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( Abstract)

The Development of a Metallurgical CAPP System
for Large Steel Forgings

by Wenzhong Deng

The development of CAPP (Computer Aided Process Planning) systems promises
improvement to the design efficiency and quality of process plans, whilst maintaining
knowledge for future developments. Although considerable progress has been made in
Computer Aided Process Planning, most of the systems developed or under
development so far are limited to one manufacturing operation and to planning for an
individual part design. The systems lack an overall structure for real manufacturing
practice. This thesis examines the problems involved in the planning of an extensive
manufacturing task involving many different processes including chemical and thermal
treatments. On the basis of the evaluation of the manufacturing system in the
collaborating company, an intelligent database system has been designed to solve
metallurgical process planning problems involved in the manufacture of large steel
forgings. In this CAPP database system, two hierarchy control levels involving a
number of local planning areas have been adopted to allow the development of process
sub-plans as well as supporting engineering data. All the process sub-plans have been
integrated into a single system rather than isolated as separate entities within the overall
metallurgical process planning system together with quality assurance control and other
functions. These sub-plans, however, are planned and modified in the separate planning
areas, the development being conducted on facsimile data records. Only when each
sub-plan has reached a satisfactory state of development is it issued - made available to
the overall system - by transferring the facsimile records into the system data files, the

facsimile records then being discarded.

Metallurgical process knowledge and rules have been incorporated into the database.
These allow the system to assist users to make decisions and achieve final desired
process plans. A versional approach has been developed to organise and control the
stage by stage evolution of issued process plans within this complex steel forging
environment. The use of separate planning areas and local facsimile records allows the
modification of sub-plans already issued to be undertaken on a step by step but secure
basis. A fully operating authorisation system controlling access to the data and the
deletion or modification of records has been achieved. This is essential in a CAPP
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system of this type in which historical decisions, or approved rules based on historical

experience, are presented to the users as the basis to make new decisions.

The work has been extended to explore external enhancement of the central database
system with an expert system and with specially written C *+ programmes. The system
architecture needed to support this link is described, and issues raised by the

enhancement that relate to the overall control are then addressed.

The final part of the thesis examines the limitations of the method that has been
developed and discusses difficulties involved in implementing a CAPP system in a large
concern involved in the 'bespoke' manufacture of complex engineering artifacts on a

one-off design basis.
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CHAPTER 1

INTRODUCTION

The development of Computer Aided Process Planning (CAPP) systems is of current
interest because it is seen as the principle bottle neck [T89] in the development of

- systems for Computer Integrated Manufacturing (CIM) [JR87]. In spite of the
tremendous efforts that have been made in this development, there are not many CAPP
systems in use today. Those that are are concerned with the relatively simple
manufacturing processes that determine the shape of components, such as

machining [BH87] [CW84] and bending [IK87], and with the processes of

assembly [VK86] by which a number of different parts are brought together to make a

more complex component.

Manufacturing is, however, also concerned with the internal microstructure, both bulk
and surface, of the materials from which artifacts are made. Responsibility for the
control of the development of this microstructure is the principal contribution that the
materials engineer makes to the control of manufacturing activity. Many different
operations are involved and wide consideration must be given to chemical, thermal and
thermo-mechanical factors in the manufacturing processes since these affect the
microstructure that is developed. Such factors greatly complicate the constraints placed
on process planning and this is perhaps one of the reasons why so little progress has
been made in the development of relevant CAPP systems. The work described here
investigates factors involved in using the semi-generative CAPP approach to support the
process planning decisions made by metallurgical engineers in one of the world's

leading manufacturers of large steel forgings.

A process planning system to model a manufacturing environment within an
organisation should cope with the demanding requirements of CIM [JR87] [CT87] to

integrate the development of product planning with the design and planning of the
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CHAPTER 1 INTRODUCTION

manufacturing processes. This requires that the CAPP system itself is an integrated
system [HL88] [HW91] in order to eliminate barriers to the dissemination of
information. Tedious repetitive data input will not then be required and errors,

previously common, resulting from frequent data input will be avoided [N87].

A database system consists of the stored data (often called the database state) and of
meta knowledge about them (the database schema). This research work is based on a
relational frame work in which the database state is conceptualised as a collection of

tables or relations. Columns of the tables are called attributes, rows are called tupples or

relation elements.

This thesis discusses these issues, requirements and features of such a system. The
metallurgical CAPP system presented here has been designed and partially implemented
in a multiple forging manufacturing environment. The system deals with problems
involved in the generation of individual sub-plan together with their integration into the
final results. On the basis of a relational database structure with built-in advanced query
facilities, it supports the entire metallurgical process planning design and manufacturing
sequences. All versions of the metallurgical process plans are properly maintained in

terms of access, execution and archive.

This thesis describes the relational database's design used to implement this
metallurgical CAPP system in the large steel forging manufacturing environment. The
aim is to automate computer support given to metallurgical process planning in this
manufacturing environment, and to demonstrate the capabilities achieved in the system.
The system is composed of several different routines each undertaking a specific task.
Various plans can be generated, the metallurgical engineers being assisted by the
database system that has been developed. Substantial facility is provided to retrieve

previous experiences or standard proformas.
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CHAPTER 1 INTRODUCTION

The process plans and the manufacturing task activities are modelled into a two-level
hierarchy. A large amount of data is handled, including customer requirements,
approved and developing process designs, test results, information about QA activity
and manufacturing knowledge accumulated within the organisation. The plans and the

final results are integrated into a single system together with the QA activity.

Manufacturing rules are classified and separated from procedures that actually use them.
Rules are stored in the form of rule templates. Users can modify these rules as needed if
any process has been changed. By using query sub-system to control and manipulate
rules and data in the relations, the system canvgain and represent engineering
knowledge. Examples are given to demonstrate system learning and representation

ability, and the ability to solve diagnosis type problem in such an engineering domain.

On the basis of the database architecture, further development was aimed at system
enhancement. Two enhancements have been explored: the enhancement with a small
expert system and with an external program. In the first instance, rules concerned with
the approval of steelmaking procedures which were stored in data files as rule templates
with approved values, have been incorporated into a rule-based expert system using the
CRYSTAL expert system shell. Factors such as the speed of operation, storage space
requirement, and efficiency in supporting the decision making process were examined in
comparison with the use of rule templates. The enhancement with an external program
has been tested by automating the process planning of hydrogen degassing. This
planning process involves consideration of the final required hydrogen levels, the
hydrogen levels achieved by the steel making process, and the hydrogen degassing
effect of annealing steps specified for forging and micro structural development
purposes. The system enhancement is based on fundamental principles governing

hydrogen dissolution and diffusion rather than on the rules developed from operating
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CHAPTER 1 INTRODUCTION

experience. Issues raised by the enhancement that relate to overall control are then

discussed.

This thesis presents an investigation for the design of a computer aided process planning
| system for Forgemaster Engineering Ltd (FEL). The system designed, called FEL
CAPP System, combines a variant approach and a generative approach. This approach
makes use of a dynamic knowledge base containing old cases, i.e. part specifications
and corresponding process plans. The knowledge base grows with experience and will
increase planning quality in the future. Furthermore, it models real-time process
planning logic and enables an automated improvement of similarity metrics which can
be regarded as learning. As will be seen, the system provides a short-term solution to
current problems, but remains adaptable to long-term business requirements. It covers a
wide range of manufacturing activities and demonstrates the ability to capture

manufacturing methods and data. Problems associated with the implementation of the

system in manufacturing are also highlighted.
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CHAPTER 2

LITERATURE SURVEY

2.1  Process Planning in Manufacturing

The main function of process planning within a manufacturing organisation is to select
the manufacturing processes, and other activities, which will be used to transfer a part
from its initial state to the final state determined by customer requirements. SME defines
process planning as the systematic determination of the methods by which a product is to
be manufactured, economically and competitively [T85]. Chang and Wysk (1985) state
that for a computer-aided process planning system (CAPP), it is necessary to define part
design precisely, identify and capture the logic of process planning, and incorporate them

in a unified manufacturing database.

Process plans, themselves, specify the appropriate sequences of production operations
and the necessary tools and facilities to ensure the right manufacturing practice being
adopted. It is absolutely necessary that effective productive time, output quality, speed,

and accuracy should be achieved to meet customers' requirements.

Although computer aided process planning has been active area of research over the last

two decades, for the following reasons process planning is still difficult to automate:

* Finding a complete part representation (and interface to CAD systems) is essential to
generate correct process plans. It must contain not only geometric but also technological

information on different levels of abstraction in order to support different planning tasks.
* Process planning is characterised by strong interactions between sub tasks which may

be resolved successfully by human experts. Up to now, no coherent body of theory has

been developed for process planning.
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CHAPTER 2 LITERATURE SURVEY

* Given the dynamic nature of manufacturing technologies, the system must support

updating of knowledge to guarantee plans with high quality over a long-time period.

Traditionally, this problem has been solved by planning engineers manually producing
process procedures. Normally they are hand-written process plans. This task involves
examining an engineering part drawing and developing process plans and instructions
based upon the process and machine capabilities, tooling, materiuls, related costs, and

shop practices.

The deficiency of the traditional approach is that engineers, whose skill and experience
could be deployed solving manufacturing problems, spend much of their time in a purely
clerical role [SE82]. Such clerical effort involved in manual production routing
generation, followed by job time determination, document production and finally
opérator inspired time 'adjustment' is simply unacceptable in the current competitive
market. However the overriding argument concerns manpower availability. This has
two facets. The ongoing shortage of skilled operators on the shop floor has long been
reCognised; The second is the population in the process planning department itself close
to retirement, who will take with them a wealth of irreplaceable manufacturing

knowledge related to a specific manufacturing organisations.

Another important factor of CAPP, which has not been recognised completely in the past
research, is that it forms part of Manufacturing Information System. It is generally
concerned with computerised information to support not only the process planning
domain but also a company's business and manufacturing strategies. Unless such
information is stored, processed and fed back as part of an overall company operations

plan, CIM will not be a reality [G88].
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CHAPTER 2 LITERATURE SURVEY

2.2 CAPP System Approaches

There are many CAPP systems in existence today. Chang and Wysk (1985) and Alting
and Zhang (1989) contain surveys on existing CAPP systems. It is worth noting that not
all CAPP systems are the same. Indeed, issues related to the development of CAPP
systems can be viewed in terms of the traditional classification into three types: variant
systems, generative systems, and, a mixture between the other two, the semi-generative
systems. Artificial Intelligence/Expert Knowledge can facilitate the implementation of
generative process planning be alleviating the time-consuming and labour-intensive chore

of modelling each and every unique situation.
2.2.1 Variant Approach

The variant appro;dch has been widely used in CAPP. The generation of a plan involves
identifying, recalling, and retrieving an existing plan for the same or a similar part. The
recalled plan is either a historical plan or a pre-defined master plan and, once recalled, is

modified by the process planner to satisfy the current requirements.

Group Technology (GT) has been successfully used in this type of CAPP. Parts are
grouped into families based on the similarities of features of a part, including its
geometric shape, size and processing requirements [JV88][NC85]. Standard process
plans are manually defined and stored in a computer database for each family of parts.
When a new part is introduced into the manufacturing system, it is first classified and
coded. The code is used to retrieve a similar plan from the database. CAPP can retrieve

these plans in some sequential fashion and output a variety of documents.

This is more like human activity but, using the computer as an assistant tool shows a

dramatic improvement in information organising capabilities, and reduce the time and
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CHAPTER 2 LITERATURE SURVEY

labour consumed. The new plan is restricted to the historical performance and therefore
needs the involvement of an experienced planner at the final stage to make it fit the new
requirements. The variant approach, however, is still a practical way for a manufacturing
organisation to produce plans of the operations to be undertaken. For single job
environments, it takes less time to develop a variant plan using a system than a
generative one. At the current stage of CAPP development, the application of the

generative approach to a multiple job environment could not be considered viable.

Systems entitled to be classified under the variant approach include CAPP-CAM-1
[L76], MIPLAN [S80], A-CAPPS [GG92] and some others. They have been
successfully applied in industry and found to be highly successful in increasing the
information management capabilities when compared with manual systems. The
developed systems take production capability, machine capability, and operation cost
into account to determine feasible process plans for a product mix. Examples of systems

using such coding approaches include CAPP-CAM-11 [L76] and MIPLAN [S80].

The computer assists by providing an efficient system for data management retrieval,
editing and high speed printing of process plans. In most batch manufacturing systems
where similar components are produced, variant systems can improve planning. In the
domain of our application in which both geometric features and inechanical properties
are concerned, such coding approach can certainly help not only retrieving the right
previous or master plan, but also achieving precisely the chemical range requirements in

order to obtain the desired internal structure of the steel.

2.2.2 Generative Approach

The generative approach aims at full automation of process planning. It has attracted a

great deal of attention from researchers [HL88] in the past two decades, probably
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because of developing shortages [D87] of skilled and experienced process planners in
many industries, but also as part of the move [GL87] towards the ultimate goal of
unmanned production in the future. In the generative approach, standard manufacturing
plans are not pre-defined and stored. Its main function is to synthesise a new plan for
each specific part. To do this the system must contain information about the
manufacturing rules governing the activities involved, about tool availability and about
the capabilities of the equipment to be used. There must also be a built-in logic engine
that will allow the computer to use this information and to take processing decisions.
Most of the systems use Group Technology combined with decision tables; decision trees
[D87]; or other methods to capture the manufacturing logic such as analytical models

[B90i] [CY91] or simulation models [Z86].

Although the generative CAPP approach does not involve a process planner, the
dialogue mechanism between human and machine - defined as interactive input - or
between the CAPP system and CAD system - defined as interface input - is still
necessary in order to provide precise geometric and other design information to enable
the computer to act. If such interface problems can not be solved, the current systems

can not be defined as truly generative systems.

The generative CAPP approach has achieved some success in the planning of individual
operations - such as TIPPS [CW84], XCUT [BH87], for machining piece-parts,

TOM [M82] for machining holes, EXCAP [DD84] for rotational components,

GARI [DL85] and AMPS [IK87] for metal cutting and bending, and many other
unnamed or prototype systems. Many of these systems are still in their experimental
stages and have never been applied to a real production environment [TK88b]. They are,
moreover [AZ89], limited to one operation or to the manufacture of one particular part.
But manufacturing is concerned not only with the individual process but more

importantly with overall process plans. Thus it involves production planning, process
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planning and operation planning. These activities are highly interrelated in practice, even
though each has its own distinctive goals and scope [HL88]. The integration of all these
plans with their individual functions within a single system is the ultimate goal of CAPP

research.

2.2.3 The Semi-generative Approach

Finally, we may add another classification of process planning - the semi-generative
CAPP approach which can be seen as an intermediate step towards fully generative
CAPP systems. Semi-generative CAPP works as an advanced variant approach and
offers several flexible options to the users, including refining and evaluating incomplete
plans. At the moment, the use of fully generative systems is yet to be seen in real
industrial manufacturing environments [HL88], so that semi-gencrative systems retain

their competitive strengths.

2.3  Techniques in CAPP Research

This section will review some techniques based on the above approaches from CAPP
research, most of which are aimed at using the generative approach to achieve automatic
CAPP function. This is not a complete survey, as the research is growing rapidly, but
rather its function here is to indicate trends in the research that is underway and to

demonstrate the directions in which it is developing.

2.3.1 Al Techniques

Artificial Intelligence (AI) or Intelligent Knowledge Base Systems (IKBS) is another

technique in the latest trend of CAPP research that belongs to the generative approach.
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Al is included here is because it has had a major impact on the development of
generative CAPP systems since the beginning of the 1980's. This impact has been driven
by the successful utilisation of Al in other fields, resulting, for example, in the expert
systems such as MYCIN [HK85] and NEOMYCIN developed in the mid-1970's for
medical diagnosis and consulting. This has resulted in increased numbers of similar
systems in which Al techniques have been applied [DD84, TK88a, BD90] [SB88, B86,
JF89]. The techniques commonly used for representing process planning knowledge and

the characteristics of a component include the following [LL90],

(a) nodes and links in associative or semantic networks;
(b) condition-action pairs in rule-based or production systems; and

(c) slots, facets and values in frame or object systems.

