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1. Historical Review

Quality Control is as old as the fabrication of technical products. However, its importance has
been increasing as technical production generally has developed in

on one hand => high volume mass production (e.g. with its increasing economical risk
in case of systematic product deficiencies);

on the other => high level technology (e.g. aircraft or nuclear technologies) with
increasing safety risks for the direct user and for the general
population.

The classical approach to quality control (QC) has developed into a systematic management
system called "Quality Assurance" (QA). Then, QA systems gradually not only included the
direct fabrication but also design, development and operation of a technical product. In the
case of nuclear energy production, the "Code of Federal Regulations" on "Quality Assurance
Criteria for Nuclear Power Plants and Fuel Processing Plants", issued in the US in 1970
ruled in 18 criteria the general requirement starting with organization, QA program through
design control, control of processes and products to QA records and audits.

As "10 CFR 50, App. B" these rules became a kind of basic "constitution" for QA which was,
in one way or another, adopted in all countries practicing nuclear energy technologies.

However, as wide as this system appeared to cover all relevant areas, in reality the objective
and the practice of quality control was rather narrow: namely to prevent insufficient quality of
the final product - in our case the final fuel assembly, or FA component - by systematic but
random sampling. It was a "post-line" QC, i.e. after final production those products which
did not meet the specification requirements were rejected or were reworked to meet the
economically acceptable standard. Quality relevant data was - manually or by automation -
determined and evaluated by simple statistical concepts. The QC tests were performed by
people organized separate from the manufacturing and thus, manufacturing had no
responsibility for any deviating quality of the product.

This basically reactive concept of QC was the same all over the industry, regardless whether
it concerned production of cars, aircrafts, chemical products, or nuclear fuel.

During the 70ies, with growing complexity of the industrial production and with increasing
costs for quality control, a new way of thinking was initiated. The objective was active rather
than reactive quality strategy in order to prevent the source of quality deficiencies and thus to
achieve an increase of productivity.

Preventive, process oriented quality philosophy looked for ways to a fast feed-back of
quality data to the relevant production steps.

The realization of this idea strongly depended on the development of a highly effective and
automated electronic data acquisition combined with an adequately effective and, whenever
possible, automated process control. It is evident that the fast development of computer
technology became a key factor in this new type of quality management.
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Driven by high costs of recall actions, the automobile industry was the first production branch
where the ideas which had been developed in the 70ies were successfully realized in the
80ies in a production technology that simultaneously increased its flexibility dramatically. The
other "early riser" was the electronic industry with its high rejection rates.

It must be clearly stated that the nuclear industry had not only been no driving force, but also
followed this development only hesitantly. The reason was not primarily a lack of innovative
ideas but mainly the bondage to very conservative regulations and the mostly highly
bureaucratic handling of these regulations by the authorities and their advisers.

However, in the 80ies process control as an essential part of a customer/performance
oriented quality management was recommended by ISO 9000 and important components
of nuclear fuel assemblies for LWR cores has increasingly become subject to manufacturing
in series where the same design is used in several different nuclear plants.

This development started considerations to apply those modern quality strategies which had
already successfully been used in other industrial areas, also to nuclear LWR fuel elements.
PreussenElektra, a German utility with a high nuclear power capacity, became the leader for
this development in Germany during the 90ies. They have developed and released quality
guidelines called "Qualitatssicherung-Brennelemente", QS-BE, not only for their internal use
but in particular for the suppliers and sub-suppliers who cover their LWR fuel demand. In
addition, they released a manual for statistical quality control for the fabrication of fuel
assemblies ("Techniken zur statistischen Qualitatskontrolle bei der Herstellung von
Brennelementen") [1]. In several publications [2, 3, 4] PreussenElektra made their intentions
and efforts known to the nuclear community. Siemens as one of the world-wide operating
LWR fuel suppliers, followed this call [5, 6] to modern QM in their nuclear fuel fabrication
plants in Germany and the US. Most other leading nuclear fuel suppliers started similar
efforts during the current decade [7, 8, 9, 10].

