atomic ratio and total U content
— enrichment in 23SU
- additives, e.g. Pu or Gd
— non-metallic impurities (at least the elements Cl, F, N, C) and metallic impurities

(e.g. Ca, Fe, Ni, Si)
- residual gas content (total gas) and total hydrogen content (also called

'equivalent hydrogen content').

For quality control purposes, the O/U ratio and the total U content of the
pellets are routinely measured by the gravimetric method. Alternatives are the
polarographic method, the dichromate method and others (see Section 4).

The enrichment control methods (gamma-spectrometric and mass-
spectrometric methods) have already been mentioned in connection with oxide
powder.

Fluorine and chlorine are extracted from the non-metallic impurities by
pyrohydrolysis and measured either by the spectrophotometric method or by the
ion selective electrode method. Nitrogen is determined by a modified Kjeldahl
method. Carbon is extracted by direct combustion and measured as CO2, either
by thermal conductivity or by titration.

The metallic impurities are determined by atomic absorption or spectro-
chemistry (including spectrophotometric methods).

The residual gas content is obtained by high-temperature extraction. The
sample is annealed in vacuum at ^ 1.3 X 10~8 bar (initial vacuum in cold
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TABLE B4/III. EXAMPLE OF QUALITY CONTROL PLAN OF UO2 PELLETS
(for each production line)

Specified
characteristic

1. Major constituents

Total U
235U

O/U ratio

2. Impurities

C

a
F

N

P

Residual gas

Total H

Al

B

Ca

Cd

Co

a
Cu

Fe

Li

Mg

Mn

Ni

Pb

Sampling
lot

Homogenized powder lot

Homogenized powder lot

Homogenized powder lot

Homogenized powder lot

Homogenized powder lot

Daily production

Homogenized powder lot

Daily production

Homogenized powder lot

Homogenized powder lot

Daily production

Homogenized powder lot

Homogenized powder lot

Weekly production

Weekly production

Weekly production

Weekly production

Homogenized powder lot

Weekly production

Weekly production

Weekly production

Homogenized powder lot

Weekly production

Sample
size

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

Analyses on bulk
sample representing

Daily production

Daily production

Daily production

Daily production

Daily production

Weekly production

Weekly production

Weekly production

Weekly production

Daily production

Daily production

Monthly production

Monthly production

Monthly production

Monthly production

Weekly production

Monthly production

Monthly production

Monthly production

Weekly production

Monthly production
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TABLE B4/III (cont.)
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Specified
characteristic

Si

Sn

Th

Ti

V

W

Zn

Dy+Eu+Gd+Sm

3. Structure

Density

Microstructure

Re-sintering test

4. Dimensions

Length

Diameter

Orthogonality

Dishes

Roughness

Surface defect

Sampling
lot

Homogenized powder lot

Weekly production

Weekly production

Weekly production

Weekly production

Weekly production

Weekly production

Weekly production

SO 000 pellets

Homogenized powder lot

Daily production

50 000 pellets

50 000 pellets

50 000 pellets

50 000 pellets

Weekly production
of one grinder

-

Sample
size

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

1 pellet

100 pellets

1 pellet

1 pellet

30 pellets

100 pellets

30 pellets

30 pellets

1 pellet

Every pellet

Analyses on bulk
sample representing

Daily production

Monthly production

Monthly production

Monthly production

Monthly production

Monthly production

Monthly production

Monthly production

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

Each sampled pellet

condition), at a temperature of > 1600°C. The gases that are not condensable are
measured with a McLeod gauge.

The total hydrogen content is determined either by hot vacuum extraction or
by inert gas fusion. Both analytical methods determine the total hydrogen
content, since all moisture or hydrogenous material regardless of source is released
as hydrogen. The total hydrogen content is routinely measured either on dried
pellets sampled from loaded rods or on pellets processed in the same way as
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loaded pellets. With this procedure, together with appropriate drying procedures
for the pellets, the hydriding defect has been ruled out as a systematic failure by
all fuel manufacturers.

Density is determined either geometrically (dry) or by immersion methods.
The stability of the density (related to irradiation-induced densification) is
checked by a so-called re-sintering test. This may consist of recycling sample pellets
through the production sintering furnace and measuring the density increase.
Other standardized re-sintering tests (e.g. at 1700°C, 24 h, in inert gas atmosphere)
suffer from insufficient definition of the oxygen partial pressure in the sintering
atmosphere, which is of paramount influence on the results, especially in the case
of mixed oxides.

The microstructure is evaluated by ceramography. Ceramographs are taken,
compared with standards, and maintained for record. Controls are made for pore
structure, average grain size and internal defects (cracks, foreign inclusions, etc.).
The pore structure is characterized mainly by the shape and arrangement of the
pores and the pore size distribution. The shape and arrangement of the pores as
well as the pore size distribution are characteristically dependent on the
manufacturing process. UO2 pellets made from AUC powder show a homogeneous
pore structure (randomly spaced pores of irregular shapes) and a monomodal
size distribution function; in this case, the pore structure is routinely checked by
light microscopy of unetched pellet sections (magnification: 100 X).
In pellets manufactured by the IDR process with a pore former added, a non-
homogeneous structure of spherical pores with a bimodal or trimodal size
distribution function may be achieved; for the characterization of this type of pore
structure, a set of micrographs with different magnifications has to be supplied.
For general documentation, a set of microphotos with different magnifications
(including scanning electron microscopy microphotos) is taken at the process
qualification stage. The grain size is evaluated from etched pellet sections (400 X).

The geometry of the pellets is measured on statistical samples. Diameter and
length are measured with a micrometer and the results plotted on a control chart.
The dishing and the shoulder width on the end faces of the pellets are measured
by profilometry and the dishing volume is measured with a dial gauge. The
perpendicularity is measured with a dial gauge by rotating the pellet.

The surface condition of the pellets is checked by comparison with visual
standards. This includes surface roughness, on a statistical basis, and, on a 100%
basis, visual control chiefly of the extent and shape of chips and cracks and other
surface defects. This control can never have the precision of a measurement but
surprisingly consistent results can be obtained by the use of visual standards or
detailed charts.

The high quality of UO2 pellets cannot be ensured by product control
alone; it is also a matter of concurrent process control, for example by using
process charts with process control limits, assessing the process for determining
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significant parameters requiring control, and evaluating the process capability
and sensitivity of all equipment. Continuous internal audit with check lists and
routine review of the data for corrective action is of major importance.

4. QC TECHNIQUES FOR UO2 POWDER

4.1. Enrichment (uranium-235)

4.1 1 Determination ofisotopic composition by a multiple-filament
surface-ionization mass-spectrometrie method

A solution of uranium in nitric acid (NHO3) is evaporated onto the side
filament(s) of a multiple-filament assembly. The relative intensities of the uranium
isotopes can be measured using a scanning technique or a peak-to-peak jumping
technique. Detection is performed either by an integral technique or by ion
counting. The ratios of the various isotopes are corrected for the particular mass-
discrimination characteristics of the instrument by using known absolute uranium
isotopic standards.

4.1.2. Determination of the enrichment by
passive gamma-emission spectral analysis

With a passive gamma spectrometer the gamma radiation of 235U in a 238U
matrix can be measured. Since 238U has daughter isotopes, e.g. 234Th, which also
emit gamma rays in the energy band of 235U, the spectrometer is equipped with
a second impulse height analyser which discriminates between the radiation of the
daughter isotopes. The instrument is calibrated with known absolute uranium
enrichment standards.

4.2. Oxygen-to-uranium ratio

Of the many different techniques in use (see Table B4/IV), three wet
chemical methods are discussed below in more detail. These methods cover
the determination of the O/U ratio when it is between 2.00 and 2.10.