The automation of the process planning function, however, is a difficult task because the
required knowledge is highly complex and ill-structured. It is extremely difficult to
formalise the decision-making process of a human process planner because of its
subjective nature and the overlapping functions which interact with each other. In
addition, the knowledge can't be easily represented using a single paradigm of reasoning,
but requires an effective blend of knowledge representational techniques [JS90, LL9O0,
LL93]. This has resulted in extensive research into CAPP systems as will be reviewed

from section 2.3.2 forward.

Most of these systems, however, are firmly fixed in the process planning for one process
or for one particular machined part. Because process planning, even for single paft,
requires considerable amount of human expertise and manufacturing knowledge, CAPP,
now at the beginning of 1990s has not yet shown many successes in spite of all the
research and development effort that has been expanded. The Al Systems, or

Knowledge Based Systems, in contrast with the systems based on decision tables, are,
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however, reported to show dynamic and significant improvements in terms of automation

and consistency.

In these early developed systems, Al researchers examined the methods used by human
experts in the performance of such tasks, ascertained what knowledge they brought to
bear, and explicitly encoded much of it into programs. Two major approaches have been
taken to encoding knowledge in computer programs: knowledge as rules (of inferences
to be made and actions to be taken) and knowledge as frames (structures of knowledge)
[KB92]. They were built of hundreds of inter-linked program units. The ability to
modify such a system is severely limited. Moreover, it is unlikely that the expert, the
process planner, would have the programming background to enable him or her to add

more expertise - i.e. to make the system smarter.

Newer systems are based on a new software technology: "expert system shells. By using
these tools, an expert system can be built up within a knowledge domain very quickly.
This type of expert system has great advantages over the early classic expert systems
such as MYCIN which were built up incrementally over long periods of time using a

discursive programming language such as LISP.

2.3.2 Knowledge Capturing and Representation

The latest trend of research into automated process planning involves the use of IKBS
techniques. knowledge is represented primarily as either rules or simple unconditional
facts. The so-called knowledge base of an expert system comprises mostly rules plus
other sources of information. This information can take on many different forms from
the simple to the esoteric. Its purpose is to serve as the raw data to be used by the
inference engine to determine the applicability and subsequent truth of rules. In a

process planning expert system, this would include information on materials, time

<Page 12>



CHAPTER 2 LITERATURE SURVEY

standard, tools, instructions, etc. Examples of knowledge include heuristics, rule-of-

thumb and expertise.

As their name implies, the expert systems are meant to be particularly good within a
limited knowledge domain or area. In effect, they emulate experts. They are not
generally intelligent; This type of system has proven very difficult to develop and this
difficulty was the prime motivation for the design of expert systems shells. They have no
inherent knowledge, except in a particular area of reasoning. To functioning, they
require knowledge and data about a specific domain. The most popular and widely used

of these shells are the production systems.

A production is a rule that specifies what to do if something is true. A rule usually takes
the form of an IF-THEN statement, a premise (also called (pre-)condition, left-hand-side
(LHS) situation, if-part, ...) and a conclusion (also called action, consequence, RHS,
then-part, ...). Generally, the rule encodes the knowledge that if the premise is true, then
the conclusion is also true (or should be acted upon). The THEN part consists of one or
more conditions or actions to be performed. These actions might create new

information, perform calculations, produce some output, ask the user for input, etc.

A rule in this form, along with others, is the means by which knowledge - expertise - is
~captured. The number of rules necessary to emulate some desired level of expertise can
run anywhere from tens to thousands. Collectively the rules constitute what is known
about a particular domain of knowledge, be it deciding how to manufacture a part or

perform diagnosis.

Superficially, at least, it would appear that an expert system written using rules is not
greatly different from a program written in a procedural computer language that has IF-

THEN statements. The similarity is purely synthetic. The underlying difference is in
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how these rules are used.

The difference is that there need not be any particular order to how rules are written in
the%xpert system shell. Rules can be added, changed and deleted much more easily than

similar modifications with a statement in a program.

The current state of the art is that the amount of knowledge in most of the systems built
to date is very small in comparison with the amount in the databases used in most
organisations, and so far, there are no successful means of taking advantage of large
databases in knowledge-based systems [S86]. The need for integrating Al and database

technology is seen as an essential step in the development of future information systems.
2.3.3 Case-based Planning

A large variety of computer-aided techniques have been published in the study of CAPP
research. Based on Schanks Dynamic memory theory [S82], the method of Case-Based
Planning (CBP) [H86] [HS91] has been developed. It is computational method in which
knowledge may be inferred directly from past events called cases. Humm et alii [HS91]

. introduced components of a CBS system (see Figure 2-1): the case base is a memory of
old cases which consist of tasks and corresponding solutions. The retriever selects an
old case from the case base which ties closest to the current task according to a similarity
metric. The modifier adjusts the old case's plan to the current task. Here, the process
planning engineer is assisted in constructing process plans and in feeding manufacturing

related concerns back to the design process.

This knowledge process allows new process plans to be generated from old experience.
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FIG. 2-1 Components of a Case-Based Planning System [HS91]

<Page 15 >



CHAPTER 2 LITERATURE SURVEY

Therefore, it may improve planning efficiency and plan quality. In the context of the
concurrent engineering, such technique provides a flexible and opportunistic style of

process planning.

Concurrent engineering (CE) [S92] is a product development strategy which emphasises
simultaneous consideration of various product life cycle concerns at early stages in the
product development process. Traditionally, design and manufacturing activities have
been serially linked by the process planning function. One objective of concurrent
engineering is to transform this sequential approach into a more interactive parallel
process. Therefore, computer-aided process planning systems must be developed that
support an opportunistic style of process planning [HL93]. Obviously, the traditional
method, whereby a CAPP system enforces its pre-defined process planning style on the
engineer, will not satisfy the CE requirements. What is needed is the CAPP system that
should support the engineer's individual planning style and experiential knowledge and
not impose control restraints which ultimately inhibit progress. The engineer can be

most effective when computer tools augment successful work habits.
2.3.4 Coupling of a Database with an Expert System

Databases system and expert system have their own advantages. The combinaﬁon of
the two technologies would benefit both expert and database system [D85] [AG87]
[1186]. There are many discussions in the published literature relatirig to the future of
information systems about inter-relating the two technologies [BM86] [W84][JC89].

- One of the major strategies to integrate these two systems is system enhancement. This
strategy denotes one of the two systems (ES or DBMS) as the major component. For
instance, an ES may be enhanced with a sophisticated data access component
[RR88][AT88]. This enhancement is commonly found in the area dealing with very

large knowledge bases. Most of the enhancements are focused to the access from ES to
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DBMS as shown in Figure 2-2 [F87][K86][MW86]. The DBMS is used only as tools to
store data or rules, without any consideration of the required functionality and

performance.

Such couplings imply the existence of communication mechanisms between the two
systems [B90]. These couplings can be further divided into, depending on the degree of
coupling, loose and tight coupling [MW86], corresponding respectively to a "Static" and

"Dynamic" use of the communication mechanism.

Loose Coupling

Loose coupling is direct communication between an expert system and a database.
Loose coupling of an expert system with an existing DBMS refers to the presence of a
communication channel between the two systems which allows the expert system to
extract data from the database prior to inferring. An inevitable problem of inconsistency
may arise if the data collected from the database is used while the original version of the

data is updated.

Tight Coupling

In a tightly coupled system, data are retrieved from the database as and when required
during the execution of the expert system. The DBMS however, still acts in the
capacity of a slave to the expert system as you can see in the Figure 2-2. This
overcomes many of the disadvantages of the loosely coupled approach, but such

interaction can cause a severe slowing down of system performance.

Building a knowledge-based expert system is a difficult task that requires many

<Page 17>



CHAPTER 2 LITERATURE SURVEY

Users

N
RN

Expert
System

DBMS

FIG. 2-2 Enhanced Expert System with an External Database
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different resources and support. To ease these difficulties, many system development
engines (or shells) are developed which hasten the process of building intelligent
systems. All of the shells provide basic knowledge representation schemes (e.g. rules,
frames, logic) and generic inference methods [K90]. They represent a software
environment that is significantly closer to an actual expert system than high level logic
computer languages such as LISP and PROLOG. The current wisdom for the creation
of an expert system suggests that if a shell is available, it should be used instead of

building a new system from scratch.
2.4  Process Planning for Quality

The previous séction has discussed thé techniques in CAPP research, but the impact of
process planning on product quality is the principal concern of most manufacturers.
Decisions made in the course of process planning have a significant effect on the
resulting product quality, as well as on production time and cost. Because of the
extensive research work on CAPP related to metal removal by machining, it is possible
for a generic CAPP systems to respond to quality surface finish requirements related
and geometric and dimensional accuracy. The manufacturing process of steel melting,
forging and heat treatment present a different situation, because they primarily
influenced internal quality. Due to the complexity of the relationships between the
mechanical properties, microstructure and the production processes that determine them,
process planning in this manufacturing domain relies almost entirely on expertise and
experience. Planning in this domain cannot be generic but must involve easy access to

databases and experiential knowledge.

In addition, computer databases are considered to be the most effective and reliable
method of electronic documentation management for both product and process

specifications. In today's competitive market, the use of computer databases provides a
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quality assurance challenge in terms of the tractability and assessment of all process
changes during the manufacturing of complex products. Quality control is a
manufacturing function which should be integrated as closely as possible into all the
operations involved in the whole process, so as to minimise the delay involved in
feeding information back to direct the corrective actions needed [R192]. The integration
of manufacturing process planning systems with quality control system will close the
quality assurance loop [RI92][W93] and manufacturing enterprises to achieve the

highest quality standards
25  Summary

In the past few years, an increased number of knowledge based process planning
systems has been developed. These systems utilise expert system techniques to
represent the knowledge and experience of process planners in a knowledge-based
computerised system to establish a fully automated CAPP system. The resulting expert
process planning systems are, however, highly domain specific and most have been for
manufacturing by metal removal, particularly NC machining. In these manufacturing
environments, éll components have specified shapes and orientations and a high
proportion of the decisions are geometric in nature. That is why so much effort has
been devoted to bridging the gap between CAD and CAPP in order to utilise Auto CAD
database as the information source for product data [AC93] [FC93]. Process planning
within a manufacturing facility that operates manufacturing processes to meet customer

requirements, not only for geometry surface finish but also for internal structure is much

more difficult to achieve.

Since the task of process planning is experience and knowledge oriented, a CAPP
system could be developed by storing the expertise of process planners into a

knowledge base which can generate process plans automatically. This is very difficult
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to achieve, not only because of the complex interactions between process planning and
other activities in a manufacturing enterprise, but also because of the distinctive
challenge of planning with people. People can cope with the constantly changing
demands stemming from producf development practice. If a computer system can help
people develop this talent, and store and represent knowledge for the future, the reality

of CAPP system in industry will certainly change.

Most of the existing CAPP systems actually do operation planning. Their emphasis is
placed on selection and ordering. Typically, the emphasis is on issues such as the
various ways to make one individual feature (e.g. making a hole by spade drilling or by
twist drilling) and the selection of the optimum method. These operations are shape
oriented, a CAD system is principally involved. The systems use automatic feature
recognition to interpret a part design so that process plans, fixture designs, GT codes
and numerical control (NC) programs can be automatically generated [LL93, W91,

W92, KB92].

Although process planning systems have been developed for the assembly of electronic
printed circuit boards [SL93], process planning with a view to achieve internal material
structure and required mechanical properties has not been attempted. Principles of
planning are lost in a large body of rules that are difficult to update in a consistent

manner [LL93].

The principle feature of the system developed in this work is that the planning
knowledge involved is based on experience and is organised into an established
structure. Unlike most of the existing Artificial Intelligence (AI) based process
planning systems, this approach makes use of a dynamic knowledge database containing
old cases, i.e. part descriptions and corresponding process plans. Search algorithms

select the 'best' process plans from the historical records. Process plans are generated
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and subsequently optimised by users. Such procedures can be made more efficient by
the use of computers, leading to advantages such as increased planning quality with
concurrent reduction of cost of planning. This enables successful process plans to be

repeated for new orders.
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Considering the limitation of generative CAPP in the scope of activities that the rules
can cover and in the realisable effectiveness of such systems, a variant type of approach
has been adopted in developing the system described here. Under this approach, the
plan generation process has been separated from plan refining activities. The system
involves user modification with semi-automatic evaluation and error detection using
rules, formulae, and decision logic. In some generative systems the manufacturing
knowledge base is clustered by the system designer into a static and inflexible
partitions. In the system described here, on the other hand, a relational database is used
to store the information intelligently. The system was first of all created to be likened to
a variant CAPP systems, it was then extended with external enhancement to automate
some of the process plans. Nevertheless, the metallurgical engineers play the key role in
problem solving within the system and computers are used as tools to assist the

engineers by doing the jobs requested of them.

3.1 Manufacturing Domain

The system has been developed within Forgemasters Engineering Ltd. - abbreviated
from now on as FEL. FEL produces a wide variety of forged components, comprising
machined and heat treated forgings and blooms, from carbon, alloy and stainless steel

ingots of up to 230 tonnes in weight.

The manufacture of these forgings is a complex activity. The final forged products
require good surface finish, tight tolerances and specified internal structure and
chemical and mechanical properties. The manufacturing process commences with arc
furnace melting of the steel and its refining, partly in the arc furnace itself and partly in
a separate ladle furnace and vacuum degassing units such as VAD (Vacuum Argon

Degassing), where VCD (Vacuum Carbon Deoxidisation) is carried out for achieving
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higher purity of steel. This steel is then cast into ingots from which one or more
forgings will be made, although some very large forgings may require steel from more
than one arc furnace charge to be cast into a single ingot. These steel making and
casting processes are carried out in a sister company - Forgemasters Steels Ltd. - but

controlled by FEL through a 'steel order' drawn up by FEL's metallurgical engineers.

Once the ingots are cast, they are delivered to FEL for forging, heat treatment and
machining. Although the forging process must produce a rough shape close to the final
design shape, the metallurgical interest in the forging process stems from the effect it
has on the internal structure of the ingot. The forging sequence must involve sufficient
forging reduction to break up the cast structure and to close any central porosity that

remains after casting.

The forgings are heat treated at a number of stages during their manufacture, depending
on their size, to the final structure and shape required. Although the bulk of the heat
treatment cycles involved are designed to produce specific changes to the microstructure
of the forging, the high temperature holding times entailed provide sufficient mobility to
the hydrogen dissolved within the forging for it to diffuse out into the atmosphere.

Since the precipitation of dissolved hydrogen during service can be major contributor to
the cracking of forged components, this diffusion is of considerable importance.
Depending on the hydrogen content when cast, each forging requires a specific holding
time at elevated temperature to reduce its hydrogen content to an acceptable level (solid
state hydrogen degassing). Hydrogen anneals can thus be required in addition to the
microstructure forming heat treatments so that the totality of the high temperature

holding times meets the specific hydrogen degassing requirement.

All the process plans, whether they be manufacturing plans, steel order plans or any

other plans, are designed to satisfy the steel specifications stipulated by the customer.
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The knowledge of how to do this is controlled to the work of metallurgists at FEL. In
order to assist in the designing of the process plans, specifications are constructed in
three parts: the chemical range, the mechanical property range and standard testing

procedures. These are then used as the guide for the building of the process plans.

In this way, complicated domain knowledge can be treated in a rational fashion. Any
given steel composition, herein classified as a chemical range, may correspond to more
than one range of mechanical properties. For example, a given chemical range, to meet
a specification issue "A", would give a certain set of mechanical properties under the
heat treatment adopted in one of the process plans. Another customer, however may
require the same chemical range with different mechanical properties. In this case, the
same chemical range would he defined as another issue of the chemical range
specification with an issue letter "B" and then related to the new range of mechanical

properties and a different set of heat treatments.