In the meantime, everywhere in the industry a strong drive has started to "Total Quality
Management", TQM. This means a company wide effort (Figure 1) to integrate all forces and
operations necessary to fulfil the business objective. This effort is customer oriented and has
to continuously adjust all quality related actions to the growing quality awareness of the
customer (Figure 2). in the understanding of TQM, also in a company with complex
production flow, a vendorcustomer relation between the different production departments
has to be developed and established.

During the last years, this TQM philosophy also finds access to the nuclear industry.

Table I summarizes the three major steps as described above, from classical to total quality
management. It should not be forgotten to mention that among the first countries developing
and establishing the philosophy and the practices of modern quality management, Japan is
playing a leading role beside the US (see chapter 3).
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2. The New Approach to Quality Management

As already indicated in the historical review (see chapter 1), there are two main ideas guiding
the implementation of a modern quality management (QM)

> Process Orientation
> Continuous Improvement

The intention of "process orientation" is not primarily to detect and reject non-conforming
products, but to control and instantly correct the processes that are used to fabricate these
products. This process orientation implies an active attitude toward foresighted prevention:
any (potential or current) problem must be detected and corrected before it may occur. The
old reactive position of "first wait and see and then repair" is outdated.

"Continuous improvement" is to be understood as a constant effort to improve all steps of
fabrication, i.e. manufacturing and testing. Deviations from target values must be reduced
constantly. In this philosophy it is not sufficient to meet the specification but stay within the
lower and upper control limit (LCL and UCL, respectively) as clear off these limits as
possible. Figure 3 illustrates this target in terms of a statistical distribution of the quality
characteristics.

This approach for example is the basis for what has been introduced in General Electric's
nuclear fuel fabrication. It is called "Six Sigma" (6CT) initiative [8] to be applied on "Critical to
Quality" (CTQ) properties of fuel components. This 6cr (a : standard deviation) requirement
was first developed and used by Motorola [11] to quantify the level of quality performance
typically achieved in fabrication. It corresponds to a defect rate of 3.4 ppm (Figure 4).

In order to achieve continuous improvement such data has to be collected, analyzed and
assessed regularly and frequently. Only on the basis of such a frequent and continuous data
evaluation opportunities to improvement can be detected early enough for preventive
actions. These activities essentially imply a continuous feedback from the customer how the
delivered products perform in service. This feedback has to be sought and understood (!)
actively by the supplier.

Of course, continuous improvement includes developing and applying innovative methods in
quality management as well as in quality control.

These two basic principles have to be applied to the whole scope of production starting with
product and process design and ending with final inspection, packaging and shipment. In
Figure 5, this practice is illustrated in three stages [4]:

1. Off-line: Product and process design identifying crucial parameters and optimal
settings

2. On-line: Manufacturing with control of relevant process parameters and the
implementation of adjustment and corrective measures.

3. Off-line: Final inspection of fuel assembly - packaging and shipping
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Since process control became a crucial issue in modern QM, a systematic procedure to
facilitate a continuous process improvement should be developed and established within the
QA system. Figure 6 shows a proposal for such an approach [1].

From the efforts reported in the open literature it appears that FBFC, the French nuclear fuel
fabrication plant in cooperation with the fuel design group at Framatome, was the first to
consequently realize these principles in development, design, and fabrication. The
commenced activities were two-fold [10]:

1. Organizational:

> The responsibility to make the adequate quality was appointed to the
manufacturing units. Independent QA/QC continued to exist with
surveillance tests

> Decentralized continuous process control - and improvement - was
implemented.

2. Technical:

> Highly automated fabrication processes were introduced step by step.

> Online data acquisition and evaluation was established with those modern
processes to continuously provide the necessary data for manufacturing
as well as QA/QC.