4.2.1. Polarographic method

Excess oxygen in uranium dioxide is determined indirectly by measuring the
U(VI) polarographically in a phosphoric acid medium. Phosphoric acid serves as
a stabilizing dissolution medium for LJ(IV) and U(VI), and as supporting
electrolyte for the reduction of U(VI) to U(IV).
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TABLE B4/IV. DETERMINATION TECHNIQUES OF O/U RATIO a

1. Wet chemical methods

(a) Polarographic method

100 ppm Fe

(b) Coulometnc method

(c) Titrimetnc method

2. Dry methods

(a) Gravimetric method

900°C
U02+x -

2 0 p p m H 2 O

100 ppm C

(b) Inert gas fusion method

2000°C
(~) 1 C ^ Pn

100 ppm N

gravim.
volum.

coulom.
CO,

(c) Reaction with gases

900°C
COUO2+X

100 ppm Mo, Mn, Fe, Co, Ni, Cu or W

(d) High-temperature galvanic cell
Ni, NiO/electrolyte/UOj + x

(e) X-ray diffraction

±0.001

- 0.0007

± 0.0004

± 0.001

± 0.003

+0.004

+0.002

± 0.008

+0.002

± 0.003

± 0.0005

± 0.002

± 0.005

The figures indicate the precision of the method and possible corrections for impurities.

4.22. Coulometnc method

Excess oxygen is determined indirectly by measuring the U(VI) coulo-
metrically in a phosphoric acid medium. Phosphoric acid serves as a stabilizing
dissolution medium for U(IV) and U(VI).

4.2.3. Titrimetric method

Uranium oxide is dissolved in concentrated phosphoric acid without a change
in the valency state. The U(VI) is determined in the cold solution by titration
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with Fe(II) in 16M phosphoric acid contained in a polythene weight burette.
Under this condition, U(VI) is reduced rapidly, according to the reaction:

UOf 4- Fe2+ 4- 4H+ »-U4+ 4- 2Fe3+ 4- 2H2O

The titration is conducted amperometrically by applying a potential of 300 mV
across two identical platinum electrodes. The solution should be stirred rapidly.
The titration end-point is indicated when the current, which remains close to
zero during titration, suddenly increases.

The samples are dissolved and titrated under an atmosphere of nitrogen.
Interferences: Significant amounts of reducing agents or undercomposed

organic additives invalidate the procedure.

For a description of the gravimetric method, see Section 4.3.1.

4.3. Uranium content

4.3.1. Determination of uranium and oxygen-to-uranium ratio by the
ignition (gravimetric) impurity correction method

A weighed portion of UO2 is dried under reduced pressure in a nitrogen
atmosphere, desiccated and weighed. The dried oxide is then converted to U3O8

by ignition at 900°C.
The weight of U3O8 is corrected for the non-volatile impurities present as

determined by spectrographic analysis.

4.3.2. Determination of uranium by the method of ferrous sulphate reduction in
phosphoric acid and dichromate titration

An excess of ferrous sulphate is employed to reduce U(VI) to U(IV) in a
concentrated phosphoric acid solution containing sulphamic acid. The excess
ferrous ion is subsequently oxidized by nitric acid in the presence of Mo(VI) as a
catalyst. After the addition of dilute sulphuric acid containing U(IV), the
determination is completed by titrating U(IV) with standard potassium dichromate
solution to a potentiometric end-point.

Increased precision may be attained by using a large sample size and by
oxidizing most of the U(I V) by adding a weighed portion of solid potassium
dichromate before the final titration with potassium dichromate solution.

Interferences: Ag, Sn, H, Pt, Pd and Ru, and halides other than complexed
fluorides interfere. Also interfering are Mo, Tc, Os, As, Sb, V, Mn, Ir and Au.



170 PARTB-4

4.4. Water content

(See also: Determination of total hydrogen content, Section 5)

4.4.1. Determination of moisture by the coulometric electrolytic
moisture analyser method

The determination of moisture is based on the coulometric principle. The
sample is heated in a quartz-tube oven to drive off any water. The moisture is
carried from the oven into an electrolytic cell by a flowing stream of a dry gas
(e.g. nitrogen). Two parallel platinum wires wound in a helix are attached to the
inner surface of the tube, the wall of which is evenly coated with phosphorus
pentoxide (P2O5) (a strong desiccant that becomes electrically conductive when
wet). A potential applied to the wires produces a measurable electrolysis
current when moisture wets the desiccant. Electrolysis of the water continuously
regenerates the cell, enabling it to accept additional water.

Since the electrolysis current is integrated, the total released moisture is
measured. This value is independent of the flow of the carrier gas.

The instrument is calibrated with samples of BaQ2.2H2O or Na2WO4 .2H2O.

4.5. Fluorine and chlorine

4.5.1. Determination of fluorine and chlorine by the
pyrohydrolysis/spectral photometric method

Uranium oxide powder is pyrohydrolysed at a temperature of 950 1100°C
in a stream of wet oxygen. Fluorine and chlorine are volatilized as acids and
absorbed in a sodium hydroxide solution. A defined quantity of this liquid is
mixed with a defined quantity of a reagent to produce a coloured or opaque
solution. The extinction of light is measured with a spectral photometer.

4.5.2. Determination of fluorine and chlorine by the
pyrohydrolysislion-selective electrode method

The halogens are separated from uranium dioxide powder by pyrohydrolysis
in a quartz tube with a stream of wet oxygen at a temperature of 950—1100°C.
Chlorine and fluorine are volatilized as acids, absorbed in a buffer solution, and
measured with ion-selective electrodes and an expanded-scale pH meter.
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4.6. Metallic impurities

4.6.1. Determination of metallic impurities by the
spectrochemical method with carrier distillation

The UO2 sample is converted to U3O8 and mixed with a spectrochemically
pure carrier. The metallic impurities are determined by carrier distillation using
gallium oxide (Ga2O3). Ga2O3 forms eutectic compositions with a distinct
group of impurities in a distinct temperature region. In this case the gallium and
impurities are volatilized during arc treatment on the electrode.

The spectrum is generated by a spectrograph with high resolving power and
is recorded on a photographic plate. Selected lines are either visually compared
with standard plates or photometrically measured by means of a densitometer.
The calibration is performed by using standards.

4.6.2. Determination of atomic absorption of metallic impurities

This method has been shown to be applicable to the analysis of aluminium,
cadmium, calcium, chromium, cobalt, copper, iron, lead, magnesium, manganese,
nickel, potassium, sodium and zinc.

The uranium in a sample is separated by solvent extraction with tributyl
phosphate (TBP) from 6~8N HNO3. The HNO3 solution containing the elements
to be determined is evaporated do dryness and the residue redissolved in
2.ON HC1. Any or all of the elements can then be determined in this solution by
standard atomic absorption spectrometry procedures with little or no matrix
effects in the usual type of sample.

When more than one element is to be analysed, the atomic absorption
procedure requires substantially less labour per analysis than spectrophotometric
methods. Furthermore, for some elements, such as magnesium, no satisfactory
spectrophotometric methods are available. Compared with the carrier distillation
spectrographic method, the atomic absorption procedure takes longer but
provides better sensitivity and range, and much better precision and accuracy.

4.7. Surface area

4.7.1. Determination of the specific surface area by the BET method
(volumetric or gravimetric method)

The method is based on the determination of the amount of gas necessary
to cover the surface by a monomolecular layer. This amount can be deduced from
the isothermal adsorption curve of nitrogen at the temperature of liquid nitrogen
(77.4 K), according to Brunauer, Emmett and Teller (BET), since the adsorptive
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N2 is physically adsorbed on the adsorbent. The amount of N2 adsorbed at a
given pressure can be determined by volumetric or gravimetric measurements.

In order to remove contaminations on the surface of the adsorbent the
sample has to be evacuated and heated under appropriate conditions before the
measurement is performed. The following pretreatment of UO2 powder has been
found suitable: evaluation down to some millipascals (10~5 to 10~4 torr)
followed by heating for 2.5 hours at 150°C.

Volumetric measurement. The pretreated sample, the mass of which is
known, is in a bulb of calibrated volume which is filled with nitrogen at a defined
temperature and pressure. At ambient temperature and pressure, measurable
adsorption does not occur. Then the closed bulb is cooled down to 77.4 K in a
bath of liquid nitrogen. From the amount of nitrogen enclosed in the bulb, and
from the volume, the temperature and the drop of pressure, the adsorbed amount
of nitrogen can be calculated. This indirect difference in pressure between the
sample-containing bulb and a void reference bulb is measured.

Gravimetric measurement: In this case the nitrogen is allowed to be adsorbed
at constant temperature and initial pressure. The amount of nitrogen adsorbed
is directly measured by means of a micro-balance.