- After the process planners have put all the information into the process plans, their
knowledge is merged into the resulting plan. Thus the relationships developed between
the specifications and the process plans need to be built up in the database so as to assist
the planners to design the plans consistently and rapidly. For previously used
specifications, the system must be able to access the knowledge already stored in the

database about planning to that specification.
3.2  Two-level Hicrarchy Control

To control the manufacture processes involved in meeting a specification, several
process planning documents are currently carefully drawn up and the manufacturing
processes monitored against them. These documents are drawn up either for single

individual forgings or for a groups of forgings (multiple forgings) ordered by a single
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customer even though differences in required geometric shape and mechanical
properties may result in slight differences in the manufacturing procésses to which

individual forgings are subjected.

Chang and Wysk [CW84] analyse the creation of a manufacturing plan as a hierarchical

activity comprising 3 stages:

* Production Planning;
* Process Planning;

* Operation Planning.

In terms of this analysis, the overall manufacturing, or quality plan, drawn up for a
forging corresponds to the production planning stage and is the activity carried out at
the highest level. The other plans or instructions that stem from these two, such as the
steel order or mechanical testing plan, can be seen as existing at the intermediate level.
In general we will, hereafter, call these plans process plans and use this hierarchy as the
basis for our analysis. The Metallurgical Engineers working within FEL, and using this
FEL Technical Database, are not concerned with planning at the manufacturing
operationv level. The interrelation between these plans within this manufacturing
hierarchy is shown in Fig. 3-1. Each box represents an entity of interest in the process
planning system. It follows the actual principles of the manufacturing processes. The
lines joining the boxes are to show the flow of data. The system has two levels with
regard to the integration of all the process planning and relevant decision making points.
The use of the query sub-system associated with the relational database, allows the
entire system to be well controlled and maintained, the decision making process

proceeding in sequence from the top to the bottom.

From Fig. 3-1, we can see that the system includes various planning areas, for example,
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for the Manufacturing Plan, for the Steel Order, for the Quality Plan and for test

procedures. The operation of such a system requires the following characteristics:

1. A mechanism for the creation of individual plans which is flexible in use and

allows plans to be generated quickly and consistently.

2. The integration of all the plans within the system, so that plans at the lower level
follow procedures determined by plans at the higher level, and plans at the

higher level are supported by plans at the lower level.

3. The ability to maintain metallurgical process knowledge within the system for
the support of plan generation, together with the ability to add new knowledge as

it is developed.
4, The monitoring of plans under development to detect design errors.
5. Protection of entered data against accidental modification or deletion.

The use of a relational database allows large amount of information to be available to
the users at different levels within the manufacturing hierarchy. Several different
versions of each process plan may, however, exist at different times within the multiple
user computer system necessary to support the hierarchy. The data stored and available
within the database must, therefore, be partitioned according to the needs of the user to
whom it is available and must be relevant to the appropriate state of the plan to which it
relates - data used during plan design being partitioned from data used during plan

execution.
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Hierarchical control of this nature has been adopted in many industrial control
applications for over the last decade [AB85]. It provides a natural way to produce
intelligent automatic responses between the different levels [SH82]. As stated before,
the FEL Technical Database is concerned with planning at the upper two levels. Plans
at intermediate level can be generated according to the requirements specified at the
highest level. On this level, the specifications, operations and other activities are
specified, on the intermediate level, individual operations and activities are defined.

The lower level, which is not involved in the FEL's technical Database, is concerned
with the operation of items of plant, for example, to perform the forging reductions, heat

/"'treatment cycles etc. specified at the intermediate level.

3.3  Relational Database Systems

Chang and Wysk [CW85] state that for a computer aided process planning system, it is
necessary to define part design precisely, identify and capture the logic of the process

planning, and incorporate them both into a unified manufacturing database.

A database is defined as a collection of structured data that can be shared between
different parts of an organisations information system. Relational database systems,
developed from structure models, organise data in single uniform representations. Items
in a relational database are represented in the form of two-dimensional tables related
together by common attributes. The rows of such tables are generally referred to as
tupples, this term having a more precise definition than row or record. Columns are

usually referred to as the attributes of the relations.

The applied domain of process planning system has a very complex data structure and
therefore requires a high volume of data to be handled. The historical files could be

enormous, particularly the files storing engineering knowledge rules and data. The
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ability to handle such large volumes of data as well as features such as the number of

files that can be opened at the same time are typical factor that determine a suitable

database package.

More important factor is the relational engine which should allow a database to be built
in which relations are open ended. This is important for future development and

extension.

When choosing PC based database engine, dBase-IV and DataEase were mainly two
competent ones in the market, which can be manipulated under Novell Network. All
these DBMSs offer the higher database standard, which is the Structured Query
Language (SQL - was originally a standard for mini-computers and mainframes). It was
decided to choose DataFase due to distinct advantages it had [CS92]: more reports and
forms per database and more records per form, together with multiform access.
DataEase allows more than 10 databases to be opened at the same time. The maximum
number of file records can be up to 2 billion. DataEase has an advanced query language
called DQL. This is made use of in selection processes for reports; in selecting smaller
parts of forms; and where a particular field on a form has some processing instructions.
The query language has developed into a full programming language, with loops, selects
and so on. DataEase also allows menus to be defined for operating the database system.
All of these features combine to make DataEase one of the most powerful and flexible
database management programs on the market.

y

3.4  The AI-Databasc Approach

Knowledge can be represented as both facts and rules. Facts are frequently called

declarative knowledge because they declare the relationships between objects. Rules
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are frequently called procedural knowledge because they define the process by which

new facts are generated from old facts.[D91]

Database management systems are engines for handling large collections of facts. RMes
can be represented but only in a declarative manner. For instance, report-to-rules can be
represented by storing values in a table which records the reporting relationship. Doing
this for egch such rule in an organisation, however, would mean having tables to

represent all possible associations between objects.

Knowledge base systems are traditionally engines for handling large collections of rules.
To understand this, it is useful to make the distinction between procedural and
declarative knowledge and a procedural and declarative representation for such
knowledge. Procedural knowledge is traditionally represented in a procedural manner
as high-level language code. What knowledge base systems are attempting to do,
however, is in a sense to treat procedural knowledge, like the report,-to function, as
stored data-i.e., to store it in a declarative representation. This knowledge will be
activated by a separate general-purpose processor which will perform all the appropriate

inferencing in any particular case.

In recent years the complementary nature of database and knowledge base applications
has had led to considerable interest in architecture that combine the two [K86] [GL88]
[NHS88]. In a database system modelling a real world application, information may be
stored in the form of data and rules [R90]. There are two approaches to integrate data
and rules in a database management system [DB88] [C89]. First is the homogenous
approach. This approach integrates the data manipulation function and deductive
features such as inferencing into a single database system. The facts and rules are
uniformly represented in a single programming system such as Prolog. In the second

approach called the heterogeneous approach [C89], separate identities for the
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inferencing mechanism and the database management system are maintained and both
the systems are coupled through an interface. Both approaches were used for data

intensive applications such as process planning in manufacturing.

In this research, the above two approaches have also been adopted together, but there
are differences. In the first place, rules are classified and stored in data files as rule
templates. These rules can be fired by matching values in a tupple. Therefore, a rule
can be separated from a procedure body, and more importantly, users can change these
rules from time to time as dictated by technology changes in the future; In the second
place, external functions are used to enhance the database query sub-system. complex

mathematical problems can be solved through such enhancement.

This approach is better suited for the current application in which standardisation of
knowledge development is required. There are two distinct disciplines that need to be
balanced when controlling the numbers of approved combinations: for example, the
wide and continuously evolving range of applications for forgings manufactured by FEL
tends to lead to a proliferation of the range of steel specifications, whereas management
and QA pressures are to reduce the range of specifications. From the QA point of view,
accurate repeatability of successful manufacturing processes is required; while the

diversity of product fosters a wide diversity of process routes.
3.5  Strategies in the Development of the System

An important fact often ignored, is that process planning is a company-oriented task.
Manufacturing processes successfully used in the company are not necessarily suitable
for producing the same part in another company; because of different manufacturing
conditions, like machine tools, skill of the worker, tradition, etc. It is therefore

extremely difficult to build a generative CAPP system which can be adapted for use in

< Page 32>



CHAPTER 3 PROJECT BACKGROUND AND TECHNIQUES

different manufacturing organisations. By the same token, where a CAPP system is to
be developed for use in a particular company, the manufacturing conditions are known,

apart from possible future development..

Based on the above discussion, our approach to the development of a practical CAPP
system for FEL has been to employ computers as partners in the process planning
activity and to work gradually toward the automation of that activity. The
decomposition strategy [KB92] has been adoptéd to break the process planning problem
into sub-problems and individual planning areas, each of which can be solved almost
independently of the others. Often, solutions in one planning area can affect other
activities in other planning areas or functions. The system that we have developed can -
be classified as a semi-generative CAPP system. because a variant retrieval method and
a generative decision logic approach are used. In the system, some decisions are made
by the process planning generation logic built-in, while other decisions, which do not

need to be generated from "zero", are retrieved in the form of tables, sets of decisions,

etc.

The system needs to be compatible with the requirements and nature of the company,
due to its potential impact on many activities within the company. Compromise in this
area is hard to justify. The system must demonstrate that it can accept the procedures
for all the planning stages with adequate control, and that it can meet the form and
reporting criteria, the input facilities, etc. that the company operates. Criteria like these

can make or break a CAPP system.
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CHAPTER 4

DEVELOPMENT WORK ON FEL-CAPP SYSTEM

4.1 Introduction

This chapter describes how a CAPP system has been developed for the manufacturing
of large steel forgings using the computer. The applied domain - the process planning
system, has a very complex data structure. It therefore requires a very high volume of

data to be handled.

The work has been divided into two modules. The first module, which is the database
system, forms the basis of the CAPP system that stores all the information in the process
planning, quality assurance control and test results functions. The second module
consists of the enhancement of the database system which manipulates and control the
process planning information. This chapter describes how the computerised CAPP

system was developed, whereas, the enhancement is explained in Chapter 5.

A database system has been constructed by modelling the manufacturing hierarchical
structure presented in Figure 3-1. The database design requirements are the same as
those identified by Rowe and Williams [RW87] where, in designing a database for
integrated circuit fabrication, they identified the problems associated with integrating
business data and engineering and scientific data within the same database. This chapter
of the thesis describes the design of the metallurgical CAPP system at Forgemasters
Engineering Ltd, hereafter referred to as the FEL Technical Database. It is composed of
several components including a sub-system to assist users in designing the various
process plans involved and a control sub-system for the quality assurance functions that

maintains the distribution of documents during the manufacturing processing.
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The FEL Technical Database system that has been developed uses a uniform method to

access data for all the major activities. The data stored can be classified as:

1) Standard information to be shared by the entire system, such as chemical

specifications and mechanical property specifications.
2) Knowledge data and rules that are necessary to generate process plans.

3) Manufacturing and process plans residing in incomplete states and in
completed (issued) states (the manufacturing plan fulfils Chang and

Wysk's [CW85] definition of a production plan.)

4) Forging definitions for individual forging or group of forgings.
4.2  Manufacturing Function Integration

The manufacturing system involves not only the process planning function, but also
other functions as well, such as quality assurance, test results, estimation and so on. In
the preceding chapters, the importance of integrating the different manufacturing

activities has been emphasised. Such integration has three aspects:-

1. shared data, one central database stores the process plan information, with its

different versions and supporting engineering knowledge.
2. the user interface with a common style of interaction.

3. communications to pass information between the different computer work stations.

While all three components of integration should be present, the key one is the shared

data. This is very important for engineering applications which contain a lot of process
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plan information. Figure 4-1 has shown an architectural diagram for the integration of
the different functions in the system. The central database serves all these functions.

This can be illustrated by discussing the typical activities involved in the development

of the system.

4.2.1 Simplified Logical Structure

A simplified logical data model for the batch forging manufacturing environment at
FEL is shown in Figure 4-2. Each box represents an entity of interest in the process
planning system. The name of the entity and its principle relationships are shown in the
diagram. The diagram has been simplified to show the logical structure of the main
objects, not the way they have been physically implemented. The model has been built
around a central data file, named the Forging Status file*. The data key to the records in
this file is the Works Order Number used within Forgemasters' Engineering Ltd to
identify the forging, hereafter designated as the FEL number. Each forging in
production within the Company has a separate record in the Forging Status File, and this
record provides an essential component of the links between the records related to that

- forging in the other files in the system. In this large shared data system, each rectangle
represents a separate set of records about the manufacture of the forgings, and lines

between the rectangles represent the collection of database relations used to model the

relationships between real world objects.

'42.2 Versional Data File Requirements

Figure 4-2 implies that each data file contains a single record for each forging. This is

* Appendix 1 presents notes on the details of this, and all other files/forms in the database, together with
lists and descriptions of the fields in the files.
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FIG. 4-1 Integration of Manufacturing Functions within the Center of Relational Databases
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FIG. 4-2 The logical Structure of the Database System:-
The Straightforward Processing of a Forging
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not the case. Blanken and Ijbema [BI87] pointed out that engineering deéign isa
dynamic activity, going through several different versions before a final version is
accepted. A computer system to support engineering design, they argued, must mimic
this developmental process.v They thus developed the concept of a 'temporal' database
able to store different versions of the objects involved. Similar issues have had to be

| addressed in designing the FEL Technical Database, although the problem is more

complicated than that considered by Blanken and Ijbema.

Blanken and Ijbema included a Boolean field "ALIVE" in their data files with a value
either TRUE or FALSE. In the FEL Technical Database, the versional information
present in a record additionally needs to indicate the extent of the versional changes that
the record has undergone. For this reason, each versional data file is provided with a
two ﬁéld key. The first field is an identity number, first assigned in sequence when the
record is newly created. This identity number is not changed when the record is revised
but the second field component of the record key is a letter that progresses through the
alphabet from "A", as the record is changed from version to version. This progression is
controlled by the data processing procedures built in to the relevant planning areas in the
database, and follows the quality assurance rules laid down within the Company for

tracking the revision of, for example, a forging specification or a process plan.

The data processing procedures that create or modify a planning record operate on
temporary facsimile files created within the separate planning areas in the system (see
section 4.3.1.1), so that draft records can exist locally within that area during planning
or modification. Once work or a record is completed, a procedure can be invoked that
will issue the record so that further action can be taken on it in other parts of the
database. This issuing procedure involves transferring the record from the facsimile file
into the real file. If the version letter of the new record is anything other than "A", this

procedure will identify the record that is to be superseded and withdraw it to archive.
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Data processing procedures throughout the database will not allow records that have
been issued in this way to be modified during day to day use. Figure 4-3, with the same

logic as Figure 4-2, indicates the data files for which this versional approach has to be

implemented.

Further details of the operation of this versional approach will be discussed when the

operation of each planning area is described.

43  Metallurgical Functions

The metallurgical function is one of the main functions integrated in the current
database system, as already shown in Figure 4-1. Activation of this part of the system is
through a menu system dedicated to the specialist function in this working area. The

menu system is shown in Figure 4-4.
4.3.1 Physical Implementation of Data Structure

The simplest way to establish the relationships that are indicated by the links to the
Forging Status file, shown in Figures 4-2 and 4-3, would be for fields in the Forging
Status record for a particular forging to contain the keys to those records in the linked
files that also relate to that forging. This method is not, however, the ideal method, nor
was it the method adopted in implementing the logical structure shown in the

Figure 4-2.