3. Quality Tools

Any technical improvement has to be based on data. Following the three stages illustrated in
Figure 5, different specific kinds of tools are available for those phases of production, as
illustrated in Figure 7.

1. Improvement Tools for the "Design of Experiments" (DOE) in phase 1 (product
and process design).

2. Monitoring tools for the "Statistic Process Control" (SPC) in phase 2
(manufacturing).

3. Controlling tools for the "Statistical Quality Control" (SQC) in phase 3 (final
inspection etc.).

For a detailed description of these three classes of tools, comprehensive literature is
available, for a general survey [12, 13, 14], for SPC and SQC [15] and for DOE [16].

For a general survey on correlation between fabrication, components' properties, inpile
behavior and reactor operation influences, a multi-matrix was proposed for the case of Zr-
alloy production and application (Figures 8, 9) which can be used for any complex
technology.

In order to include the customer's requirements in such a technical analysis, a so-called
"Quality Function Deployment" QFD helps to correlate the customer's needs to the
respective product characteristics (Figure 10) which then can be correlated to the fabrication
process as shown above (Figures 8, 9).
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In order to analyze potential causes for a problem, an "Ishikawa Diagram" (Figure 11)
provides a systematic help [17]. Later in this paper, (chapter 4) two practical examples are
given for potential problems in nuclear fuel technology.

If an analysis with the Ishikawa Diagram reveals many different potential influences. The
most important influences can be found by applying a so-called Pareto Diagram. The
Pareto principle proposed by V. Pareto (1848-1923) approximately one century ago, counts
the frequency of how often one cause (or factor) of the Ishikawa diagram is responsible for
one problem. In a table the causes are arranged according to their frequency. This frequency
will be plotted graphically to show the relative contribution of the various causes (compare
example UO2 -pellet defects in chapter 4).

For a cost saving planning and execution of experiments to be made for DOE, "Factorial
Design Techniques" have been developed on statistical basis [16, 18]. The key idea is to
vary more than one parameter from one experiment to the next.

In chapter 4, a practical example is given for the case of finding an optimal heat treatment of
PWR spacer springs. In this case a full factorial design using all possible combinations of the
relevant factors was chosen. For more complex situations highly sophisticated algorithms
have been developed. With the development of computer technology complex expert
systems could be established that are used in many industries today [19].

In order to analyze the correlation of the performance function of a product with potential
failure causes in manufacturing and QC, a "Failure Mode and Effect Analysis", FMEA has
been proposed [1]. An example for UO2 -pellets is shown in Table II.

A special approach within the wide field of statistically based DOE is the so-called "Taguchi
Method" [20] to make a process more robust. Traditionally, the attempt is often made to
control quality relevant factors as narrow as possible in order to improve the quality of a
process. This can be very costly in cases like controlling the temperature of the environment.
Taguchi proposes to change the process in a way so the impact of those disturbing
parameters on the process is minimized. Ideally, then such an influence as the temperature
of the environment must not be controlled anymore. Taguchi uses the methods of DOE to
identify those disturbing factors with strong influences that are hard to control and looks for
ways to modify the process in such a way that those influences are no longer relevant or
their impact is strongly reduced. In other words, design factors are looked for where the
disturbing factors are eliminated or minimized. That is why one says that the process has
been "robustified". An example how to use this method for manufacturing springs can be
referred to under [21].

Most important for the manufacturer of nuclear fuel today are statistically based tools to
control the processes.

One rather simple but, nevertheless, effective tool is the "Boxplot" (Figure 12). One boxplot
represents the most important statistical data in a compact graphical way, characterizing a
batch or lot of products:
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> the median (middle line in box)

> the range of + 25 % of all measured values (upper and lower line of box)

> the maximum and minimum values of the whole population of values of the
batch/lot (upper and lower end of vertical line).