4. 7.2. Determination of the specific surface area by nitrogen adsorption
(dynamic method)

A sample of known weight is degassed by heating it in a stream of helium.
A mixture of helium and nitrogen is passed over the sample while the latter is
cooled in liquid nitrogen. Nitrogen from the gas stream is adsorbed onto the
sample and is later desorbed when the sample is heated. The change in the
composition of the gas stream due to the desorption of nitrogen is measured with
a katharometer coupled to a digital integrator. By suitable calibration the volume
of nitrogen desorbed can be directly related to the surface area of the sample.

4.8. Flowability

4.8.1. Determination of the flowability using a Hall flow meter

The equipment used is a so-called Hall flow meter with a funnel with defined
side-angle and orifice. The test procedure is essentially the same as that given in
the ASTM test specification B213-48 for metal powders, in that a sample of
defined powder mass is put into the flow meter and the flow-out time recorded.

For UO2 powder, ex-AUC, which is free-flowing in any case, a 20 g sample is
used and the funnel has a 30° side-angle and a 5 mm orifice. The flow-out time
is less than 2 s. For UO2 powder and granules, ex-IDR, a 50 g sample is used and
the funnel has a 60° side-angle and a 10 mm orifice. The powder or granules are
usually considered to be free-flowing if the flow-out time is 3 s or less.
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4.9. Bulk density, tap density, vibrated density

4.9.1. Bulk density (according to ASTM B212-48)

A portion of sample is allowed to fall through a funnel of standard dimensions
into a tared density cup of 25 cm3 volume until the latter overflows. The powder
is filled into the cup with a spatula up to the top of the cup. Alternatively, the
cup is filled to a mark which defines a distinct volume. The cup and contents are
weighed and the bulk density calculated from the weight and volume of the
powder.

4.9.2. Tap density

A calibrated glass cylinder containing a weighed portion of sample is
repeatedly tapped by allowing it to fall freely from a height of about 6 cm onto a
pad of hard rubber until there is no further decrease in the apparent volume of the
sample. The tap density is calculated from this volume and the known sample
weight.

4.9.3 Vibrated density

A calibrated glass cylinder containing a weighed portion of powder is
vibrated by a special apparatus. The vibrating conditions and the time of vibration
are fixed. The vibrated density is determined from the weight and volume of the
powder after treatment.

4.10. Granulometry (sieve test)

A weighed portion of sample on an appropriate standard sieve is hand-brushed
until a constant weight of residue remains. Alternatively, a sieving machine
can be used.

4.11. Compressibility and sinterability

4.11.1. Compressibility

The granulated powder is put into a suitably sized die and compacted
applying a range of pressures, usually 2-6 tf/cm2. The green density of the
compacts is measured; a plot of green density versus log p is usually a straight line
in this pressure range.
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4112 Sinterabihty

The pellets produced in the compressibility test are sintered in the requisite
sintering cycle, together with a standard test pellet of known sinterability acting
as a reference to show any minor fluctuations in the sintering cycle used. The
sintered densities of the test pellets are measured and correlations of sintered
density to green density or to compaction pressure, whichever is more pertinent,
may be drawn. For mechanical presses, the green density relationship is more
pertinent; for hydraulic presses, the compaction pressure relationship is usually
more pertinent.

5. QC TECHNIQUES FOR UO2 PELLETS

5.1. Chemical and isotopic composition

511 Enrichment f^U)

See Section 4.1.

512 Oxygen-to-uranium ratio

See Section 4.2.

513 Uranium content

See Section 4.4.

5.1 4 .\on-metallic impurities (F, Cl, N, C)

(a) Fluorine and chlorine

See Section 4.5.

(b) Nitrogen

Determination of nitrogen by the modified Kjeldahl method
The sample is decomposed with acid (e.g. mixtures of phosphoric and

sulphuric acids or phosphoric acid with a few drops of hydrofluoric acid), the
resulting solution is made strongly alkaline with sodium hydroxide solution and
the nitrogen is separated as ammonia by steam distillation. The distillate is
collected in boric acid solution. Nessler reagent is added to the distillate to form
a yellow complex. Photometric measurement is made at 430 nm. An alternative
detection via an ammonia-sensitive electrode technique can be performed.
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Simple acid digestion is usually adequate for dissolution of uranium samples,
but some uranium nitrides do not respond to such treatment. The use of potassium
dichromate in phosphoric acid has proved to be successful with nitrides that are
difficult to decompose.

(c) Carbon

Determination of carbon by direct combustion followed by either thermal
conductivity or titration as a detection method

Powdered test specimens of uranium dioxide are mixed with an appropriate
accelerator (e.g. granular tin, iron chip, copper oxide) in a crucible. The crucible
is heated to 250°C for 1 hour to remove absorbed moisture and CO2.

The crucible is placed within an induction-heated furnace and burned in a
stream of oxygen. The combustion products, scavenged free of sulphur
compounds, halogens and water vapour, are swept through a suitable catalyst bed
(copper oxide or Korbl's catalyst, i.e. thermally decomposed silver manganate);
the purified carbon dioxide is either trapped on a molecular sieve, eluted by heat
into a stream of helium and passed through a thermal conductivity cell, or is
absorbed in a pyridine ethanolamine mixture and titrated with tetrabutyl
ammonium hydroxide using thymol blue as an indicator.

57.5. Metallic impurities

See Section 4.6.

5.76 Residual gas content

Determination of the residual gas content by
high-temperature extraction

The sample is annealed in vacuum at ^ 1.3 X 10"8 bar (initial vacuum in
cold condition) and a temperature of > 1600°C. The gases that are not
condensable are collected in a McLeod manometer.

From the measured pressure the gas volume can be calculated. The value is
reported in microlitres per gram at standard temperature and pressure.

5.1.7. Total hydrogen content

(a) Determination of total hydrogen content by
hot vacuum extraction
A UO2 pellet heated in a graphite crucible, in a vacuum of at least 7 Pa, to a

temperature of more than 1800°C, releases hydrogen (regardless of its chemical
compounds), nitrogen, and oxygen as CO2 gas. A mixture of 7% Ar and 93% N2

is introduced into the vacuum system. The gas from the sample is mixed with
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this gas mixture, and the hydrogen is measured by determining the difference in
thermal conductivity of this gas mixture and of a pure argon-nitrogen mixture
at the same temperature and pressure.

(b) Determination of total hydrogen content by
inert gas fusion

The UO2 sample is heated in a graphite crucible in an inert gas atmosphere
to temperatures higher than 1800°C. Total hydrogen, nitrogen, and oxygen as
CO2 gas are released. After the interfering CO2 and nitrogen have been removed,
the hydrogen can be measured by integrating the output peak from a thermal
conductivity cell detector.

5.2. Density and microstructural characteristics

5.2.7. Density

(a) Determination of density by the immersion method
or geometrical measurement
The density of high-density UO2 pellets is determined by the immersion

method, the density of pellets with low density and large open porosity is measured
geometrically. Both procedures are very simple and need not be described. In the
first case the weight of the pellet in air and that in the immersion liquid (e.g.
water, cyclohexene), the density of which is known, are determined. In the second
case the density is calculated from the mass and volume of the pellet.

(b) Determination of the bulk density and amount of
open and closed porosity by the penetration immersion method
The method is based on the determination of the pellet volume and the

volume of open and closed pores by measuring the dry mass, the saturated mass
and the suspended mass of the samples. Various penetration immersion liquids
and saturation conditions can be used, provided the samples can be completely
impregnated during the procedure. Essentially two variants of this method are in use:

Boiling water method. Saturation takes place by boiling the specimen in
distilled water for 5 hours. After determining the suspended mass of the pellet
in the cooled liquid the surface of the pellet is wiped with linen or cotton cloth
before the saturated mass is measured.

Impregnation method The sample is evacuated in a special device before it
is impregnated with the liquid, for instance m-xylene. Suspended mass and
saturated mass are determined in a similar way as in the boiling water method.