Most of the Manufacturing plans and Quality Plans that are designed by FEL's
Metallurgical Engineers apply to a group of forgings. If the keys to the relevant linked
files were recorded in all the Forging Status records for that group of forgings,

substantial redundant data would be present in the database. Danger to the security of
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the database stemming from such redundant data is intensified because a given group of
forgings will not necessarily remain as a coherent group between order and delivery.
Customers can change the specifications required for a sub-group of forgings after the
FEL's Metallurgical Engineers have issued a manufacturing or quality plan for the entire
original group. In addition, inaccuracies in the processing of an individual forging at a
certain stage in the manufacturing sequence will, if not subject to a concession, require
correction through modifications to the requirements placed on a subsequent process.
Such modifications require the issue of new versions of the relevant process plans or

orders, but only for the forging to which the modification apply.

A further disadvantage of a simple link structure arises because not all the links shown
in Figures 4-2 and 4-3 are valid for all the forgings that FEL manufacture. Quality
Plans, for example, are only drawn up for forgings above a certain size or if required by
the customer. Thus, if the records in the Forging Status file were to have fields
available for the keys required by all the links, many of these fields would contain null
values for a high proportion of the forgings undergoing manufacture. Null values
should be avoided, as DATE has commented [D90], especially for fields that are used
for primary attributes. The presence of null value in a field should normally be taken to
indicate that thé relevant data, or "real world", processing stage has not been completed.
Confusion can obviously be generated if a null value in a field could also indicate that

~ the relevant stage is not required.
4.3.1.1 Links between Planning Areas through the Family of Status Files

Figure 4-5 shows the way in which the logical relationships between the different data
files were implemented in practice. In order to avoid redundant data and null fields, the
facility to chain relationships was utilised allowing the pointers necessary to establish

the logical interconnections between the data files to be decomposed into a family of
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status files. The titles of these status files are Forging Status, Manufacturing Plan Status
(MP_Status), Quality Plan Status (QP_Status) and Steel Order Status (SO_Status).
Details of these status files definition and functions are listed in the appendix 1-1
together with their relations with other forms. The relationships between these relations

are listed in appendix 2 showing how system forms are linked each other.

This structure avoids null fields because, for example, no record will exist in the
QP_Status file for a group of forgings if a Quality Plan is not required for that group.
The existence of a record in either the MP_Status or QP_Status file always indicates
that the corresponding plan should be in existence. The structure also avoids redundant
data, since, for example, there will only be one MP_Status record relevant to a group of

forgings being manufactured under a single Manufacturing Plan.

Figure 4-5 shows more clearly the four different planning areas within the FEL
Technical Database. The Manufacturing Plan planning area, for example, contains
three linked data files used to develop and record the basic information for the
manufacturing plans. These data files are the Manufacturing Plan file, the MP
Operations file and the MP Test Unit file. These files, and the procedures for their
manipulation, constitute the Manufacturing Plan planning area. The diagram shows that
this area is linked, to the Forging Definition File and then to other planning areas

through the MP_Status file.

It can be seen that the status files establish the links between the planning areas. It is
necessary to establish and record these links to allow forgings to be grouped in different
ways in the four areas. Forgings are grouped in the Forging Definition Planning Area
in the way in which they are ordered by customers, individual records in this area
applying to these forging groups. Forgings are normally grouped in the same way in the

Manufacturing Plan and Quality Plan Planning Areas, but single records are sometimes
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created in these areas for more than one group from the Forging Definition Planning
Area. The function of the MP_Status file, then, is to correlate the keys of the current
records in the Forging Definition and Manufacturing Plan Planning areas that apply to
the same group of forgings. The QP_Status file discharges the same function as far as
the Quality Plan Planning Area is concerned. A separate file is required for this area
because, although the same groupings are used initially in planning the Manufacturing

and Quality Plans, revisions to plans in these two areas do not necessarily keep in step.

Figure 4-5 shows that the link between the Steel Order and the Forging Definition
Planning Areas involves two files, the Forging Status File itself and the SO_Status file.
This is because the forging groupings used in the Steel Order Planning Area are
determined by the need to cast the steel, from which the forgings are to be
manufactured, into individual physical ingots. Depending on the sizes of the forgings
to be manufactured, these ingots can be used to make several forgings, a single forging,
or large forgings can require steel from as many as three arc furnace charges. The
Forging Status file contains an individual record for each forging for which the
manufacture process is being planned or is under way, and is the only file in the
database that does so. It records the Forging Definition Planning Area key that applies
to each forging. The SO_Status file, of the other hand, contains an individual record for
each forging for which a steel order is being planned or has been placed, showing the
relevant key of the Steel Order Planning Area record. Since some forgings are made for

which a steel order is not required, the records in the two files do not remain in register.

Figure 4-5 shows that the collections of the data files and their attendant relations
constitute a relational database so that the planning areas are not independent and
isolated from each other. The use of the relational database architecture to establish
links as required allows data records to be shared by the entire system. Although the

family of forging status Data files link planning areas separately to the Forging
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Definition file, the facility to chain linking relationships means that  these links can
be extended to allow the transfer of information directly from planing area to planning

area.
4.3.1.2 Functions of the Forging Status File

As stated above, the Forging Status file is the only file that contains an individual record
for each forging for which a forging definition has been created and therefore for which
an order has béen placed. Thus the Forging Status File can take on a monitoring role as
far as the Planning processes in all the other areas are concerned. Thus, whenever a new
planning record is created in any area, the relevant planning procedure will first check
that the FEL order numbers specified for that record exist in the Forging Status File.

Planning can only then proceed if the result of that check is positive.

The Forging Status file is also the only file that has highest of security level and can not
normally be accessed by system users. Data in it is only manipulated through system
query procedures specially designed to perform data entry, modification and deletion

automatically, e.g. procedures specified in appendix 4-1-1.

'FEL Order numbers provide the key field in the Forging Definition file and in the
Forging Status file, but with completely different formats. In the Forging Definition
file, a string format is needed to group all the forgings in a given customer order for
example eight items from 55432 to 55439; in the Forging Status file, a single number
format is required to provide the uriique identity of a single forging. As part of the
automated procedure that creates a Forging Definition record, the string format is
decomposed into the corresponding set of single numbers, and a Forging Status record

created for each number, the numbers acting as the key values.
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Further procedures were created to update the single FEL Order Number records,
whenever a modification of revision was made to a record in Forging Definition file.
Thus, each FEL Order Number in the Forging Status relation is always able to point to
correct Forging Definition record in order to link other status files together in the

manner illustrated in Figure 4-6.

4.3.2 Facsimile File Approach

Before going into detail discussions about each planning area, it is necessary to
introduce the concept of facsimile files, which is used to a great extent in the operations

described in the next few sections.

Facsimile files are designed as temporary relations identical to sets of records and used
for certain of the data process operations. The advantages conformed by the use of

facsimile files include:-

1. Performing rules in fields

Rules can be defined to control the entry into a field or apply constraints, for -
example, validate the control of information. When a Forging Definition

record is modified or revision, for example, we want to make sure that all the
changes made to the string of FEL Order Numbers are valid. We can build rules
to detect whether the new string is within the range of the old string of FEL
Order Numbers. This enables subsequent procedure to transfer modified data

correctly into both the permanent Forging Status and Forging Definition files.

2. Performing word processing

Unless we use program to rearrange records in relations, DataEase does not

allow new records to be inserted among old records. When a manufacturing

<Page 49 >



CHAPTER 4 DEVELOPMENT WORK ON FEL-CAPP SYSTEM

d1L] uoIIUYR( Sui310 Ul SApUNg SH YA *ON JIPIQ TAA 1BulS qul| 03 1 sne)§ Fuidaog Ul s1)uI0d 9-p "I

d vSv00 089€6S¢
d ¥S¥00 6L9¢66S¢S
d YS¥00 8L9€CSS
.............................. v €500 668L95¢
...... T6/L0/81 0€/LT68IL| O |9SC00f TISHOIID 08/8L9€SSS d | ¥S¥00 Vv €600 868L9€S
...... T6/S07C0|  6ULT68AL| V |95200| CISHOIIO |  6/3L9ESSS V| ¥5v00 V| €500 | L68L9SS
...... T6/10/8C| T€/SC68UL| V |C£600| LSEEOTID |  6/E68LISS V| £5700 V| €500 968195S
...... 06/60/10| 9€€¥980UL| d [€I0V0O| LSHPVOTID LLIESSS v <S¥00 A\ €500 €68L96¢C
...... 06/L0/T1 9/SET68AL| V |T6100) TOSHOITD T/168LISS v 16400 v €500 ¥68L9€¢
...... pr) ore( | Summelq ysn)|dnoiny| SHJ |'ON Jowosn) |‘ONT O SHOM |I9AdI|'ON" Al v £6400 €68L9SS
i uoniuyd( Suidaoq v ek i
. ote . v 16¥00 C68L9¢S
v 16¥00 168L9¢€¢

A Al |'ON dI | 'ON 19pIQ T

9L smye)g Suid.ao g

< Page 50 >



CHAPTER 4 DEVELOPMENT WORK ON FEL-CAPP SYSTEM

plan is modified, it is normally because new operations or comments are to be
inserted. By using a facsimile file, we can add one more field to indicate the
new range the user wants. Once the user is happy with the modified plan, the
subsequent procedure can re-arrange the operations placed temporarily in the
facsimile file before transferring the relevant data back to the permanent process

plan files.

3. Data Security

By linking facsimile files with specific relations, it is possible to limit user's
access to certain information in the system. Although DataEase provides a
number of security levels which allows a security structure to be designed in the
system, it was found not to be sufficient for the complex system developed here

in which the knowledge and manufacturing rules are stored.

4. Quarantining Modification Activities

Facsimile files allow the process, by which the issued version of a plan is
modified prior to the issue of a revision, to be 'quarantined' from the day to day

use of the existing version.

These are the main reasons facsimile files are adopted for the data process operations.
Further advantages will be demonstrated in the following discussions in relation to

individual problems.

4.3.3 Process Planning and Data Manipulation

This chapter briefly explains the individual planning areas and their data manipulations.
Each section will begin by introducing the individual data structures followed by a

description of the generation of process plans. In the Steel Order Plan planning section,
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the generation of the process plans and the development of their corresponding
steelmaking programmes will be explained, together with the way in which expert
knowledge already stored in the database is re-used in process plans for the same or
similar specifications. The discussion demonstrates the capability of database systems

to store, search through, revise and extend large amount of data.

Two data processing operations, modification and revision, will be referred to
extensively in the report. These have importantly different meanings in this CAPP
system. The modification of a record is a process that goes on during the initially
planning for drafting stage, before the record has been approved and issued for any
action other than planning in the 'home' planning area. During this period, the process
planner can make any changes to the plans according to their experience, customer
requirements or specifications and standard testing procedures. But once they have
been approved or issued for production or for use in any other planning area that issue
cannot be changed. This is an essential rule operating within FEL. Changes to an

issued record therefore require another data processing operation, named revision.

The revision of a record is based on the previously issued record. When the new record
is generated, the operating procedure allocates a new issue letter for it, to distinguish it
from the original record. This new record becomes the current one and modifications

“can be made to it within its home planning area, up to the time that it, in turn, is issued.
4.3.3.1 Forging Definition Planning Area

This planning area develops basic information for use by the whole Database system,
much of it essential for the operation of the other parts of the system. Records in this
planning area provide the central link between the forging status relations and the

information to be shared by the whole system.
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There are three main data planning sub-areas, A, B & C below. Each performs

individual record processing, creating, modifying and revising operations

The data stored in these relations normally remains un-changed once they have been
created. Appendix 1-2 contains a list of the relations in this process planning area,

giving their fields and the functions of principle fields.

A. Customer Relation

The customer relation, or file, stores relevant information about all FEL's world wide
customers: customer's address, post code, telephone number, Fax number, and so on.
Each record is identified by a unique number assigned by the system when a new
customer is entered. This number will be used in other relations to draw in customer
data as required. For example, each record in the Forging Definition relation needs to
have a field, customer number, to link to the data in the Customer relation. A one to
many relationship therefore exists between records in the Customer relation and in the

Forging Definition relation.

B. Specification Relations

The three relations - Specification, Chemical Range and Mechanical Properties,
constitute a data structure for storing the specifications of forgings. The Chemical
Range® and Mechanical Properties are sub-forms of the specification relation, because
each chemical range may have more than one mechanical property range depending on

the ingot sizes and heat treatment cycles required by the customers. This structure

% The Chemical Range is the maximum and minimum contents of 18 pre-defined solute elements - [C],
[S], [O] etc. plus the contents of up to 4 further solutes the can be defined by users.
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allows one chemical range to serve several mechanical property ranges to form
individual specifications which, in turn, are shared by many other proceés plans. This

minimises the storage space required and avoids redundant data.

Each record in the Chemical Range relation corresponds to one issue of one grade of
one specification from a particular source and is automatically allocated an FES
(Forgemasters Engineering Specification) code by which it can be identified. A
subsidiary relation, mechanical Properties, stores, by Group Letter starting with "A", the
mechanical property groups that correspond to each chemical range record. The only
data from the Chemical Range relation that is stored in this subsidiary relation is the

FES Code.

Record creation, modification and revision are controlled by the specially developed
procedures within the database management system. When any one of these operations
is initiated, the procedures create one or more temporary facsimile files that can only
exist within the planning area. This allows the procedures to check that the local record
conforms to specific necessary constraints and quality requirements before it is stored in

the database and made available for use throughout the rest of the system. These checks

include the followings,

1. When a user wishes to create a new record, the programme only allows the user
to proceed if the specification, grade, and issue for the given source do not
already exist in the database. This maintains the uniqueness of the records in the

database.

2. Day to day users cannot modify any specification which has been quoted in any

existing manufacturing plan.
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3. The user can only save a new record if certain fields have been filled, primary
key fields and foreign key fields, and some required fields, such as specification
name, source, and conditions for the heat treatments, these fields being

necessary to help users to trace the record.

Users working in the Forging Definition Planning area cannot enter a specification to
modify once it has been issued into the system. If further modification is required after
the accidental issue of a specification, a formal procedure has to be followed as will be

explained in section 4.4.1.1.
C. Forging Definition Relation

As Figure 4-5 shows, the Forging Definition relation plays an essential role throughout
the database. The other relations previously considered - the Customer and
Specification relations store basic information and need to be created before data can be
entered into the Forging Definition relation. This is because the forging Definition

relation includes their key fields as foreign keys to link to information they contain.

The Forging Definition relation had no parallel in the manual system that the database
system is designed to replace. Most of the data stored in the Forging Definition relation
existed in other parts of the manual system. It is necessary to draw it together in the

computer database system so as to,

1. provide links between the QP_Status or MP_Status and the Forging Status
relation, to which is linked the SO_Status, in such way that the system as a
whole is organised to achieve the manufacturing hierarchy structure previously

discussed in chapter 3.
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2. save disk spaces; the data stored in Forging Definition and its related relations
are unlikely to be changed after the works orders have been issued, so a Forging
Definition record is not affected by alterations to other process plans. Tﬁe
relations defining these other process plans need ohly record the Forging
Definition primary key values in order to gain access to all the information in the

Forging Definition planning area.

3. group multiple works orders together for the same definition. This simplifies the
creation, operation and maintenance of the records, and is facilitated by the use

of a numeric string data format for the FEL Order numbers,

The rule based query procedures for the creation, modification, and revision of the
forging definition records are made available to the user through menu choices. The

user can run any of the operations as explained below.

For the creation of a new record, the procedures creates a temporary facsimile file into
which the user enters the new information. Query procedures then check to see that

specific rules have been followed.

1. The FEL Order Numbers must be a minimum of 7 digits long, for example,

5527061 is a legal number;

2. The first number, comprising the first 7 digits, must be smaller than the last
number, taken from the first and last few digits in the string format, if we take an
FEL Order number string, 5527190/301, as an example, the first number would
be 5527290 and the last number be 5527301,
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3. Any of the order numbers specified must not be any number already in existence

in the Forging Status relation.