This tool becomes effective for process control when boxplots are entered into a chart that
summarizes the results of all batches within a fabrication campaign (called "parallel
boxplots"). An example for monitoring the diameter of fuel pellets for 20 batches is given in
Figure 13. In this chart the development of the median location and the variation with time
can directly be followed. Trends, unexpected large variations, out-of-limits, and other
information can be detected immediately.

Another very important tool is the "Process-Control-Chart" (QCC). Many different types of
QCC exist. There are uni- and multi-variat QCCs controlling one or multiple quality
parameters. There are QCCs for counting or for measuring examinations. And important for
the conclusions that can be drawn, there are QCCs "with memory" and "without memory". A
typical, most commonly used representative of a QCC without memory is the classical
"Shewhart Control Chart" [22]. This chart is mainly useful to answer the question whether
the process is under control (within or out of the specification) and to detect trends (Figure
14). The "Cusum Control Chart" is a QCC with memory. It provides the possibility to find
the precise moment, i.e. time during manufacturing when a change occurs in the process
(Figure 15).

The theory behind the Shewhart and the Cusum-QCC and example for practical application
will be discusses in a second lecture during this training course (Statistical Methods to
Assess and Control Processes and Products during Nuclear Fuel Fabrication). In this lecture,
the theoretical background and the application of "Process Capability Indices", Cp andCpk

with their advantages and limits of usefulness will also be discussed.

4. Practical In the Examples for Modern Quality Management

In the literature on nuclear fuel quality management most papers only describe intentions
and principles. However, rarely there are reports on practical examples for specific technical
approaches and experience with modem QM practices in real life situations of fuel
fabrication.

One exception from this rule is a paper jointly published by PreussenElektra and Siemens [6]
where realistic examples of the whole spectrum of QM methods and tools at the Siemens
fuel fabrication plant in Lingen/Germany is represented.
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In Figure 16 is shown how FMEA and Pareto diagram were used to optimize the fabrication
of PWR fuel structure. In Figure 17, & problem analysis of the resistance-welding process of
fuel rods is described.

Another exception is a publication of PreussenElektra [4] which thoroughly and completely
describes a typical quality problem of a PWR fuel design and how it was systematically
approached with modern QM methods.

The problem was wrong heat treatment of Inconel 718 spacer spring material. The details of
the problem may be looked up in the referred paper. For the subject of this lecture the
realistic example of an Ishikawa diagram (Figure 18), a fabrication sequence analysis (Figure
19) and a factorial design to experimentally find out the best heat treatment (Figure 20) are
reported. These examples impressively show

> in the Ishikawa diagram: the widely spread causes and factors responsible for
stress corrosion cracking of the spacer spring;

> in a graphical manufacturing flow outline: the many process parameters to be
regarded;

> in the short description of a standard factorial design: how for three most
important factors of fabrication the best process parameters can be evaluated
from eight experiments.

A realistic example for the application of boxplots in the UO2 -pellet production for the NPP
KKU (PWR) of the German utility PreussenElektra is given in Figure 21 [3]. Clearly, batch #2
needs closer consideration.

Another realistic example shows the application of boxplots on evaluating the spacer-spring
forces (Figure 22) in PWR-fuel assemblies, as delivered for reloads 1-6 for the German NPP
KKU [1]. Obviously, there is a deviation from normal results in reload #4 .

In both cases, all values are well within the specification limits. However, in lot # 2 and KKU-
4 respectively, not only the median value but also the type of distribution deviates from the
normal situation where a normal (Gaufi) distribution was found.

More examples, in particular on the use of process control chart and process capability
indices will be given in the other lecture on "Statistical Methods to Assess and Control
Processes and Products during Nuclear Fuel Fabrication" during this IAEA training course.