5 2.2. Thermal stability (re-sintering test)

Re-sintering tests are thermal treatments of the pellets, with the atmosphere,
time, temperature and maximum admissible densification being specified (for
example: hydrogen, 24 h, 1700°C, Ap ^ 2.0% TD).
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The correlation of thermally activated and fission-induced densification has
inherent difficulties. The main reasons for this are that the thermal densification
is largely dependent on the stoichiometry deviation and, consequently, the oxygen
partial pressure in the re-sintering atmosphere, and that different kinetics of
densification apply for out-of-pile and in-pile densification. Therefore, it is not
possible to choose the time, temperature and stoichiometry in such a way that
thermally activated and fission-induced densification are the same for all
categories of pores. Nevertheless, the re-sintering test is an adequate method for
finding out whether the portion of fine porosity is within acceptable limits. A
simple re-sintering test which is sufficient to obtain this information is a repetition of
the fabrication sintering run with subsequent determination of the density increase.

5.3. Microstructure

Generally, pellets are sectioned or ground to a certain depth, mounted and
polished before examination. An example of a standard procedure is given in
the following.

The pellet is longitudinally cut with a diamond wheel, using gentle pressure
and cooling to obtain an even cut. The section is then mounted in polyester resin
and ground on a 320-grit Si-C paper in water or kerosene until it is flat and the
rough surfaces are removed. The specimen is washed in water or kerosene and
then in an ultrasonic bath to remove debris, after which it is ground on 400-
and 600-grit Si-C papers, the specimen being further cleaned after each
treatment.

Polishing then takes place using 6 /urn diamond paste or a Hyprocel disc
until all scratches are removed. Then the specimen is polished with a Buhler cloth,
using 1 /um diamond paste, and finally polished with a microcloth, such as a
Buhler cloth, using a slurry of 5 g CrO3, 10 ml glacial acetic acid and 10 g
•y-aluminia powder made up to 100 ml with distilled water.

If an etched surface is required for grain-size determination, the sample is
chemically or thermally etched.

Chemical etching (3 examples)

Etching reagent Time Temperature

80%H2O2(35%) 1 min ambient
20% H2SO4 cone.

50% glacial acetic acid 3 min ambient
50% H2O

90%H202(100%) 2-5 s 80°C
10% H2SO4 cone.
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Thermal etching

Heat treatment for 1-1.5 hours at 1300°C in flowing CO2 (5 L/min), and
cooling in the CO2 flow. Visual microstructure assessment and photography may
be carried out at any suitable magnification, say from 5 to 20 000, depending
upon the features of interest.

Quantitative microstructural assessment may be carried out using one of the
various image analysers commercially available.

For UO2 pellets ex-AUC a routine examination is made on two microphotos
obtained by light microscopy:

100 X enlarged, unetched, for assessing the homogeneity of the porosity and the
appropriate pore size

400 X enlarged, etched (thermally), for assessing the homogeneity of the grain
structure and the grain size.

In both cases the microstructure of the sample is visually compared with
documented standard microstructures.

Besides making a routine examination of the microstructure of UO2 pellets,
the microstructural features of any fuel type (from wet or dry conversion) should
be documented by an extended set of microphotos obtained by light microscopy
and scanning electron microscopy (SEM). As an example, such a 'microstructure
atlas' may contain at least the following microphotos:

(a) Unetched, light microscopy: 10 X transverse section
100 X
250 X
500 X

(b) Unetched, SEM 250 X
500 X

2500 X
12500X

(c) Etched, light microscopy: 250 X
500 X

In addition to this, the pore size distribution has to be determined by quantitative
ceramographic methods.

5.4. Visual appearance and geometry

5.4.1. Visual appearance

The visual appearance is examined either with the naked eye or under a low
magnification viewer (say 2X) and compared with standards.
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5.4.2 Surface roughness

In general, the surface roughness is measured with commercial instruments.
In most cases the arithmetical mean deviation Ra from the mean profile line is
determined. Various types of equipment are available.

5.4.3. Pellet geometry

Depending upon the type of data, the pellet geometry and the accuracy
required, dial gauges, micrometers, air gauges, transducers or other specialized
equipment such as projection microscopes with micrometer stages may be used.
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FUEL ASSEMBLIES FOR WATER REACTORS
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1. INTRODUCTION

Substantial objectives of quality assurance (QA) of fuel elements for nuclear
reactors are the safety of the public and environment as well as optimum
performance and hence economical operation. For the achievement of these
objectives, all activities influencing the quality of fuel elements have to be
systematically planned, performed and inspected.

On the basis of its experience over many years, the nuclear industry has
developed an overall QA system which implements the great number of principles,
guidelines and regulations. Such a QA system contains all activities and require-
ments for accomplishing and further developing quality assurance (see Fig. B5/1).

The requirements and principles of the QA system are constituted in the
QA programme. It is necessary to establish and implement a QA programme
since it is an essential aspect for management and will vary from country to
country and from organization to organization. These variations are due to
such factors as regulatory requirements, general industrial organization and
degree of experience. In any case, the basic intent of the QA principles shall
be kept in mind at all times.

The following examples of fuel element fabrication in the Federal Republic
of Germany show that the principles of quality control (QC) and the constituent
QA activities are the same for all types of fuel elements for water reactors,
namely for PWRs, BWRs and HWRs.

A quality assurance system is represented as the sum of all quality
assurance measures and regulations.

In general it includes
all activities related to.

Design

Engineering

Procurement

Manufacture

Tests, Eliminations
and Inspections

Handling

Packing

Transport

FIG.B5/1. Quality Assurance System.
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2. QUALITY ASSURANCE PROGRAMME

The QA programme identifies all activities for fuel element fabrication,
such as project activities, processing, inspection and delivery to the nuclear
power plant. It also includes:

procurement
- processing
— inspection
- handling, storage and shipping
— documentation.

The QA programme shall apply in a consistent and reproducible manner to all
quality activities. To accomplish all required tasks, an overall and adequate
analysis has to be performed before starting any activities.

The QA programme is based upon well-known and relevant criteria and
requirements. In the Federal Republic of Germany the following criteria,
guidelines and standards are considered:

— 10 CFR 50, Appendix B, "Quality Assurance Criteria for Nuclear Power Plants'
(USA)

— Safety Regulations for Nuclear Power Plants (FRG)
- ANSI-N-45.2, "Quality Assurance Programme Requirements for Nuclear

Power Plants" (USA)
KTA-1401 (design) "General Requirements for Quality Assurance" (FRG)

Also, the following codes and standards are applied:

- 50-C-QA, "Quality Assurance for Safety in Nuclear Power Plants, A Code of
Practice "(IAEA)

— ANSI/ASME NQA-1-1979, "Quality Assurance Programme Requirements for
Nuclear Power Plants" (USA)

- DIS 6215 (design) "Nuclear Power Plants - Quality Assurance" (ISO).

3. ORGANIZATION

The organizational structure within a fuel element fabrication plant is of
special importance. The individuals and organizations responsible for establishing
and executing quality assurance must be clearly designated. The tasks, authorities
and responsibilities must be specified and documented. However, there should
still be enough authority and organizational freedom for individuals to identify
quality problems, recommend corrective activities and - if necessary - review
the implementation of corrective activities.
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Persons and organizations performing QA functions have to report to a
management level such that this required authority and organizational freedom
is provided, i.e. persons and organizations who have been assigned to perform
examinations and checks have to be independent from those persons and
organizations who perform the work to be examined.

Where multiple organizational arrangements exist, the responsibility of
each organization has to be clearly established and the interfaces and co-
ordination among organizations have to be assured by appropriate measures.

Training programmes are established in order to qualify personnel to
perform activities affecting quality and for specific tasks.

4. PROCESS RECORDS

4.1. General

Before starting the production of fuel elements and structural components,
all processing and inspection steps have to be delineated.

According to the organizational arrangements between designing and
processing departments, all efforts for providing process and inspection records
shall be co-ordinated. These records are used within the fuel element plant
as well as by sub-suppliers.

4.2. Inspection planning

An essential aspect of quality assurance is the proper planning of inspections
and tests.

The central inspection planning department furnishes records of quality
requirements, in accordance with project orders, item lists, drawings, specifications,
contracts, consumer requirements, and national and international standards,
transferring all requirements into single activities affecting operational and
quality conditions, e.g. interfacing of the processing and inspection planning
departments for the establishment of a process and inspection outline incorporating
all operational and inspection steps, and procedural instructions and documentary
records indicating the inspection results.