Any error detected will stop the user proceeding. Finally, when the user has entered the
required data satisfactory and proceeds to the creation of the record, the procedure will

assign a new ID_No. and the issue letter "A" for it, and automatically enter all the items

into a record in the Forging Status relation.

In the record modification operation, the procedure will only load forging definition
records used in a related current manufacturing plan. Also the procedure will not allow
FEL Order Numbers to be modified because this could result in anomalies in the system

and would certainly not be a valid operation.

In record revision operations, the relevant procedure will only load Forging Definition
records that have been used in an issued manufacturing plans. The revision operation
may involve the decomposition of the original FEL Order Number string into other
number groupings. The query rules would check this decomposition has been carried
out correctly and does not produce invalid number strings. Once the user has confirmed
that a new version of the Forging Definition record should be created, the procedure will

create it and modify the records in the Forging Status relation with a new sequential

issue letter.

Once the forging definition records have been created, the information can be passed

through down to the other planning areas as described in the next few sections.
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4.3.3.2 Manufacturing Plan Planning Area

Manufacturing plan planning is normally the second area of data processing in the
system, hereafter called area 2. As Figure 4-5 shows, it is linked by the MP_Status
relation to the Forging Definition relation, through which, it is further linked to the other
planning areas. The MP_Status relation, the Operation and the Test Units, constitute
the component parts of the manufacturing plan. There is a further relation which is not
shown in Figure 4-5, RM(_Z_Scrap relation, which stores standard scrap and turnings
codes for each RMC (Rationalised Melting Code) recorded in the Manufacturing Plan

relation, as shown in the appendix 1-3.

These codes describe different categories of internal scrap and internal turnings
depending upon chemical composition. Only certain of these categories can be used for
any specific Rationalised Melting Code. The relationships between the RMC codes and

the scrap and turnings codes represent metallurgical knowledge built up over many

years.

The manufacturing plan data structure is shown in Figure 4-7, with default data to show
how records in the different relational tables are drawn together to form one

manufacturing plan. Figure 4-8 shows the hierarchy between those different relations.

The data processing operations involved are the creation, modification and revision of
manufacturing plans. Although the planning area is at a high level in the manufacturing

hierarchy, these operations require information taken from the previous area.

The designing of manufacturing plans is a complex operations. Not only does it specify
the operations to be undertaken, but indicates their scheduling as well. Each operation

would be allocated to a operation site, with an instruction note and a quality control
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Manufacturing Plan
MP_No. 0642 Issue:B
MANUF. PLAN
Main form from relation Manuf. Plan MP_No.| Issue| Name | Date | RMC | Others] QA.Com
0642 B | A.K. | 8/1/94| 9980/3 texts | BS5750
7
] MP_STATUS
Sub-Form from relation, MP_Status, MP_Nol Issue| FEL Order No| 1D Ver,
to indicate all related FEL Order No.(s) 0642 | B | 5527065 A
and their relevant information such as 0642 B | 552706072 B
Customer, Drawing No. and Spec. etc.
7 7
Manuf. plan operation details from OPERATION . _
Operation relaion to record all MP_No.| Issue| SEQ| OP_No| Operation [Comment | QA_act | Prod_Time
operations specified in the plan 0642 | B 1 1__| CastIngot| Textl w033
0642 | B 2 2 | Forge Text2-1] ... w035
0642 | B 3 Text2-2] ...
0642 B 4 3 Machine | Text3 | ... w036
0642 | B 5 4 | H Treat | Textd | .. w036
0642 | B 6 5 | U/STest | Texts | ... -| wo37
0642 | B 7 6 | FinalM/C| Text6 | ... w038
0642 B 8 7 Test X Text 7 wo39
0642 B 9 8 Doc.Pre | Text8 s wo39
0642 | B | 10 | 9o |Dispatch | Text9 | ... W040
v 7
TEST_UNIT
Test requirements from Test_Unit MP No.| Issue | Test No | Test ‘Test Unit - | Comments
relation to record all tests and its 0642 B 1 Analy. | Each Forging
units requirements _0642 B 2 Stress | Each End 7
7
RMC Codes for related information RMC_SCRAP
fmm RMC Scrap relation RMC Solid)Code Tumings Comment
RMC.9980—/03 9980/03 NEL NEL Steel G 1
8991/01 ML CL Steel G 3
7 7

FIG. 4-7 Manufacturing Plan Data Drawn From Different Relations
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code. In order to speed up the creation of the plans, the manual system has been

modelled by introducing a series of coded master plans.

Each master plan has a unique number as the main key, representing the other
composing fields of an RMC code, a heat treatment cycle codé and a steel grade. Those
fields have been defined as the main relation. Apart from this relation, the master plan
relations have exactly the same data structure as the manufacturing plan relations.
During daily operation, only the chief metallurgist can alter the master plans according
to his experience and the manufacturing results. Once they have been completed
satisfactorily, these plans can be drawn on by other planners to design new
manufacturing plans for the same or similar forgings. This provides an alternative way

to the one described below to create a manufacturing plan.
A. Creating of a New Manufacturing Plan

When a user starts a new manufacturing plan, the system asks for the designation of the
FEL Order Numbers to which it would apply. The procedure searches to find a match,
or matches, with the Forging Status table. If this search fails, the system informs the
user requesting a correction to the order number specified or a check to discover
whether corresponding definitions have already been entered previously into the
database. Providing the forging definitions do exist, the user can proceed and the
manufacturing plan sequence can be started which causes the following events to

happen within a few seconds:-

1. A unique MP_No. and the first Issue Letter "A" are assigned for the new
manufacturing plan.
2. Since the range of FEL Order number covered by any one manufacturing plan
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could correspond to more than one Forging Definition, the procedure
decomposes the FEL Order number range entered in the manufacturing plan into
sub-ranges to correspond to the Forging Definition records and creates one

MP_Status record for each sub-range.

3. The manufacturing plan is created with certain administrative information, such
as the current date, the initiator of the plan, etc. A draft plan is then created
using the most used set of manufacturing operations, or the manufacturing
operations from the coded master plans for the particular specification and
forgings. Either of these list of operations appear as a default which can be

modified by the user later on.

The operations specify the steelmaking and degassing procedures to be used, the forging
and machining procedures and heat treatment required. They also specify the types of

testing to be used.

B. Modify Current Manufacturing Plan

Manufacturing plans not yet issued may be modified, since their relevant records are
stored separately from these for issued manufacturing plans as facsimile records. The
files for manufacturing plans currently under development and issued for use in
controlling production have identical data structures. A field in the MP_Status records
called 'In_Progress' has the value "NO" for all the current manufacturing plans
undergoing modification, A "YES" value in this field indicates that the relevant
manufacturing plan is ready to be executed in production. Use of this dual structure is
essential since planners normally spend more than a single session in planning,

especially when dealing with complex forgings.
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Modifications to the manufacturing plan normally involve editing operations which
require the operation sequence to be re-arranged. In order to provide some degree of
word processing ability within the database, an additional field has been added to
records in the operations relation in the manufacturing plan area - the Line Sequence
Number (LSN). As long as the line sequence numbers are specified in any sequence of
numbers, the procedure rearranges the line and operation sequences so that the
operations can be printed in order, however many lines of type are needed to specify

each operation.
C. Revision of a Manufacturing Plan

Even though a manufacturing plan has been issued, it may require revision: a customer's
requirement may change whilst the forging is being manufactured, or experience with
an earlier manufacturing operation may require a later operation to be modified. Itis
essential that the manufacturing plan issuing procedures conform with the qualityv
assurance procedures within FEL which meet either ASME or BSEN ISO 9002
standards. The data processing procedures must therefore mirror the rules about the
manual activities. One example is the evolution of issue letters through the alphabet

sequence "A" to "Y" omitting letters "I" and "O".

Once the revision operation is initiated, the programme generates a facsimile set of
records from the issued ones and locates them in the files of current records being
modified. This allows the user to perform the editing operations described in the

previous section.

It will be apparent that there may be two records for the identical FEL Order number
string in existence in the MP_Status relation, one with a value of "YES" for the forgings

in progress field and one with a value of "NO", the latter being for the plan under
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modification. The latter can not be connected to any data execution in parts of the
database outside the Manufacturing Planning Area, and, moreover, the existence of the

revised manufacturing plan in the current manufacturing plan files stops execution of

the previous plan.
4.3.3.3 Quality Plan Planning Area

Quality Plans are always created for complex forgings or are required by some
customers. In both cases, the quality plan contains detailed descriptions of all the
operations necessary to produce the desired forgings. Quality plans are additional to the

Manufacturing Plans which normally comprise no more than one page of information.

The quality plan planning area is linked through the QP_Status relation to the Forging
Definition in the same way as the manufacturing plan area is linked through the

MP_Status. The Quality Plan planning area contains many sub-plans as follows,

1) Quality Plan (QP);

2) Heat Treatment Procedure (HTP);

3) Forging Procedure (FP);

4) Control Document Status List (CDSL);

5) Cleaning, Packing and Protection Procedure (CPP);
6) Mechanical Testing Procedure (MP);

7) Special Procedure (SP).

In Figure 4-5, we have outlined the relationships between the main files associated with

the quality plan. Each of these plans has its own sub-relations or related files which are

listed in the appendix 1-4.
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The two status relations, HTP_Status and FP_Status, state the FEL Orders numbers to
which the HTP and FP respectively apply. As shown in appendix 1-4, those two
relations have similar field definitions as the QP_Status file. Altﬁough all these
procedures should apply to the overall total number of FEL orders specified in Quality
Plan, it is necessary to have several HTP or FP procedures for one Quality Plan. These
two status relations are thus necessary to show the FEL Order Numbers to which a
particular HTP or FP procedure applies. The procedure number is the third identifier for

both of the procedures.

In all these plan relations, we use a combination of at least two fields to identify a
unique record. The first field values are the MP_No. taken from the manufacturing
plan, for the same grouping of FEL Order numbers in order to associate them with each
other. Before creating any of these plans, the programme will ask the user to enter the
FEL Order Numbers to which the plan will apply so that the procedure can read the
Forging Status and, from that, read the MP_No. from the top level of the manufacturing
plan hierarchy. The quality plan and the manufacturing plan are at the same level in the
hierarchy, but, for ease of data manipulation, the manufacturing plan must be created
first. This allows the Quality Plan to use the same identifier as the Manufacturing Plan.
This identifier is very important since it links all the related plans together so that they
may share information. The first identifier is not changed when a plan is revised to the
next issue. Once the new issue has been approved, the previous one is withdrawn from
the database to archive. The top issues of these plans can therefore correspond with
each other as shown in Figure 4-9. Figure 4-10 shows the hierarchy of the Quality Plan

and Manufacturing Plan relations linked by the first identifier.

FIG. 4-1 O(é) shows the manufacturing plan and quality plan hierarchy environment in
the form of an ER diagram. Each entity box represents a relation, which has been

decomposed into BCNF form. The notation used follows the methods given in [J88].
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4.3.3.4 Steel Order Planning Area

Steel Order design is a activity conducted in this planning area, but the area also
contains information fed back from the sister company, concerning the steelmaking
programme and the cast analysis. It is the most complicated area in the process

planning system.

The FEL Melting Range and the Ingot Requirement are the main items to be developed
in the design of a Steel Order. The melting range is the chemical composition té be
achieved according to customer specifications or requirements, as well as the present
capability of the steelmaking processes and cost of these; while the ingot requirement is
the designation of ingot sizes and some relevant parameters to be achieved, of which
cost factors are also important. Both melting range and ingot requirement are the
responsibility of different specialists - metallurgist and forge planner. Metallurgists
normally take decisions in this part of process plan designing process. The system
must, therefore, be able to pass information across to the forge planners. So that, once
the steel order design has been completed by the metallurgists, the forge planners are
then able to carry out their part of overall process plan. The system is designed to stop a
steel order being issued without the metallurgists having approved the section for which

they are responsible.

Once the steel order has been passed to the steel melting shop, the steelmakers are
required to present their steelmaking programme to FEL for approval. As soon as the
ingots are cast, the cast analyses must be recorded in the database. Both the steelmaking
programme and the cast analysis are then checked to see that they meet FEL's

requirements.
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Appendix 1-5 lists all the relations in this planning area. Among them, FSL_Proc,
FSL_Ingot, FSL_Programme constitute the Steelmaking Programme, and
Analysis_index and Analysis constitute the Cast Analysis, although neither is shown in

Figure 4-5.

1. Steel Order and Ingot Réguirements

As shown in Figure 4-5, the SO_Status, Steelord and FEL Melt. Range relations form
one part of the steel order, and the relations - Ingot Requirement, Ingot Status and Ingot,
form the other. Even if they come together into one process plan, we need to keep two
status relations because they serve two different functions. The SO_Status (Steel Order
Status) uses a single FEL Order Number format in each record, the Ingot Status uses a

string for the group of forgings since a single ingot can be formed into more than one

forging.

All these relations except the FEL Melt. Range relation, use the same field combination
as the primary key to identify the relevant records. The FEL Melt. Range on the other
hand is identified by its unique number, Melt. No., which is recorded in the Steelord

relation.

2. _Steelmaking Programme and Cast Analysis

Every works order that is required to be cast by the steel melting shop should have its
corresponding steelmaking programme and cast analysis reported from the sister
company, FSL. It is therefore necessary to add primary keys from both reports into the
SO_Status relation for each single order number. Null value would occupy those fields
in SO_Status, at the steel order designing stage. These values mean that no relevant

report exists in the related files at that early stage of the forging manufacturing
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sequence. When steelmaking is complete, those two numbers will be assigned to each

works order in order to relate all the plans and reports together.

It is necessary to point out that the data manipulations within this area are dealt with in a
similar fashion to data manipulation in other areas, i.e. data operations take place on
records created in temporary facsimile files before entering those records into the

database and issuing them for execution.

Constructing a melting range is one of the major tasks in the steel order design. It requires
expert knowledge and experience. The system is designed to assist the experts in tracing a
satisfactory melting range quickly and consistently, or to design a new one based on certain
constraints. The intention in designing the database is to improve the standardisation of
melting ranges and to provide a rational way to modify and extend the melting ranges in
use. This will be examined in detail in section 4.6 to show how the system assists in the

design of melting ranges.

4.4 Quality Assurance Functions

Quality assurance tasks are considered, at FEL, to be the prime concern that underlines
all activities from the start of a contract order, through all the processing steps up to
finish and delivery; ensuring that the correct methods and techniques have been used at
all stages and that they conform to the required standards. The following tasks have
been identified and incorporated into the current database system.

1. Updating specifications;

2. Recording the issue status of process plans;
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3. The feeding-back information such as melting programs and ingot analysis, etc.

The selection of these tasks is controlled through the menu system developed as shown

in Figure 4-11.
4.4.1 Integration of Quality Assurance Functions

Apart from specifications which already exist in the database to support metallurgical
functions, the other QA aspects have not been described. In this section, we first
discuss how the QA function is applied to the control of specification withdrawal, and
then move our attention to organising and maintaining the issue status of process plans
and automating the approval and acceptance mechanisms for melting programmes and

ingot analysis.
4.4.1.1 Specification Control

The specifications are actually stored in the current database and entered by
metallurgists in the forging definition database planning area (see Fig. 4-5). Their data
structure has been described in the section 4.3.3.1 dealing with Forging Definition
Planning Area. This section will show how quality assurance functions are incorporated

by modifying relations already described.

According to the company's ASME Quality Manual for the control of the steel
specifications, previous issues of a specification should be withdrawn once a new

version is issued. In a manual system, hard (paper) copies of a specification can be
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1. Enter a Record for Document
Approval from Customer

. . 2. Enter a Record for intemal

1. Edit Uncirculated Spec. Document Distribution

3. List Docu. Distribution Status [€

2. Create a Specification

. 4 Others
3. Withdraw of Specification.