5. Conclusion

This lecture may have shown that a new type of quality assurance management has already
successfully been introduced in various industries and now starts to be used increasingly in
the nuclear fuel industry. Static authority regulations and a tendency to bureaucratic
understanding and handling of these regulations lead to a delayed start and a relatively slow
progress of these quality strategies in the nuclear fuel technology. However, the economic
pressure of strong competition and increasing demands of the utilities as the user of nuclear
fuel result in a more and more determined introduction also to this area. In Figure 23 the
obvious advantages of the new QM methods is illustrated [6] by demonstrating a drastic
decrease of failure costs by statistic process control.
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Another example, illustrated in Figure 24 shows the different use of statistical methods of
two different fuel vendors.

Vendor A uses old fashioned methods. The focus is on the expensive final product control
and few emphasis is on design of experiments and process control. Consequently, this
vendor will have high costs, not only for QC and rejection but also for repair and replace
actions after delivery.

To the contrary, vendor B invests primarily in the design of experiments and process control.
This vendor will profit not only from lower direct costs but also from being at the front line of
technical development and from enjoying a satisfied and happy customer.

Many well examined quality management tools are available today which help not only to
improve the quality but also decrease the costs. Still, the progress in using these techniques
in nuclear fuel technology is limited and not comparable to the progress in other industries
like automobile production or the electronic industry.

However, this lecture may have contributed to show what is available and feasible today.
And clearly, a move in the right direction can be seen in companies which are internationally
leading in the nuclear fuel industry today.

10
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Main objective

Typical timing

Characteristics
of quality
strategy

Employees
involved

Volume and
use of Q-data

Typical way of
data acquisition

Complexity of
applied

procedures

Typical
statistical tools

Classical
Quality

Assurance
Detection and
removal of quality
deficiencies

Post-line control
after completion of
fabrication step

Reactive, product
oriented

Quality inspection

Evaluation of only
few data which are
generally subject
to multiple use

Manually

Simple algorithms,
graphical tools
(e.g. histograms)
Sampling plan

Process Oriented
Quality Assurance

Prevention of quality
deficiencies (market
monitoring, product and
process planning) as well
as control during
fabrication
Initially during planning,
especially during
fabrication (Online-
control with feed-back to
process), and after
completion of fabrication
step
Active, process and
product oriented

All employees in
development and
fabrication, in particular
head of QA

Total Quality
Management

Prevention of quality
deficiencies

During planning,
fabrication and life time
of a product

Active integrative
emphasis on system-
thinking
All company employees,
in particular
management

Evaluation of accumulating quality data for different
purposes:

process planning
process control
quality audits, etc.

Computer aided CAQ by
"island solutions"

Fully computer
supported CAM as CIM
module

Sophisticated algorithms to process Q-data become
applicable. Also application of advanced graphical
tools (e.g. Boxplots)
Test plans for quality
planning. Quality control
cards for process control

Test plans for quality
planning- Quality
control cards for process
control and service
control

QualitStsregelkarten
(Quality Control Charts)

H.J. Mittag, C. Hanser Verlag
Munchen/Wien, 1993

Table I Steps of Development in Quality Assurance
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Customer
surveys and
interviews

Human
resource

development

Supply
Management

Active
Leadership

Quality
System
Audjts

Quality
Award

Total Quality Approch at ABB Atom Nuclear Fuel Division A. Micko andE. Halldin, Proc. Conf. KTK Subgroup
"Fuel element", Karlsruhe/Germany (1995) pp. 111-117

Figure 1 Total Quality Management, TQM;
ABB Approach

Includes All Areas of Company's Business Activities



MODERN REQUIREMENTS TO QUALITY ASSURANCE AND CONTROL
N NUCLEAR FUEL FABRICATION
IAEA Regional Training Course, Bratislava, Slovakia, June 22, 1999

Quality Assurance

Time

Qualitdtssicherung in der Systemintegration,
in 'Schliiselfaktor Qualitat'

Ace. U.Richert in Dietzel/Seitschek, Mansche Verlags- und
Universitats-Buchhandlung, Vienna 1992

Figure 2

Relation between Quality Assurance, Total Quality Management, and
(Customer's) Quality Awareness
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B