The process and inspection outline is a universal working supplement for the
inspector. All other records and instructions necessary to assure effective
inspection can be deduced from this outline.

The inspection outline provides the inspector with instructions, according
to specifications and drawings, regarding

— inspection sequence
— point of specification
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Registration

vonQT on

FIG.B5/2. Distribution of test documents within a nuclear fuel fabrication plant.

- quality characteristic to be inspected
- inspection method and equipment
— extent of inspection.

With these informations, each inspector will be able to perform his task in
accordance with the specified requirements.

Inspection records for monitoring test specifications and type of project
are released for work performance. The inspections are performed for each
operation to assure quality. By applying the principle of stepwise approval
of work, considering yield points, the risk of inadequate quality will be kept small.

4.3. Distribution of records

The released process and inspection records are distributed by an appropriate
system, utilizing up-to-date distribution lists. It is ensured that the participating
persons are provided with these records for performing the activities. Figure B5/2
gives an example of the distribution of inspection records.
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5. PROCUREMENT

5.1. Qualification of sub-suppliers

Basically, only such suppliers are selected who have the capability of
providing items according to the requirements, i.e. all suppliers have to be
qualified before project orders are established. Several steps are required when
performing a supplier's qualification:

Step 1 Statement of the scope of work and tasks to be performed by the
supplier

Step 2 Identification of the QA system at the supplier's site and evaluation of
the production facilities

Step 3 Establishment of the qualification programme
Step 4 Identification of the required documentation, such as inspection and

test records, process and inspection outlines, instructions, and lists
of available measuring devices, to be prepared and submitted by the
supplier for approval by the qualifying company

Step 5 Acceptance of devices, measuring systems and process equipment by the
qualifying company at the supplier's site

Step 6 Participation of the qualifying company at pre-operational and start-
up tests

Step 7 Release for further production of items by the qualifying company
Step 8 Acceptance of the total production at the supplier's site and inspection

of records and certificates
Step 9 Final confirmation of the supplier's qualification by the qualifying

company
Step 10 Entry in the list for qualified suppliers.

With such a pre-qualification of suppliers, an assurance that the requirements
will be fulfilled is given for facilities, processing techniques, quality control and
personnel qualification at the supplier's site.

5.2. Procurement documents

All requirements for QA of the supplier, such as standards, specifications
and drawings, shall be identified in the procurement documents. Before these
documents are released, they are controlled by the QA department of the
supplier. To avoid mistakes of definition and transmission, the detailed QA
requirements are presented in a standardized form, to be marked by ticks as
prescribed in the procurement document.
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Product supervision
• Establishment of qualification

• Supervision of manufacture

• Acceptance tests
• Receiving inspections

• Certificate review

General supervision

• Assessment of suppliers

• Quality assurance inspections

• Audits (0A-revisions)

Q-dalax /0-data

Evaluation of suppliers
• Quality index
• Supplier card tile
• Selection of suppliers

FIG.B5/3. Evaluation of qualified suppliers.

FIG.B5/4. Test record sheet for supporting tubes. (A working document for test personnel
in which the specified test data are determined for each component and project and in which
the test results are to be entered.)
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5.3. Evaluation and selection of suppliers

According to the requirement to purchase items only from qualified suppliers,
a continuous supplier evaluation is performed by the customer. For such
regular evaluations, historical quality performance data of similar procurement
actions, product samples, the technical capability and the verification of the
supplier's QA system are used.

The principal points of supplier evaluation are indicated in Fig. B5/3. Because
of the large amount of data, the evaluation is performed by means of electronic
data processing.

5.4. Control of purchased items

All purchased material and components are subjected to control by the
quality personnel of the purchasing company. The control includes measures such
as a quality check at the supplier, inspection and audit at the source, and examina-
tion of the product upon delivery.

The customer performs inspection of the incoming material, using
documentary records as shown in Fig. B5/4. These records, prepared by the
inspection planning department (see Section 4.2), provide all necessary inspection
criteria as required in specifications and drawings. A copy of these inspection
records is attached to each item or lot of items.

All incoming items are registered at the purchaser's site and the results
obtained during inspections upon receipt are stored for supplier evaluation
(see Section 5.3).

Material samples, for instance parts of coils for spring wires, or product
samples, for instance process materials of spacer grid strips or welding samples
of head nozzles, are subjected to control and stored for a specified time to
enable later examination.

6. IDENTIFICATION OF MATERIAL

For item and material control performed during processing, measures are
taken to ensure proper identification; for instance, for fuel rods the enrichment,
part number and lot number have to be indicated.

Physical identification is used as far as possible, or the identification is
performed by means of accompanying documents. Where neither physical nor
documentary identification is practical or sufficient, physical separation is applied,
e.g. structural parts are produced in lots at the supplier's site and are also delivered
and inspected in lots. This lot-wise separation must be maintained until fuel rod
assembly has been performed.
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FIG.B5/5. Example of compilation of information on a fuel rod traveller card.
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FIG.B5/6. Fuel rod traveller card concept, compilation of data.
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These identification and control measures are necessary for preventing the
use of incorrect or defective materials and parts at all stages. Furthermore,
identification is needed to confirm the process and release status at any time
by means of the accompanying documents.

The principal points of accompanying documents, e.g. a fuel rod traveller
card, are indicated in Figs B5/5 and B5/6. A fuel rod traveller card contains
information regarding: the project, fuel rod identification, fuel characteristics,
process data, inspection data, data on positioning within the fuel assembly and
electronic data processing. This information is used mainly for:

— cost evaluation
— nuclear material flow control
— implementation in nuclear power plants
— identification
— traceability
- electronic data control
- documentation.

The traceability of materials must be given at all times. By means of documentation
and identification of the parts, the traceability of fuel rods and their structural
parts is given from the beginning of the process (fuel or semi-product).

7. HANDLING, STORAGE AND SHIPPING

All parts are stored in containers or shelves for further processing. Immediately
before the beginning of production, all parts are thoroughly cleaned. If necessary,
certain items are handled under exactly specified conditions, for instance the
welding of fuel rods is performed under an inert gas atmosphere.

To prevent damage or deterioration, special handling and transport equip-
ment for fuel rods is provided. This transport equipment is used for the later
positioning of fuel rods in accordance with fuel element design.

8. PROCESS QUALIFICATION

Essential process and inspection procedures have to be verified by a detailed
examination programme considering the following:

- personnel
— method
- material
- equipment.
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Investigations programme

• Investigations and tests

• Special tests

• Process parameters and manufacturing effects to be observed

I Sample manufacturing

I Investigations

I Measurements
> Tests

I Technical reports

r Laboratory reports

I Investigation reports

» Assessment of the procedure qualification test results
> Determination of the procedure and the parameters in the form of

— Specifications

— Manufacturing and lest and examination documents

FIG B5/7. Procedure of process qualification test.

Planning, execution and evaluation of process qualification is performed
by the co-operating departments for design, production and inspection.

The procedure of a process qualification test is showniin Fig. B5/7. The
results are confirmed in written qualification reports.

Besides their use for verifying appropriate processes, the results and the
gained know-how of such process qualification are applicable for future
design work.

Figures B5/8 and B5/9 give details of process qualification for welding of
fuel rod cladding tubes and end-plugs. On the basis of experience, trial welds
for orientation purposes are performed, investigated and evaluated. When the
results are in accordance with the specification, the welding plan and the test
programme are established. According to this plan and programme, the prescribed
samples are welded and examined. When satisfactory results are obtained, the
process parameters are laid down in corresponding instructions and comparison
specimens are supplied; at the same time the manufacturing process is released.

Immediately before the beginning of production the so-called 'production
test specimens before manufacture' are welded and examined. Running production
is controlled by the examination of 'production test specimens during manufacture'.

For special processes, e.g. non-destructive inspection like ultrasonic testing,
it is necessary to qualify the personnel handling the equipment. This includes
manually performed weldings for top and bottom nozzles. The designated
personnel is qualified by a standardized (DIN 8560) welding examination. The
qualification of welding personnel is continuously supervised and, if necessary,
revised by means of a requalification.
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Trial welds
' Weld lest samples'

Welding plan

' Comparison samples'
' Standards' ••

T
Procedure qualification test
• Investigation programme 'Process test specimens'

Qualification

T
Parameters
• Welding plan
• Specification
• Manufacturing procedure specification
• Miscellaneous

Prior to manufacture

Process supervision
Production test
'Production test specimens before manufacture'

Production test
'Production test specimens during manufacture'

After commencement
of manufacture

Welding during
manufacture

FIG.B5/8. Establishment of qualification and supervision of special manufacturing and
test processes (WIG welding).