4. Others

1. Documents Awaiting
Customer Approval

2. Rejected Document Awaiting
Re-Issue

3. List Documents sent to
Customers

4. List Internal Distributions

1. Knowledge Data Bank Menu (€ not yet returned

2.D Distribution M 5. List Document Distribution for
. Document Distribution Menu Specified Department

QUALITY .
ASSURANCE > 3. FEL Melting Programe Menu

FUNCTIONS

4. Forging Analysis Menu

1. Check FSL Melting Program

5. IDN and Concession Menu &

2. Melting Program Data-entry

3. Print Discrepancy Report

4. Others

1. Edit IDN Report

2. Edit Concession Report

. Check Forging Analysis

3. Enter an IDN report
2. Forging Analysis Data-Ent

4. Enter a Concession Report sing Y v
) . 3. Print Prod. Traveller Cards
5. Print a Concession Report

. . 4. Others
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FIG. 4-11 Menu System for Quality Assurance Functions
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withdrawn from the specification storage cabinet to be destroyed, while the specification
data still remains in place in the process plans that are still to be completed, or have
been completed. In a computer based system, one specification record will serve
specification used in very many process plans, both in progress and archived: The
record cannot be deleted, but must be disabled for use in future process plans, once a

updated version has been issued. Therefore,

1. the previous issues of a specification should be disabled for further use but

retained in a computer based system;

2. the pointers linking the disabled specification to the records of those process

plans that used it should remain in place.

In order to do this, a ficld, 'ALIVE' was added to the specification relation indicating
whether or not a specification is valid. This field is automatically filled with the value
"Yes", to indicate a valid issue, as part of the procedure which issues a new or updated
specification. Here, the '"ALIVE' field value can have different interpretations if it has a

value of "No"; depending on whether the specification has been issued or not.

If a specification has been issued, and the field '"ALIVE' = "No", the specification
associated is obsolete and can't be used in any new process planning activity; If the
specification has not been issued, the field 'ALIVE' will equal "No", because it has not
yet been changed to "Yes" during the issue process, so that the specification record will
be a candidate for further modification prior to issue. A further check is necessary,
however, before the relevant data entry procedure will allow the specification file to be
modified. This check is carried out by examining the process plan records to discover

whether the specification has been used in an existing plan. Only if that is not the case,
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will the procedure allow a record with '"ALIVE' = "No" to be modified within the

Forging Definition Planning Area.

In order to maintain the security of specifications in éirculation, the field 'ALIVE' is
allocated to a security access level higher than that available to the metallurgist: only
QA personnel can access the field. This rationalises control procedures within the
database system. This function is accessed through the menu item called 'Withdrawal of
specifications' amongst the Quality Assurance Functions shown in Fig. 4-11, the query

procedure being listed in Appendix 4-2.
4.4.1.2 Process Plan Distribution Status

The current manual system operated by the Company incorporates set procedures for
controlling the copies of documents related to process plans and circulated throughout
the company. These procedures involve the issuing and withdrawing of documents to
and from their points of use. Documents include all process plans in the previous
discussed process planning areas. Although a fully dedicated computer system could
carry out the correspohding processes automatically, the current system has to be
designed to work in parallel with the paper system. Controlling the issue and
withdrawal of paper documents must therefore be recognised as specific tasks to be
carried out by the computer system, not least because these tasks are specified as steps
in the Company's QA procedure which has been prepared to meet ISO, BS and ASME

standards.

There are two systems for document distribution status, one for internal distribution and
the other for customers distribution. The internal document distribution status system,
named Document Distribution Matrix (Appendix 1-7-1), records the issue/withdrawal

status of paper documents related to all their internal points of use; while the customer
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issuing status system, named Document Sent (Appendix 1-7-2), records the same
information as the internal system, but also indicates that an approval process is

required.

Internal Document Distribution Status

Three relations have been designed for this task as can be seen in appendix 1-7-1 which
lists the fields in each relation. The main relation is identified by document name and
number. For each record in the main relation, Docu_Distribution, there may be several

records in the sub-relations, Issue_Status, and Distr Matrix.

There is one record in Docu_Distribution for each document (key identifier is document
name and number) and 7 fields in each record list the issues of that document that are in
circulation. In addition, a further field 'Cleared' can be set to "NO" if there are issues of
the document still to be returned. For each issue, including those that have been
withdrawn from circulation, one record exists in the Issue_Status relation to record the
date of issue and a general purpose comment field. Each record in the Distr Matrix
relation refers to a document and a single point of use (key identifier is document name
and number and depariment name) and lists the issue/withdrawal status, at that point of
use, of the each of the seven issues listed in the Docu_Distribution record for the
document. The Departments to which the document should be sent can be read from a
further relation, Docu_Departments, which contains the standard distribution list for
each type of document and which therefore controls the number of records that exist in

Docu_Distribution for each document.

The seven fields in the main relation, Docu_Distribution, maintain the correct sequence
and order of the document version letters starting from A to whatever, but omitting I, O

and Z. Data entry control formula limit the entry possibilities in the first field to "A",
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"H", "Q", or "X", with other fields progressing through the alphabet. The seven fields in
the sub-relation, Distr Matrix, for each departmental record, indicate whether or not the
version of the document defined in the corresponding fields in the main record, has been
returned by the indicated value of "Yes" or "No". Because there are only seven fields to
maintain the withdrawal status on distributed documents, the maximum number of un-
returned previous issues of the document can not exceed 5. This has been enforced by
the formula in each field, for example, if a department is holding five issues of a
document from "A" to "E", the next issue, "F", of that document cannot be distributed to

that department unless the first issue, "A" is returned at this stage.

Limiting the number of fields that can store this type of information to seven saves disc
space, but of great importance in respect of the QA function, is the limit of five placed
on the number of versions of a Specification, Process Plan, or any other printed

document; that can be in circulation within the Company at any given time.

Customer Issuing Status

The maintenance of the customer issuing status is rather simple compared with the
internal document distribution status, but shows same equally important aspects. Two
relations, Docu_Sent and Sent_Status, have been designed for this particular task as can
be seen in the appendix 1-7-2. Document name and number are the key fields
identifying each record in the main relation, Docu_Sent. For each record in the main
relation, there may be several records in the sub-relation, each referring to a different

issues of the document that the customer is holding and can containing the field, 'Status

which can be set at 'Awaiting re-issue', 'Approved' or 'Not-Returned'.
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4.4.2 Automation of QA Functions

It has been observed that QA control activities are enormous and time consuming. In a
manual system of QA control, QA personnel need to fill in tables for recording the
distribution of each document for each department and customer. For hundreds of
orders with up to ten process plans, there are thousands of tables to be filled and
constantly checked. For a big contract or complex forgings, it is quite often that a
process plan version development can be up to more than 10 issues. This makes the
situation much more difficult. The need for a rationalised computer system is obvious,
and benefits that such a system can bring are significant. We have already shown how
the QA function can be incorporated in the system in relation to the control of
specifications and other documents. Other functions such as diagnosis checking will be

discussed later in this chapter, but below automation in other areas is described:-
4.4.2.1 Internal Document Distribution Check

Two automation facilities have been provided, one is to simplify the distribution of
issue "A" to departments, the other is for listing departments which are holding

documents due for return. They are run under the menu of Document Distribution in the

Quality Assurance Functions (Fig. 4-11).

1. First Issue of a Document Distribution

A control query procedure is designed for entering the records of internal document
distribution as can be séen in appendix 4-2-2. Each time, when the first issue of a
document is issued, the control procedure will create a record in the relation,
Docu_Distribution, and create another record in the sub-relation, Issue_Status, by

putting two more values such as issue letter "A" and issue date. It then reads the
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distribution requirement from the Docu_Department file and copies them into document
distribution relation file, Distr_Matrix in addition to the issued document name and
number. As a result, the rule stored in the first field among the seven 'Issue' fields in the
main relation, Docu_Distfibution, will be triggered to generate "A" and the
corresponding first field in the sub-relation, Distr Matrix, is set to "No" to indicate that

the issue sent to a department is not to be withdrawn.

2. Listing of a document distribution

A query procedure has been designed to list departments which are holding un-returned
documents, see appendix 4-2-3. In order to speed up this process, the field, 'Cleared!, ih
Docu_Distribution is first examined. If'Cleared' equals "Yes", no un-returned
documents remain in circulation, so that the query procedure needs only examine those
records with 'Cleared' equal "No". For these records, the procedure then examines the
corresponding records in the relation, Distr_Matrix, to find out which departments hold
the un-returned issues. The final results can be sent to screen, or printed on paper for
sending to the relevant departments. This system has greatly improved the speed and

reliability with which un-returned documents can be traced within the Company.

4.4.2.2 Customer Document Status

The procedure for reviewing the status of documents sent to customers is similar to the
internal procedure, but simpler. A field called 'Finish' in the relation, Docu_Sent, can
have the values "Yes" or "No" to show whether or not the document sent to the

customer has been cleared in the reviewing process.

Separate query procedures have been designed for different functions and all of them are

run under the menu of Distribution Listing in the Quality Assurance Functions,
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see Fig 4-11. The basic logic of these procedures is that they examine the records in the
main relation, Docu_Sent, with 'Finish' = "No", and check the sub-relation,

Sent_Status, to list documents awaiting re-issue, approved for issue or not yet returned:-

1. Awaiting re-issue: listing all issues of documents which need to be re-issued;

2. Approved: listing all issues of documents which have been approved by the
customer;
3. Not-Returned: listing all issues of documents which should be returned.

This facility improves working efficiency between the QA department in terms of
reducing waiting time and speeding up the processes by which documents are sent to

and withdrawn from FEL's customers.

4.5 Test Results Functions

The NDT and the mechanical tests to be carried out on each forging are specified in the
Manufacturing Plan to meet standards set in the forging specification. The FEL
Metallurgical CAPP system allows the results of these tests to be recorded for each
forging and related to the corresponding forging definition file. The NDT test are

carried out within FEL on the shop floor, but the mechanical tests were carried out

within another sister Company.

The FEL Metallurgical CAPP system, at its current stage of development, allows data
related to these test to be stored and used as the source for printed test documents, but
does not carry out any approval function. Figure 4-12 has shown a menu system

developed for the test result functions.
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1. View/Edit Ultroasonic Report
2. View/Edit M. Particle Report
3. View/Edit Dye Pen. Report
4. View/Edit Visual Report

5. View/Edit S. Print Report

"PROBE/INSTRUMENT/BLOCK |

1. Check Cast Analysis 1. Probe File

2. Test Certificate Data Entry 2. NDT Instrument File

3. View/Edit Test Certificate 3. Ultrasonic Block File

4. Print a Test Certificate 4. Ultrasonic Block Selection

5. Others 5. Others

TEST RESULTS N
FUNCTIONS ~ NDT REPORT PRINTING -
1. Print U/S Test Report
e 2. Print MPI Report
DT TESTREPORT MENU P
) 3. Print Dye Pen. Report

1. Start a NDT Report (first time

4. Print Visual Report

2. View/Edit NDT Report Menu -
5. Print S. Print Report

3. Probe/Instrument/Block Menu f¢—

4. NDT Report Printing Menu

5.NDT Procedure Menu 3 PROéﬁﬁﬁREmNU :

1. NDT Procedure Data-Entry

2. Edit a NDT Procedure
3. Print a NDT Procedure
4, New Issue of NDT Procedure

5. Others

FIG. 4-12 Menu System for Test Results Functions
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For each mechanical test, the data recorded include the test conditions, such as location
and direction of the test, the test certificate number and the numerical values of the test
results. For the NDT test, such as dye penetrant, sulphur print, ultrasonic test, etc., the
data recorded includes the test conditions, the reference of any visual test record, and the
verdict of the test operator. One relation exists for each type of NDT test and two
relations for all the mechanical tests with pointers linking records to the relevant forging

definition file, as shown in Figure 4-5. The relations involved and the fields that they

contain are shown in Appendix 1.6.3.

Chécks built in to the data entry procedure for the test records ensure that records are
only entered where the Manufacturing Plan specifies that the test is to be carried out,
and that test data is not entered twice. The system was designed so that the NDT test
records could be created by the test operators on the shop floor, although this facility
was not implemented. Procedures were also developed for modifying test records and
for QA personnel to print test result documents to send to customers (see appendix 4-3).
These procedures ensured that, where test results have been incorporated into a test
result document, the corresponding test records cannot be altered. A further procedure

allows QA personnel to examine the test records to ascertain what results are ready to be

sent to customers.

Although the test records could be used to indicate the success or failure of past
manufacturing plans before they are used as the basis for new plans, a procedure for

making the necessary checks was not developed.
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4.6 Intelligent Database System Approach

Until now, the description of the CAPP system has concentrated on the handling of data
concerning Manufacturing and Quality Plans, Specifications, etc. and on the procedures
necessary to keep that data secure within a multi-user Process Planning Environment.
Although these procedures have utilised the logic facilities offered by the database's
query language, the use of these facilities to assist the Metallurgist's planning process
has not been discussed. This section will describe the assistance that has been provided
in three areas - the linking of the mechanical properties and chemical range aspects of
Steel Specifications, the designing of steel melting ranges and the approval of steel
making procedures and cast metal analyses. Since these aspects of the CAPP system
offer assistance to the Metallurgists draWn from past manufacturing experience within
FEL, they are considered to be intelligent aspects of the CAPP system, especially since

they allow the base of past experience to grow and accumulate as the system is used.

4.6.1 Specification Manipulation

There are three relations in the specification database, as shown in the following

diagram:-

Specifications
Chemical Mechanical
Range Properties

The reason for these three is that any single chemical range (a range of chemical
compositions for up to 22 elements) can give different ranges of mechanical properties

due to the specific internal structure produced by the heat treatment cycle selected, and
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these properties can vary with position and orientation for certain but not all of the

forgings manufactured.

A typical tupple in the Specification relation is shown below for which the key is 'FES'
and 'Group' and therefore defines a certain Chemical Range (FES is the key for the
Chemical Range tupple) and a specific set of heat treatment cycles. This set of cycles
results in specific sets of Mechanical Property ranges, varying, depending on ingot type,
with position and orientation. A one to many relationship therefore exists between

tupples in the Specification and Mechanical Properties relations.

FES | Group | Cond._1 | Cond. 2| ......

Legend:
FES - FEL Specifications,
Group -a group of mechanical properties,
Cond. 1 - Condition 1 for heat treatment cycles or forging size,
Cond._2.- Condition 2 for heat treatment cycles or forging size.

It is obvious that considerable manufacturing knowledge is encapsulated in this system,
describing how specific sets of mechanical properties can be achieved at different
positions and at different orientations in steel forgings of defined chemical composition.
This knowledge is based on experience within FEL and, in some cases, within FEL's
customers. The relationship between tupples in the Mechanical Properties and tupples

in the Specification relation can grow dynamically as that experience is extended.
The FEL CAPP system allows the knowledge that the experience has generated to be

available to the Metallurgist during the design of the manufacturing and quality plans,

so that the Specification Database assists Metallurgists in their process planning tasks.
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4.6.2 Steel Melting Range Design

This section of the FEL CAPP system allows the Metallurgist to design a steel order and
a melting range (maximum and minimum chemical compositions of up to 22 elements)
for a forging to match the Chemical Range of the Specification for that forging. At first
glance it might appear that no design decisions are involved since the Chemical Range
similarly defines maximum and minimum chemical compositions for those elements.
However, accumulated manufacturing knowledge within FEL allows a considerably
more effective procedure to be adopted. This knowledge concerns the interactions
between factors such as solute elements levels in steel, heat treatment cycles, required
mechanical properties, raw material availability and costs, and steelmaking procedures
and costs, etc. In the light of this knowledge, the metallurgist can devise a melting
range that, whilst lying within the Chemical Range of the Specification, will optimise
the cost effectiveness of the steelmaking process in achieving the final desired

properties in the forging.