Quality management and Quality Assurance
in the Manufacture of Nuclear Fuel Eements

Ace K. Baurand Y.-L Grize, Kerntechnik 63 (1998) 3, pp. 92 - 97

Figure 3 Distribution of Quality Characteristics
Both distributions are within specification.
However, the distribution B on the right with the
low variability is much better!
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Figure 4 Motorola Six Sigma Study
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Figure 5 The Three Stages of Quality Management in Modern Fuel Production
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Y.L Grize, CIBA Techn. Report Nr. 9304 (1993)

Figure 6 Strategy to Improve Fabrication Processes
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3. Quality Tools
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Figure 7 Tools for the Three Stages of Quality in Modern Fuel Production
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Figure 8 Zircaloy: Correlation between Fabrication, Material Properties
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Y. L Grize and H. Schmidli, Handbook "Techniken zur statistischen Qualitatskontrolle bei der
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Figure 10 Customer Requirements and Product Characeristics: "What" vs. "How"
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Figure 11 Design of an Ishikawa Diagram
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Table II Part of a ,,Failure Mode and Effect Analysis",
FMEA, for Pellet Fabrication
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Inter Quartile Range = 2.5 to 6
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Maximum = 7
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Quality Management and Quality Assurance in the Manufacture
of Nuclear Fuel Elements: New Trends and Challenges

Figure 12 Example of a Boxplot
K. Baurand Y.-L Grize, Kerntechnik 63 (1998) 3, pp92 - 97
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25

Quality management and Quality Assurance
in the Manufacture of Nuclear Fuel Eements

K. Baur and Y.-L Grize,
Kerntechnik 63 (1998) 3, pp. 92 - 97

Figure 13 Parallel Boxplots Used to Monitor the Diameter of Fuel
Pellets during Production
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Y.L Grize Ciba-Geigy Tech. Report No. 9304

Figure 14 Example for Evaluation of Trends, Cycles, Variability too High and too Low
with X-Process Control Charts Ace. Shewhart
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At each moment i the value X,
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Figure 15 Design of a CUSUM Chart
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"Statistische ProzeBregelung und moderne Methoden des
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H.U. Siebert et al., Ann. Conf. Nuclear Technology'97
Aachen/Germany (1997)

Fig. 16 FMEA and Pareto Diagram for PWR Fuel Skeleton Fabrication
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"Statistische ProzeSregelung undmoderne Methoden des
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(Statistical Proces Control and Modern QM Methods in FA Fabricacation)

H.U. Siebert et a/., Ann. Conf. Nuclear Technology'97
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Fig. 17 Optimization of Pressure Resistance Welding by
DOE Based Problem Analysis
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Quality Management and Quality Assurance in the Manufacture
of Nuclear Fuel Elements: New Trends and Challenges
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(1998) 3, pp92 - 97

Fig. 18 Ishikawa Diagram of the Possible Causes for Stress Corrosion Cracking
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Fig. 19 The Different Phases of Manufacturing
Spacer Springs Along with Corresponding Key Parameters
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Quality Management and Quality Assurance in the Manufacture
of Nuclear Fuel Elements: New Trends and Challenges
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Fig. 20 A Standard Factorial Design Allows to Study 3 Factors
Along with All Interactions, with only 8 Experiments (Runs)
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Fig. 21 Boxplot Depiction of All Density Values for Reloads KKU
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"Techniken zur statistischen QualitStskontrolle
bei der Herstellung von Brennelementen"
(Techniques for Statistical Quality Control during
Fabrication of Fuel Assemblies)

V. L. Grize and H. Schmidli, Handbook
PREUSSENELEKTRA, Hannover/Germany (1997)p. 7

Fig. 22 Boxplot of Spacer Spring Forces of FA Reloads (PWR) Reloads
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Figure 23 Development of Failure Cost Under the Influence of Process Control