Parameters to be taken into account

• Preparation of the part
— Preparation of the weld
— Cleanliness

• Welding current

— Current supply (AC/DC)

— Polarity
— Current intensity
— Type ol ignition

• Welding electrodes

— Polarity
- Material
— Diameter

— Positioning

» Shielding gas
— Type ol gas
— Purity
— Pressure

> Welding programme

— Current/time relationship

- No. of rotations (of the FR)
- Welding speed

3 7 mm

FIG.B5/9. Process qualification test: welding of fuel rod end-plugs (WIG parameters).
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9. PRODUCT CONTROL

All products, i.e. semi-products from all stages up to fuel element assembly,
are inspected by an independent quality inspection department of the
manufacturer.

According to the status of production, three phases of product control
have to be considered:

— control of incoming products (see Section 5.4)
— control between operations
- control before delivery.

For the second and third inspection phases, typical activities during fuel rod
and fuel element manufacture are discussed in the following.

(a) Preparation of welds

By means of an automatic lathe the cladding tubes are shortened to the
specified length and at the ends of the tube the end-plug fits are manufactured.

QCactivities: C'ontrol of length of cladding tube and checking of correct
fi t t ing of the end-plug.

(b) Welding of the first weld

The end-plug is pressed into one end of the prepared cladding tube and
welded under an inert gas atmosphere in the welding chamber.

QC activities By means of a diameter gauge and visual inspection, weld
deformation and incidence are examined. Additionally, the weld surface is
inspected for annealing colours and compared with previously determined weld
samples. Each weld is X-rayed and compared with X-ray standards. All results
are documented in the X-ray records by rod number.

(c) Laying of the fuel pellet column

Pellets from the uranium storage room are laid to a column of specific length
by means of a weighing and measuring device of the pellet stacking machinery.
At this process step, the fuel rod traveller card is established. The weighing
device is engaged to an automatic printing facility for transferring the data on
the fuel rod traveller card. Then, further fuel rod components, like insulating
pellets and plenum springs, are added to the column. Finally, the stack is loaded
into specific magazines.

QC activities: Determination of the fuel weight, measuring of the active
length of the column and visual inspection of the pellet surface, enrichment
identification, and detection of minor damages by means of standards.
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(d) Drying of the fuel pellet column

To avoid remaining moisture in the fuel, the entire magazines containing
the fuel stacks are inserted into heated drying chambers.

QC activities: Inspection of the fuel rod traveller cards, control of the drying
temperature and supervision of the dehydration time.

(e) Insertion of pellet stack and second welding

This process is performed by a combined filling and welding machinery. The
pellet stack cladding tube is supplied with an end-plug and finally welded under
an inert gas atmosphere.

QC activities: Inspection of the weld diameter by means of a gauge and
comparison of the annealing colours with standards.

(f) Fuel rod welding with internal pressure

In the high-pressure welding machinery, the internal atmosphere of the fuel
rods is evacuated through the so-called filling bore which is situated centrally
in one end-plug, and the fuel rods are filled with a pressurized helium gas (for
instance at 21.5 bar). Finally, the filling bore is welded.

QC activities: Inspection of the length and straightness of the fuel rod.
X-raying of the welds in lots of 16 (typical number). The welds have to be free
from any internal defects, comparable to the X-ray standards showing defects
of 0.35 mm diameter.

(g) Electro-polishing of fuel rods

The surface of the finished fuel rods is electro-polished to obtain superficial
smoothness.

QC activities: Visual inspection of the surface conditions, performing tests
for helium leakage, where the leak rate must be less than 1CT5 bar-mm3/s.

All process and inspection steps performed or certain indications given
(for instance, the number of the X-ray film indicates the rod position during
X-raying) are documented on each fuel rod traveller card as well as in a document
related to the working places. All documents are collected for overall documenta-
tion. The documentation and data collection process is shown in Figs B5/10
and B5/11. Another essential QC activity ensures the correctness and plausibility
of all obtained data. Because of the large amount of data, the work is performed
by electronic data processing. The release for fuel element assembly will be
provided only if the completeness and approval of all data is satisfactory.
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Documentation
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FIG.B5/10. Fuel rod documentation.
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(h) Skeleton manufacture

Fuel rod production is almost identical for all types of reactors, but there
are significant differences in skeleton manufacture according to design variances
of different reactor types. However, the same principles are used for adjusting
the spacer grids at fixed distances when they are connected either to guide
thimbles (PWR), water rods (BWR) or carrier tubes (HWR). (Spacer grids
have to keep the fuel rods in specific positions.)

QC activities: Inspection of all structural parts before further manufacture,
measurement of the skeleton manufacturing device before its use, checking
of assembly sequences, visual inspection for cleanliness and damages.
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( i ) Assembly of fuel elements

The insertion of fuel rods into the prepared skeleton is performed in a
specific sequence, followed by assembling and securing the top and bottom
nozzles.

QC activities: Supervision of the assembly sequence, inspection of rod
distances and preparation of identification labels for comparison with the
accompanying records; dimensional control, and checking of the straightness,
obliquity and torsion.

The fuel elements are measured in a special test device; the results are
evaluated by a computer and documented in a printed certificate. The fuel
element surface is visually inspected.

(j) Delivery of fuel elements

The delivery of fuel elements is performed in containers especially designed
for this purpose.

QC activities: Visual inspection for cleanliness and damages, control of
orderly conditions of the containers, inspection of correct position of the fuel
elements inside containers and of proper sealing of containers, final control to
find out whether the release for delivery can be given and whether complete
certificates can be issued.

10. PROCESS CONTROL

Processes affecting quality are continuously controlled, either directly or
indirectly. These controls are performed by administrative or physical measures.

10.1. Process control for facilities

Of the numerous process controls applied, two examples of physical measures
are given below.

Control for drying chambers. Supervision of certain parameters, like
temperature and dehydration time, is performed by means of a potentiometric
recorder connected to an automatic lock system for the chamber doors.

Control for welding machinery. The welding and control programme for
the fuel rod welding machinery is controlled by punched tapes; these are
introduced in the machine before production begins. To avoid any alternations
of the punched tapes during manufacture, they are secured by a lock system.
The inert gas of the welding chamber is continuously supervised for any impurities,
such as oxygen or hydrogen. The measuring devices are equipped with a lock
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mechanism to prevent welding with an impure inert gas. Adjustment of the
established process parameters, attained by previously performed process
qualification (see Section 8), is performed only by qualified personnel. The
adjustment itself is continuously supervised and documented.

10.2. Process control of products

The process parameters may also be controlled indirectly by examination
of the products. Within the test programme, the performance of so-called
'production test specimens' is controlled at certain intervals.

Specimens for metallographic inspection are examined microscopically
for welding depth, material connection and microstructure of the welds.

Specimens for corrosion testing are used to find by means of an autoclave test
the corrosion characteristics of the fuel rod welds (typical conditions for the
autoclave test are 350°C, 171 bar, distilled water, 24 h). The appearance of the
weld after autoclaving must be of equal black colour.

The internal moisture content of fuel rods is analysed for Q.5%c of the fuel
rods (value - 3 ppm). The specified moisture content of 10 ppm has to meet
a confidence level.

11. SURVEILLANCE

If inspection of parts is impossible or insufficient, or if an additional
supervision is necessary, a surveillance is performed. This surveillance supervises
as an indirect control the production methods, the equipment and the personnel
affecting quality. Typical check-points of surveillance are:

— validity of the applied procedure and test instructions
- release (date of calibration) of the test and measurement equipment
- adjustment of parameters according to instructions
- manufacture of released material only
- complete and correct documentation of the accompanying records
- accomplishment of yield points
- production and handling in accordance with instructions
- labelling and identification of items
— qualifications of procedures, machinery and personnel
- validity and availability of standards for comparison.