The metallurgist's task in designing a steel order consists of designing the steel melting
range, and defining certain other aspects of the steel procedure, such as deoxidisation
practice, analysis requirements, etc. In the FEL CAPP system, the melting range and
the other steel making requirements are stored in separate relations, FEL_Melt.Range
and Steelord. The FEL_Melt.Range has a structure similar to that of the Chemical
Range relation in the'speciﬁcation database, apart from that the key identifier which is
the Melting No. Each Melting_No. identifies a unique tupple maximum and minimum
compositions for 18 pre-defined elements and for 4 other elements defined by the users,
the melting range designer and the date that the melting range is approved. The Steelord
relation stores the basic steel making requirements together with the Melting No., its
key identifier being two key fields, ST No. and Version. The 'Steelord' also records the

MP_No. and Issue (key identifiers for the Manufacturing Plan) to link these two plans
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together, 'Approve' to indicate whether or not the steel order has been approved by the

metallurgist. The tupple also records the date of that approval.

The parallel relation 'Ingot Requirement' has the same key as 'Steelord' and is used by
the ingot designer, after the metallurgical aspects of the steel order have been approved.
The ingot designer determines the number, shapes and sizes of the ingots into which the
steel furnace charge is to be cast, sometimes combining several forgings into one ingot
or combining more than one furnace charge into a single ingot. This is another area
where experiential manufacturing knowledge is involved, although it is regarded as
outside the metallurgical function within the FEL and has not, therefore, been
incorporated into the database. However, the decision made by the ingot designers must
be recorded, and the relations 'Ingot' and 'Ingot_Status' record how each original FEL
order string is decomposed into separate forging numbers and recombined into

individual ingots, each with its own identifier.

Figure 4-13 shows a diagram of the metallurgical function in this data processing
sequence. When the process begins, information must be entered in order to allow the
programme to search through historical data to locate possible candidate melting ranges
from those used previously. The search and query processes are described below with

explanations of each stage.

As described previously, there are four relations, Forging Definition, Specifications,
Steel Order and Melting Range, involved in this data processing. As can be seen in
Figure 4-5, they are in the forging definition planning area and the steel order planning
area. From the given forging identification number, i.e. the FEL Order Number which
identifies each item to be produced, the specification ID is generated from the Forging
Definition relation. This allows the previous steel orders that have the same

specifications to be selected from the relation of steel orders that have been issued. This
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FIG. 4-13 Process Planning Logic for FEL Melting Range Design
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restriction is very important because only issued steel orders can be considered as part
of the shared metallurgical knowledge. Finally, corresponding steel melting ranges can

be retrieved, but once again, only those that have the highest value of the melting range

key - the highest key value representing the most recent design for a given specification.

Rule 1: Always select previous steel orders for which the specification is
recorded in the current forging definition record, provided that the steel

orders have been approved.

When Rule 1 is evaluated successfully, this triggers another rule, Rule 2, to find highést

value of the melting range key.

Rule 2: Always retrieve the highest value of the Melting Range key among the

candidates.

Provided neither Rule 1 nor Rule 2 has failed this procedure will display the melting
range most recently used for the current specification for the metallurgist to examine.
Rule 1 & Rule 2, are the generic rules that are modelled in this query procedure.
Through the evaluation of these rules, the metallurgist's knowledge stored in the

database can be presented to the current user within the steel order planning area.

Up to this point, the main query is about to finish. According to the metallurgist's

response, one or the other of subsequent actions will be initiated.
Action 1: If the recommended FEL Melting Range has been accepted, a new steel

order record is created and then the metallurgist can enter the other

required data into the 'Steelord'.
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If this occurs, we can say that the system has automatically reached a solution. What

the system has done is to model the human process of searching through existing

knowledge. The metallurgist can, however, still design on original melting range.

Action 2:

If the recommended FEL Melting Range has not been accepted, a sub-
query would be activated to load all the previous melting ranges designed
for this specification so that the user can select one of them or design a

new melting range by modifying one of them.

This process is necessary. It provides an alternative way of presenting and

accumulating metallurgical knowledge.

Action 3:

If the specification is new, the system has no relevant knowledge. This
requires the system to carry out an imprecise search in which it seeks
existing melting ranges that approximately match the new specification.
In order to minimise data processing time the first six element fields in
the FEL Melting Range data file are indexed. The matching search only
involves the top 10 elements and is only carried out amongst melting

ranges that have been used in approved plans.

Once a melting range has been selected satisfying this match, the system provides a

communication interface between the machine and user in order to assist the user to

evaluate the selected range. It will inform the user why the selection has been made,

who designed the selected range and when it was designed, and with which

specifications it has previously been used. Based on these and some other constraints, it

is relatively easy for the user to choose or reject a selected melting range. Once a choice

has been made, the user may accept or modify the chosen range.
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In all the above cases, the constraints applied ensure that no duplicated melting range
can be stored and that the melting range created must be within the specification range.
Within these constraints, the user has the flexibility to select an alternative solution

including modification of the range to better suit the current requirements.

These techniques ensure that the knowledge base data files are maintained at the
minimum storage requirement for the available knowledge and that duplicated records
are avoided. It uses the overlap structure between specifications and melting ranges as
shown in Figure 4-14. The Melt. 1 (Melting range 1), originally designed for Spec. 1
(Specification 1), can be used for Spec. 2; And Spec. 3 has 3 melting ranges, of which

the Melt. 3 is developed from Melt. 2, and the Melt. 2 from Melt. 1.

This system allows metallurgical knowledge to be accumulated continuously - the new
knowledge matures. Before any steel order is issued, it can be modified in the light of

new ideas and information. We can represent this knowledge development using the

following formula:-

Computer | ["Human | _ | Matured
Design Effort Knowledge

Remembering and recalling past performance plays an essential role in the steel melting
range design process. The approach adopted here is similar to case-based planning
[HS91], but offers a better procedure for drawing on past experience in designing new

cases.
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4.6.3 Approval of Steel Making Procedures and Cast Analyses

Two reports from the sister Steelmaking Company require checking and approval - the
steelmaking programme and the cast analysis. At first glance, it would appear that these
two checking procedures are of a different nature. Approval of the cast analysis
involves an automatic check on each value in each chemical analysis field to determine
whether it lies between the maximum and minimum values specified in corresponding
fields in the specified FEL_Melt.Range tupple. Routine checking of this type is done

more reliable by computer than by human experts.

Approval of the Steelmaking Programme, on the other hand, involves checking the
steelmaking steps to be used by the Steelmaker against manufacturing rules established
within FEL. As will be seen in section 4.6.3.2, however, the use of 'rule templates’
allows this procedure also to be carried out by the computer automatically.

4.6.3.1 Approval of the Cast Analysis

The FEL melting range specifies the maximum and minimum values of the

compositions of up to 20 elements. We, therefore, have two equal arrays of values:-
MA={X, X, X, X,,...X,},and
MI={x, X,, X,, X, -..X,,}

Where X;, X5, X3, X4, ... Xpp and Xq, Xy, X3, Xy, ... Xp, are the maximum and

minimum values of the compositions of elements.
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The cast analysis is a further array of equal size:-

CAZ{XI, Xp X39 X47'“ XZZ}

It is obvious that the cast analysis values must fall within the designed FEL melting

range, so we have the following equation:-

[x]i<[x]i<[X]i fori=11022

The FEL_Melt.Range and the Cast Analysis relations list the specified and user defined
elements in the same order, so it is easier to design a query procedure to examine the
validity of the above equation. Selection of the records to compare is achieved through
the central relation, Forging Status, in the database logical structure presented in the

section 4.3.1 and shown in Figure 4-2.

The comparison process is simple and straight forward. If the result shows any
difference that is confirmed not to be a typing error, a procedure can be invoked to
produce a discrepancy report showing the differences as the FEL's QA procedure

requires.

4.6.3.2 Approval of Steel Making Procedures

Where ingots are over a specific diameter, FEL's QA procedures specify that the
steelmaking procedure used to produce the ingot must be approved, before the ingot can
be accepted, against manufacturing rules established by FEL's Technical Director. This
approval procedure was incorporated into the FEL CAPP system by transcribing these
manufacturing rules into rule template tupples, and seeking a match between the actual

procedure used and one of these tupples.
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The manufacturing rules governing steel teeming procedures and slag and degassing

procedures are of the form:-

IF {conditions are true}, THEN {operations} should be ...
Typical example could be as shown below,
1. Rules governing tceming procedures:-
A typical rule:-
IF the ingot >= set diameter and

it is [Al] killed and
it is not [1 CrMoV] steel

THEN
the nozzle size should be X; mm;
the aim teeming temperature should be X, °C, over the steel liquidus;
A new spray limiter should be applied;
the ingot head should be filled to Notch minimum;

and the liquid spare metal weight should be X3 Tonnes.

with a further independent rule,
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2 Rules governing slag and degassing procedures:-

A typical rule:-

IF the steel is VCD treated and
the ingot weight is between a specific range in tonnes,
THEN
the processes should be,
1) Single slag VAD/LF degas and

2) Double slag furnace .

These rules follow the typical syntax of Expert system rules, but they are not expressed
in the FEL CAPP system as logical rules. Instead, rule templates are used to draw

{VARIABLES} from the database. Therefore, these rules become,

1. Typical teeming procedure rule:-
IF Is the ingot equal and larger than a specific diameter, { YES}, and
is the steel [Al] killed, {NO}, and
is the steel [1 CrMoV] type, { YES},

THEN
the nozzle size should be {X;} mm,;
the aim teeming temperature should be {X,} °C over the steel liquidus;
a new spray limiter should be applied, { YES};
the ingot head should be filled to {NOTCH} minimum;
the liquid spare metal weight should be {X3} Tonnes.
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2. Typical slag and degassing procedure rules:-
IF the steel is {VCD} treated and
the ingot weight is between a specific range in tones,
THEN
the processes should be
1) {2 Single slag VAD/LF degas} and
2) {Double slag furnace}.

Where the brackets { } enclose the variable value that is stored in the rule template.

These values are stored in tupples in two relations, as shown in table 1 & 2 below.

Table 1. Teeming Procedure Rule Template Relation

No. | Igt_X CrMoV | [Al] | Spare | Nozzle | Temp. | Limiter | Head To
01 YES NO | YES | X371 | X X5.1 YES NOTCH
02 YES YES NO | X3, | Xi2 X5 YES NOTCH
03 YES YES YES | X33 | X3 X).3 YES NOTCH

Table 2. Slag & Degassing Rule Template Relation

VCD { WE.1 | Wt.2 | Process 1 Process 2

YES | X1a X1, DOUBLE SLAG FURNACE 2 SINGLE SLAG VAD/LF DEGAS

YES | X2a X2y SINGLE SLAG FURNACE SINGLE SLAG VAD

YES | X3a X3y DOUBLE SLAG FURNACE SINGLE SLAG VAD

Legend: Igt X - aspecific Ingot size; Limiter - A Cast Protection Tube;
[Al] - Aluminium; Head To - Cast Level in Ingots;
Spare - Spare Liquid Steel; VCD - Vacuum Carbon Degassing;
Nozzle - Casting Nozzle size; Wt.1 & 2 - Ingot Weights
Temp. - Casting Temperature; Process 1 & 2 - Steel making processes.

When the program is running, it first reads the steel order data so as to determine FEL's
requirements, and then uses these to select the relevant rule tupples from the relations

described above. This selection process is carried out by matching the steel order
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requirements with the values in relevant fields in the rule tupples. The rule tupples
selected in this way specify the approved steelmaking procedure and this can then be
matched with the procedure actually used by a simple field comparison process. Should
this matching process fail, relevant data is presented in screen tabular form to the user

who can then make a decision about the issue of a discrepancy report.

This routine is quite important in the way it enhances the work of the metallurgical
experts in evaluating the steel making programmes. The manufacturing rules can be
easily modified or expanded in the light of experience within the rule base and without
the need to change the system programme, through use of standard data entry
procedures. This method of encoding process knowledge is highly appropriate within a
closely controlled quality assurance environment. Although new rules can be added as
steelmaking processes are modified, the structure of the interrelated process decisions is
carefully prescribes in a manner that maintains the required quality control

manufacturing discipline.

4.7 Summary

This chapter has described the FEL CAPP database system for multiple functions in the
application domain, the metallurgical function for process plan planning, the QA
function for the overall control of the quality assurance and the test results function for
the automation of documenf printing process. Through the presentations of three typical
examples in section 4.6, the complexity of the engineering knowledge is revealed. With
the complex database structure based on the core of engineering logic, relations and
relationships as the core, the knowledge and the appropriate mechanism to gain new

knowledge have been established so that the system can:-
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improve the efficiency of the planning process: with a growing case list of
completed tasks and solutions maintained in the system, which supports case-

base process planning, rather than the generation of process plans from scratch.

improve the quality of planning results: human expertise is involved in this
planning process. Interaction between the user and the .system optimises the
results by enhancing the individual's ability to remember successful past plans.
It also provides a 'corporate memory' for the group of process planners,

allowing them to build on one another's past experience.
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DATABASE ENHANCEMENT

5.1 Introduction

This chapter investigates the enhancement of the FEL CAPP database system in two
ways: using an expert system and using a high level language programme both as
external functions. Based on the relational database structure discussed in the previous
chapter, the enhancement aims at manipulating the system rules and data for the process
planning. The example chosen for testing the connection of the database system with an
external expert system is the approval of the FSL steelmaking procedures. The example
chosen for testing the linking of an external programme to the database is the
performance of certain complex scientific calculations needed to support process
planning decisions. The important common factor is the exploration of external

enhancements to the database system approach to process planning.

5.2  The Coupling of the Database with an Expert System

In chapter 2, the methods of coupling an Expert System with a Database System have
been reviewed. Unlike the bulk of such coupled systems, which are based on the expert
system, the system developed here is based on the database system: the expert system

being treated as an external component and called as required. The CRYSTAL [C87]

expert system shell was chosen for this work because it has been used for engineering

application with some success [BG89][RB94].

5.2.1 System Architecture

An architectural overview of the experimental system is shown in Figure 5-1. The

system is built by linking a query sub-system and control routine, within the database
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FIG. 5-1 Database System Enhanced with an Expert System
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system, to the expert system.

This system has two main constituents:- a query sub-system within the FEL CAPP
database system and a control routine within the Expert System. The query sub-system
controls the overall operations and the control routine within the expert system provides

a route for entering information into the expert system for evaluation.

The small expert system that was developed incorporated the FEL manufacturing rules
governing teeming procedures and the slag and degassing procedures. The
manufacturing rules governing teeming procedures, for examples, were represented by

. 18 CRYSTAL rules as compared with 6 rule template tupples within the database
representation (see section 4.6.3). The expert system, as a whole, consisted of some 100
rules and 184 commands (see appendix 5 for a list of the rules). These rules were built
into CRYSTAL in the form of rule conclusions and rule conditions. Conditions,

commands and keywords are used to allow CRYSTAL to evaluate whether a rule is

True or False.
Rule Conclusions:-

In CRYSTAL, a rule conclusion is made up of a sentence, consisting of up to 50

characters without any required syntax at all, which can fail or succeed. For example:
FSL steelmaking procedure is OK.

This is what the knowledge base in CRYSTAL will be trying to prove.
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Rule Conditions:-

A condition is a piece of information which CRYSTAL will use in order to try and

prove arule. For example:

FSL steelmaking procedure is OK,

IF all parameters conform to FEL requirements.

The condition is: If all parameters conform to FEL requirements.

Obviously, if all parameters meet FEL requirements, then the rule succeeds, i.e. FSL

steelmaking procedure is OK

The condition used here (If all parameters conform to FEL requirements) could itself be

subject to a whole series of conditions of its own, such as:

IF the teeming procedure is correctly designed,

AND the slag/degassing procedure correctly specified.

This example makes it clear that it could take more than one conditions to prove a rule,

and that rule conclusions can be conditions in further rules.

Conditions such as those shown above are always checked in the order in which they
appear. In the above example, "The teeming procedure is correctly designed" will
always be the first condition looked at. If that condition fails i.e. it is not true, then the
second condition is ignored, since both conditions have to succeed for the rule to be

proved true and it would be a waste of time checking the second one.