In a surveillance programme, the kind, extent and intervals of surveillance are
established.
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.. Measuring and Test Equipment (M T E )

FIG.B5/12 System of control of measuring and test equipment

12. CALIBRATION AND CONTROL OF MEASURING AND TEST
EQUIPMENT

A calibration system was established for ensuring adequate conditions of
measuring and test equipment, in accordance with the specified accuracy and
precision. Testing and measuring devices used in activities affecting quality are
controlled, calibrated and adjusted at certain intervals before their use. The
main points of the calibration system are shown in Fig. B5/12. About 10 000
measuring devices are calibrated per year, including those in use at supplier
companies.

13. CONTROL AND DOCUMENTATION OF QUALITY DATA

To keep up with the rapidly growing data volume in an economical and
efficient way (~ 12 000 data per fuel element; ~ 26 million data per year),
electronic data services are used more and more. In fuel element plants, electronic
data processing is applied at the following stages:
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- documentation of cladding tubes
— computerized pellet inspection
- data evaluation of the fuel rod traveller card
- semi-automatic fuel element test device
— calibration of measuring and test equipment
— evaluation of suppliers.

Further applications are in preparation (see Section 14). With these measures,
a significant reduction of mistakes is obtained.

By means of electronic data processing it is also possible to identify data
in case of fuel element failure after irradiation in the power plant. Furthermore,
the quality documentation system will be extended and improved.

Using magnetic tapes and disc memories, etc., and in some cases microfilms,
the documentation and retention of records can be performed efficiently and
economically; this is demonstrated by the following examples.

For a PWR reload of 44 fuel elements, approximately 5500 sheets of
paper are used for documentation, i.e. certificates and inspection records (without
fuel rod traveller cards). The overall documentation for 44 fuel elements can be
placed on 96 microfiches (270 sheets of paper can be documented on one
microfiche).

For the storage of documentation for 2000 fuel elements of similar type,
consisting of about 600 files, the space needed is about 55 m in length. In
comparison, microfilm jackets or microfiches for this documentation cover a
length of about 0.9 m. Comparing the storage expenses for microfilms and files,
savings of about 98% are achieved by microfilm storage.

14. FUTURE DEVELOPMENTS

Considering the experience in fuel element production (for more than
15 years), it can be said that the tendency for QC activities is that they will be
more and more supplemented by QA activities. Therefore, for the nuclear
industry a change in the organizational structure of quality assurance is foreseen.

— Whereas, in the past, the emphasis was on product control, in the future mainly
process control will be used.

- Especially the implementation of electronic data processing will enable a
comparative evaluation of all process data, which can then be used as feedback
for fuel element design.

- The application of a great number of automatic and semi-automatic manufacture
and test equipment in the near future is of significance.
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— The implementation of all electronic data services increases steadily; the
following electronic data processing activities are planned or being introduced:

remittance of data from suppliers
control of complete and correct input of test results

- immediate evaluation of quality and process data as an aid for decision making
and as additional information for process control

- evaluation of quality, operational and process data as a supplement to quality
assurance and process performance.

According to this development the structure of the QA/QC organization as well
as education and training of the QA/QC personnel must be continuously adjusted
to the changing requirements.
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activation: The process of making a material radioactive by bombardment with
neutrons, protons, or other nuclear particles.

activity: For an amount of a radioactive nuclide in a particular energy state at
a given time, the quotient of dN by dt, where dN is the expectation value
of the number of spontaneous nuclear transitions from that energy state
in the time interval dt. The special name for the unit of activity is
becquerel (Bq); the curie (Ci) may be used temporarily. (See International
Commission on Radiation Units and Measurements (ICRU) Report 33:
1 Bq = 1 radioactive disintegration per second; 1 Ci = 37 GBq.)

annealing: Heating necessary to regain ductility and malleability in the metal
or metallic alloy after cold work, i.e. recrystallization or relief of stress.

audit: A documented activity undertaken to determine by investigation,
examination and evaluation of objective evidence the adequacy of, or the
adherence to, established procedures, instructions, specifications, codes,
standards, administrative or operational programmes and other applicable
documents, and the effectiveness of implementation.

boiling-water reactor (BWR): A reactor system that uses a boiling-water primary
cooling system. Primary cooling system steam is used directly for electricity
generation, i.e. there is no heat exchanger and secondary cooling system.

burn-up: A measure of reactor fuel consumption, expressed either as the
percentage of nuclear fuel atoms that have undergone fission (common
for test reactor fuel), or the amount of energy released per unit mass of
nuclear fuel in the reactor (common for power reactor fuel). The latter
is commonly expressed in megawatts-days per tonne of uranium
(MW-d/tU).

calcine: To heat a substance to a temperature below its melting point, in air,
to bring about loss of moisture and volatile products and to transform
the constituents of interest into chemically stable oxides. Such an oxide
or mixture of oxides is termed 'calcine'.

cladding: The material that surrounds the nuclear fuel and provides a barrier
between fuel and coolant. In the case of light-water reactors, the cladding
is a tube of zirconium alloy enclosing the uranium oxide pellets, sometimes
referred to as the fuel can.

203
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cold work: Shaping a metal or metallic alloy at ambient temperature, i.e. without
applying external heating. Typical processes are cold rolling, drawing,
swaging, etc.

confidence (in metrology, statistics): Reliance placed in a statement about
a parameter, frequently expressed as a confidence statement (e.g. to be
95% confident). Such expressions of confidence refer to the reliability
of a measurement with respect to other true or established values and are
associated with assumptions concerning the frequency distribution of
the measurements. The phrases confidence level, degree of confidence,
etc., refer to probability considerations involved in the statistical
treatment of data.

confidence interval: The interval or range of values within which it is expected,
with a given degree of confidence (probability), that a fixed but unknown
parameter value will be included.

confidence level: "The measure of probability 1-a (say 0.95) associated with
a confidence interval expressing the probability of the truth of a statement
that the interval will include the parameter value". [KENDALL, M.G.,
BUCKLAND, W.R.: A Dictionary of Statistical Terms, 3rd ed., Oliver
and Boyd, London (1972) . ] For confidence interval statements of
conclusions it is customary to use a confidence level of 0.95. In quality
control, the level of confidence depends significantly on the number of
random tests performed.

contamination, radioactive: A radioactive substance present in a matenal or on
a surface where it is undesirable. Such contamination may be either
transferrable or fixed.

conversion: The processes used to transform UF6 as delivered from the enrich-
ment process into UO2 powder. (More details on the different processes
in use are to be found in Part B-4.)

decontamination: Removal or reduction of radioactive contamination.

deionized water: Very pure water which has undergone anion/cation exchange
in order to remove ionic impurities.

densification: Decrease of volume under irradiation, mainly depending on
pore size and grain size distribution, for example in a sintered pellet.
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enriched uranium: Uranium with more than the naturally occurring content of
0.711 wt7c2 3 5U.

fatigue: Failure of a material by application of stress or strain cycles.
Depending on the duration or period for one of these cycles, 'low-
frequency fatigue' and 'high-frequency fatigue' is distinguished. Three
factors are of importance: (a) the range of stress; (b) the mean stress,
and (c) the number of cycles.

fissile material: A radioactive material containing one or more fissile nuclides.

fissile nuclide: A nuchde capable of undergoing fission by interaction with
neutrons. For reactors, nuclides of major interest are 235U and 239Pu, and
the most important interaction is with slow neutrons.

fission, spontaneous: Nuclear fission which occurs without the addition of
particles or energy to the nucleus, and is required in a reactor to initiate
the fission chain reaction. (See fissile nuclide.)

fuel assembly (or fuel element or fuel bundle): A grouping of fuel rods, pins,
plates, etc., held together by spacer grids and other structural components,
which is maintained intact during fuel transfer and irradiation operations
in a reactor.

gas-cooled, graphite-moderated reactor (GCR): A reactor cooled with gas, using
metallic clad fuel pins or rods, and having a graphite moderator to slow
down neutrons. The reactor is usually referred to as a gas-cooled reactor
(GCR). The older British gas-cooled reactors use a cladding material for
the natural uranium fuel rods called Magnox and are therefore sometimes
referred to as the Magnox reactors. The present generation of British
gas-cooled reactors are of a more advanced type and use enriched-uranium
oxide. Such a reactor is designated an advanced gas-cooled reactor (AGR).

green density: The density of as-pressed pellets, before they are sintered. There
are empirical correlations between green density and the density after
sintering which are important for the control of the sintering process
(see Part B-4).

heavy metals: The term refers to metals of atomic weights greater than that
of uranium and includes the transuranic elements.
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heavy-water reactor (HWR): Reactor in which the moderator is heavy water.
Usually, heavy water is used as coolant also, although light water, gas
and organic liquids have also been used as coolants.

high-level waste: (i) The highly radioactive liquid, containing mainly fission
products, as well as some actmides, which is separated dunng chemical
reprocessing of irradiated fuel (aqueous waste from the first solvent
extraction cycle and those waste streams combined with it), (li) Spent
reactor fuel, if it is declared a waste, (iii) Any other waste with a radio-
activity level comparable to (i) or (ii). (Note that these definitions are
not related to 'high-level radioactive waste unsuitable for dumping in the
ocean', as used in the London Dumping Convention.)

ingot: Metal or metallic alloy (e.g. Zircaloy) m the as-cast condition, after
pouring of the melt. It is the first stage where the material appears as
finished alloy Therefore, chemical characterization must be performed
using the ingot or a sample thereof.

ion exchange: A physico-chemical process involving reversible interchange of
ions of the same sign between a solution and a particular solid material
such as an ion exchange resin. This consists of a matrix of insoluble
material interspersed with fixed ions of the opposite sign.

isotope: One of several nuclides having the same number of protons in their
nuclei (i .e. having the same atomic number and hence being of the same
chemical species) but differing in the number of neutrons in their nuclei
and thus having a different mass number.

light-water reactor (LWR): A reactor which uses ordinary water (H2O) as
coolant and moderator: may be either a boiling-water or a pressurized-water
reactor.

loss of coolant accident (LOCA): Reactor breakdown due to loss of primary
coolant. The fuel rod behaviour under LOCA conditions is of essential
importance for the reactor safety analysis.

MW-d/tU: See burn-up.

natural uranium: Uranium which occurs naturally. It normally contains
0.711 wt'/f

 235U.

ore concentrates: See yellow cake.
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pellet/clad interaction (PCI): The interaction between a nuclear fuel and the
cladding: certain types lead to stress-corrosion-cracking failures in
the cladding.

pole figure: A plotting of the relative X-ray intensity from X-ray analysis of
the crystallite orientation, in order to obtain quantitative information
on the texture in the investigated material.

population (referring to quality control data): A collection of components or
data from components. A collection of quality control data of one set of
test criteria is regarded as one statistically relevant population (of data)
if the rules of statistics may be applied. It is possible that there are
different types of distribution functions for different values in a population
of components (see Part B-3).

positioning (as used for reactor fuel): This word has different meanings in
nuclear fuel technology, (i) In quality analysis and quality control of
fuel rods and fuel assemblies, it means the position of a fuel rod in a fuel
assembly. In some reactors, e.g. the boiling-water reactor, there are
fuel rods of different nuclear characteristics (fuel enrichment, Gd content,
etc.) in one assembly. The control of the correct position of the fuel rod
is therefore of particular importance in those cases, (ii) In fuel manage-
ment, it means the place of a fuel assembly in the core configuration.

pre-pressurization: A filling gas (He) may be added to the fuel rod under a
specific pressure, which is calculated with regard to the operational
conditions of the fuel rod. Under operation, this pre-pressurization supports
the cladding against the system pressure.

pressurized-water reactor (PWR): A type of reactor that uses a pressurized-water
primary cooling system. The water in the primary cooling circuit does
not boil. Its heat is used to provide steam in the secondary cooling circuit
via a heat exchanger. The water and steam in the secondary circuit are
isolated from the reactor by the heat exchanger.

production capacity: The forward annual and cumulative uranium production
capability for each stage of the nuclear fuel cycle.

quality assurance (QA): Planned or systematic actions necessary to provide
adequate confidence that an item or facility will perform satisfactorily
in service.
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quality control (QC): (i) Quality assurance actions which provide a means to
control and measure the characteristics of an item, process or facility in
accordance with established requirements, (ii) A system for programming
and co-ordinating the efforts of various groups in an organization to check
or maintain quality, or to improve quality at an economical level.

radioiuiclide: The radioactive form of an element. This will exhibit spontaneous
decay or disintegration, usually accompanied by the emission of ionizing
radiation.

recrystallization: The formation of new crystallites by heat treatment of a
cold-worked metal or metallic alloy.

relocation (of fuel-pellet segments): Under temperature gradients, cracks may
develop in fuel pellets. Pellet segments may then move radially outwards,
the effective gap between fuel and cladding is thereby reduced, and some
may even contact the cladding.

reprocessing plant: Plant where nuclear fuel, after its use in a reactor, is
processed to remove waste materials (e.g. fission products) and to recover
fissile and fertile material.

restructuring (in fuel pellet): Under the temperatures of nuclear fuel operation,
the crystal structure in the pellet changes (e.g. the grain size may increase).

SCC: See stress corrosion cracking.

separative work: A measure of the capability of an enrichment plant to perform
a specified amount of isotopic enrichment under specified conditions;
it is the work devoted to separating a quantity of uranium (feed material)
into two fractions, one a product fraction containing a higher concentration
of 23SU than the feed, and the other a tails fraction containing a lower
concentration of 235U. A given quantity of separative work will produce
either a large amount of low-assay product or a lesser amount of high-
assay product.

separative work unit (SVYU): The measure of separative work in units of kilo-
grams or metric tons of uranium separated.

sipping test: Procedure by which the amount and characteristics of gases
escaping from a defective nuclear fuel assembly are measured.
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sorption: A broad term referring to reactions taking place within pores or on
the surfaces of a solid. Its use avoids the problem of technical distinction
between absorption and adsorption reactions. Absorption is generally
used to refer to reactions taking place largely within the pores of solids,
in which case the capacity of the solid to absorb is proportional to its
volume. Adsorption refers to reactions taking place on solid surfaces,
so that the capacity of a solid is proportional to its effective surface area.
An example of the latter process is ion exchange, whereby ions occupying
charged sites on the surface of the solid are displaced by ions from solution.

specific activity: (i) The activity per unit mass of a pure radionuclide.
(ii) The activity of a radioisotope per unit mass of that element present

in the material.
(iii) The activity per unit mass or volume of any sample of radioactive

material.

(Note: specific activity is commonly expressed in a wide variety of units,
and care must be exercised in defining units.)

spent fuel: Nuclear reactor fuel elements that have been irradiated in a reactor
and have been utilized to an extent such that their further use is no longer
efficient.

stress corrosion cracking (SCC): In nuclear fuel technology, the combined
influence of fission products, principally iodine, and stresses or strains
plays an important role, as the resulting SCC may destroy the Zircaloy
cladding under power ramping conditions.

stress relief: The decrease of the effect of cold work in a material by heat
treatment at a temperature below which recrystallization starts.

swelling of fuel: Increase of volume under irradiation, mainly depending on
the amount of fission products produced.

tails: The depleted uranium from an enrichment plant.

texture: The preferred orientation of the crystallites into specified directions.
In cladding fabrication, mostly the orientation of the c-axes of the
hexagonal zirconium crystallites is considered - as it develops under
various steps of its 'deformation' from a tube hollow (or trex) to a
cladding tube.
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traceability (in quality control): The capability to trace, for a final product,
the original data of production or quality control tests. This is important
in nuclear fuel technology, for example if a fuel rod failure is detected
after operation, in order to evaluate possible influences deriving from the
fabrication process.

transuranic nuclides: Nuclides having an atomic number greater than that of
uranium, i.e. greater than 92. They include neptunium, plutonium,
americium and curium.

travellers or follower cards: Process and/or quality control check lists
accompanying the item along the production line and being filled in at
each production/control step. The final entry is usually the check of the
completed item.

ultrasonic: Waves or vibrations having a frequency of about 20 kilohertz or more.

yellow cake: The technical term used for uranium ore concentrates. The term
arises from the characteristic colour of the dried filter cake. "Yellow cake"
is a high-grade but chemically impure uranium precipitate containing
76 to 95 wt% equivalent of U3O8.
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