<Page 101>



CHAPTER 5 DATABASE ENHANCEMENT

The following are a few typical examples of rules which are dependent on conditions.

Rules governing teeming procedure:-

Rule conclusion: the teeming procedure is correctly designed
Conditions: IF the ingot is over a specific diameter
the aim temp. of steel is X,_; °C, over the steel T,
OR the aim temp. of steel is X,_, °C, over the steel T,

OR the aim temp. of steel is X,_3 °C, over the steel T,

Rule conclusion: The aim temp. of steel is X,_; °C, over the steel T,
Conditions: IF [Al] is not specified for deoxidising
AND the steel is CrMoV type

Rule conclusion: The aim temp. of steel is X,_, °C, over the steel T,
Conditions: IF [Al] is specified for deoxidising
AND the steel is not CrMoV type -

Rule conclusion: The aim temp. of steel is X, 3 °C, over the steel T,
Conditions: IF [Al] is specified for deoxidising
AND the steel is CtMoV type

Rules governing slag and degassing procedures:-

Rule conclusion: The slag/degassing procedure correctly specified
Conditions: Processes for ingot between X1,-X1y,
OR Processes for ingot between X2,-X2;

OR Processes for ingot between X3,-X3,
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Rule conclusion: Processes for ingot between X1,-X1y
Conditions IF the ingot is between X1,-X14,
AND the steel is required to be VCD treated
AND single slag furnace
AND single slag VAD

Rule conclusion: Processes for ingot between X2,-X2,
Conditions IF the ingot is between X2,-X2;
AND the steel is required to be VCD treated
AND double slag furnace
AND single slég VAD

Rule conclusion: Processes for ingot between X3,-X3,
Conditions IF the ingot is between X3,-X3,
AND the steel is required to be VCD treated
AND double slag furnace
AND 2 single slag VAD/LF degas

Using the above format of rule conclusion and conditions, rules governing the FSL
steelmaking procedures have been accumulated and stored in a small expert system.
Further rules treated in this way covered the checking of parameters, such as ingot size,

ingot weight, type of steel, and so on.

Key words:-

Notice the words AND and IF appearing in the above examples. They are some of the

| key words in CRYSTAL. In all, there are four key words: IF, AND, OR, NOT, which
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are used to set up the logical steps in the knowledge base. It is not necessary to include
the key words within rule conditions, the actual text of a rule condition is completely
free form. The key words are only used to signify the way in which conditions are

related.

Commands:-

Commands are used within a knowledge base to carry out special tasks. For example,

they can be used to:

Display information for the user;
Accept input from the user;
Print information for the user;
Assign and test variables;
Restart the system;

Give explanations to the user.

Commands can be used in exactly the same way as conditions. Therefore, we can use
commands as parts of conditions and ask the user, for example, to input parameters from
FSL steelmaking procedure for evaluation by the system rules, or to aid the display of

results.
5.2.2 Operation of the Coupling

When it is necessary to activate the approval process for FSL steelmaking procedures,
the query sub-system takes control of the overall operation. It swaps the database into
high memory or into hard disk, and loads the expert system. The control routine then

operates the CRYSTAL system, to interrogate the user, through a series of data entry
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screen, about the steelmaking procedure that was actually used. This procedure is then
evaluated against the relevant set of CRYSTAL rules and a final screen presented to the

user indicating whether the steelmaking procedure could be approved or where any

discrepancy exists.
5.3  Database Enhanced with External Program

Process engineering applications frequently demand mathematical capabilities that
exceed those provided in database systems. Thus a CAPP system based on a database
will need to call on programmes written in languages with a considerably greater range
of mathematical functionality. In order to explore the nature of the inter-programme
links required, a programme was written in C*+ [S91][L91] is carry out calculations

related to hydrogen degassing anneals.
5.3.1 Automation of Hydrogen Degassing Process Design

Hydrogen, above a certain level, causes flaking or internal fracturing in steels. The

critical level depends upon the alloy type and the heat treatment condition.

Since flaking depends upon hydrogen diffusion in the cold state it has been found not to
occur in items heat treated immediately after forging, with heat treatment cycles

designed to allow hydrogen to diffuse out of the product.

At FEL process planning for such hydrogen degassing is normally applied for big
forging components or components used in critical applications such as nuclear reactors,
power generators or rolls for large rolling mills. The diffusion process in these large
forgings is slow and is dependent on the temperature. Provided the hydrogen partial

pressure in the heat treatment furnace is sufficiently low, hydrogen will diffuse out of
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the forgings during any heat treatment cycle: forgings undergo a number of heat
treatment cycles during manufacture either to bring them to required forging
temperatures or to obtain appropriate microstructural states. Hydrogen diffuses from the
forging during all these heat treatment cycles, but their cumulative effect is seldom
sufficient to lower the hydrogen content to its final acceptable level. An additional
anneal is required specifically to remove hydrogen, but one that does not alter the
forgings microstructure. This anneal is termed 'the hydrogen anneal'. Determining the
hydrogen annealing time is an important component of the metallurgists' process design

activity.

The knowledge that the metallurgists within FEL use to carry out this design activity is
expressed in tabular form. The tables are based on simple scientific principles and upon
operating experience within the FEL group. The database enhancement system
developed and tested in this work did not draw on this operating experience, but carried
out a sophisticated scientific calculation, automatically, thus circumnavigating the

human activity involved in the use of the tables.

5.3.2 Theoretical Base for Hydrogen Degassing Calculations

We can consider that the forgings are cylindrical in shape and that the rate-limiting step
is the diffusion of hydrogen out from the solid in the radial direction. .End effects will
be extremely small and can be ignofed for most practical situations. Hence, we seek a
solution to Fick's second law [S63] within an axi-symmetric solid with the held at a

constant value.
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For these conditions, the Fick"s second law equation is:-

B 5°C
p° D _
( o o ©-D

Where C is the hydrogen concentration in the steel, and D is its diffusion coefficient.

D can be considered as constant, so that:-

oC 1 8C 0'C

—=D\-—— (5-2)
ot r or 8r2

The boundary conditions are,

t=0;0<r<R: C(r,0)=C,

t=0; r=R: CR,t)=C,

Introducing dimensions r' =1/R, we get,

oC 108C .
or Ror

therefore,

oC_Drl 8C’ o'C

— (5-4)

*2'

+
o RN 51”* or
The boundary conditions become,

1=0;0<r<1:C=C;
t>0; r=1 :C=C¢q
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so we can define a dimensionless hydrogen concentration fractional change,

C_ Ccr
Y= ! '(5-5)
q - Cez[
where we get,
oC 0Y
—_— 0 C — C 5-6
5 =5 °(G-C) (5-6)
substituting into Eq. (5-3), gives,
oY D 10Y 0oY
AT\ AT e (5-7)
ot R “r or or
let X=D1t/R%
oY oY ot R 0Y
= ] = o (5_8)
oX ot 0X D ot
ie.
oY D 0Y
= ° (5-9)
ot R oX
substitute into Eq. (5-6), we get,
oY 1 oY oY
S LA (5-10)

EX——_ roor or
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The boundary conditions now become:-

X=0;0<r<1:Y=1

Y=f{r,X}

If we have a mass transfer resistance at the surface, the surface boundary condition

becomes:-

>0, r=R:-

g—fz%(C—Ceq) (5-11)

Where C,, is the hydrogen mass fraction in equilibrium with the furnace gasses, and a is

the mass transfer coefficient.

Making the surface boundary condition dimensionless:-

X>O;r*=l :

8}: el = gY (5-12)
or R D

i.e.
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When X>0;1 =1

oY okR
—=—Y (5-13)
or D
oR/D is a dimensionless number, and the solution is now of the form:-
Y = f{N, X, M} (5-14)

Where M =D/aR; and N = r*;

This functional relation can be determined by solving equation (5-10) subject to the
boundary conditions, Fourier series normally being used to obtain the solution. The
mathematics is widely applicable to heat transfer problems, so the Fourier series
solutions have been obtained and represented in graphical form by a number of workers.
An often Quoted set of graphs are the Gurney Lurie charts such as those shown in
Figure 5-2 which, on a log/log plot, have the form of straight lines for all but the earliest
stages of the diffusion process. It has been shown [S52] that these straight line portions

can be represented by equations of the form:-

InY=-N_oeX + f(N) , (5-15)

where N, is known as the Newton parameter and is a function of the relative surface
resistance M, and of the shape of the solid. It has also been shown that the curves can
be expressed in the form of an average fractional hydrogen composition Y,,, defined by

replacing C in equation (5-5) by C,, , and that the variation of this average fractional
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composition is represented by the equation:-
InY =-N,eX (5-16)

Schuhmann [S52] includes a graph of N, values against M which is reproduced here in
modified form in Figure 5-3 and shows that N, tends towards constant values as the
surface resistance becomes vanishingly small. The limiting value of N, for cylinders is

5.75, so that equation (5-16) becomes:-

InY =-5.75X (5-17)
Since hydrogen diffusing out of the forgings during heat treatment will react with the
furnace gases to be rapidly transported away from the surface, the surface resistance to

hydrogen removal is zero, and equation (5-17) can be used to calculate diffusion time.

Given a target value of the average fractional concentration:-

(5-18)

Y =
[ av]target o C

1]

[Cav]target - Ceq
C ”

we can substitute into equation (5-17) to obtain a target value of X, and hence a target
value of diffusion time, 7 ., Where,

'R2 * Xtar et
= (5-19)

Tlargel D
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substitution equation (5-19) into (5-17) gives:-

[7..] S L (5-20)
o nK D 575

However, in the hydrogen annealing process, we are concerned with controlling the
maximum hydrogen content which is in the centre of the component. Schuhmann has
further shown that the straight line portions of the Gurney-Lurie charts can be

represented by equations of the form:-

LnY=-Ne (X-1) (5-21)

where A is a log factor which depends upon position [S52]. Since the centre line
composition of the forging always lags behind the average value, Y is a positive value,
and the value Y at centre position can be found by using the values of Y/Y,,

interpolated from Figure 5-4,

Y /Y, =23 ‘ (5-22)

Therefore the centre and average hydrogen content have the following relation,

cC —-C C -C
eemre ey . 3T e (5-23)
q —Ceq Cj’ _Ceq

If we assume that oxidising conditions are maintained in the heat treatment furnaces, we
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have that Ceq = 0, so that,

C C
cenire 2' 3 P av 5-24
C o

i i

Therefore,

C
Ln centre
k] =X [2.36,.]""“‘ |
Yok Dons 5.75 G-2)

Where the temperature 973K (700°C) has been taken as a reference temperature. The
target time at a different temperature, 6, would be different, but would follow the
following relation:-

D, . eAT

973K 973K

=D, e A1, (5-26)

Given a target centre line hydrogen concentration [C,,,] e and @ known initial level
C;, measured when the ingot was cast, we can calculate the required diffusion time at

the reference temperature using equation (5-25).

The contribution towards this target time from an anneal at a different temperature © can

be determined, as shown by equation (5-25) from the equality (5-26).

If a component undergoing a complex heat treatment schedule involving a number of

different temperatures such as the one shown in Figure 5-5, the length of the hydrogen
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anneal can be calculated by adding together a number of equations of the form of

equation (5-26):-
(D973K ¢ AT973K )req = De, * ATB, + Dez ¢ ATBZ + D63 ¢ ATG, +"'+DDegas ® ATDegas (5-27)

gives the time required for hydrogen degassing as:-

(Dyrsk ® ATgra )req =D, @ ATq -Dg, ® ATy -Dy @ Aty -...

D (5-28)

AT Degas =
Degas

The chemical diffusion coefficient varies with temperature, the following equation

being given in Smithells Metals Reference Book [BB92] as:-

_ 2.7(kcal e mol™)
(220l =mol )

D=0.93x" (cm’s™)exp (5-29)

The time required for the DEGAS heat treatment cycle at any specified temperature can
be calculated using equations (5-28) and (5-29) if we know the temperatures and time of

the other specified heat treatments.

A program listed in the appendix 6, has been designed using the C** programming

language to calculate hydrogen degassing time according to this model.
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5.3.3 Architecture of the Experimental System

As shown in the Figure 5-6, there are three major components in the current

experiment:-
* Database Relations

* Database Query Sub-System

*  External Program

Database Relations

The heat treatment process data are stored in the database relations. There are three
relations- HTP (Heat Treatment Procedure), HTP_Status and HTP_Comments. The
relation HTP is used to identify the heat treatment with key fields of the procedure
number (HTP_No.) and issue letter (HTP_I). Each tupple of the heat treatment records
the designer and the date with which the plan is issued. The relation HTP_Status
contains a group of forgings (FEL order numbers) which are going through the same
heat treatment procedure. The relation HTP_Comments contains the information on the
sequence of the heat treatment. At each stage of the heat treatment, the information on
process name (Stage), heating or cooling rate (Heating rate or Cooling rate), temperature

(Temp) and holding time (Hold) are given in this relation.

Database Query Sub-System

If hydrogen degas process planning is initiated, the database query sub-system will
collect information about the component features and their design parameters from the
relevant process planning areas. For example, the information about heat treatment

cycles are acquired from the Quality Plan planning area, the information about the ingot
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FIG. 5-6 Enhanced Database System: External Enhancement
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and cast analysis, such as ingot diameters and hydrogen level, from the Steel Order
planning area. The information is downloaded into a DOS file, HYDRO.DAT, in fixed
length ASC II format, which can then be read by a DOS resident programme. Based on
this information gathered the external programme can generate the length of hydrogen
degassing period at required temperature. The result will then be imported and put into

the heat treatment procedure accordingly by the query sub-system.

External Programme

The external programme is written in Ct*+ has been compiled into a DOS executable file
as shown in appendix 6. Therefore, the external programme can be called by the query
sub-system within the database system. The programme contains several functions
which are used to achieve the final solution. The first function in the programme reads
all the component features and their design from HYDRO.DAT. The second function
calculates the degassing effect of each stage of the heat treatment used to achieve certain
internal microstructures. The last function calculates the degassing time required for
achieving a target hydrogen level. The calculated result is then displayed to the user and
saved in a DOS file, F-RESULT.DAT, in ASC II format, which will be imported by a

procedure within the database query sub-system.

Concurrency Control

The query sub-system plays an important role in the hydrogen degassing process
planning, by not only transferring information between the relations and the programme,

but also providing a mechanism of concurrency control.

The concurrency control is for co-ordinating access by simultaneous users so that each

user is insured access to a consistent state of the database. If the external programme is
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to be called the user's name and the relevant proéess plan identity will be checked by the
query sub-system against records stored temporarily in a relation. If this checking is
satisfactory, the information will be recorded in that relation and the external
programme can be run. The system thus only allows users to access the external
programme for a specified heat treatment procedure in order to prevent a conflict. The
record will be deleted after the query sub-system has imported the relevant data and put

the final result into the specified heat treatment procedure. _

5.3.4 Operation of the System Enhanced with Programme

When the query procedure is called by a user, a block data entry form will be displayed
into which the relevant heat treatment process plan identity can be entered. The
procedure will, first of all, check the entry with the heat treatment records to see if the
right one has been specified and then check if any other user is using the external
programme. If these checks are satisfactory, the procedure will collect and export the
heat treatment cycle records such as process name, aiming temperature, heating or
cooling rate and duration time to be taken at that aim temperature into the DOS ASC II
file, HYDRO.DAT. The data can be read by the programme and are necessary for the
programme to accumulate the effect of hydrogen degassing at each heat treatment cycle
and present a final result to the user. The final result saved on the DOS ASC II file, F-
RESULT.DAT, can then be imported from an external file and put into that heat
treatment process plan by the query procedure. A typical example of this process for a
heat treatment is shown in Figure 5-5 where the heat treatment cycles for a component

going through different temperature stages are illustrated.
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5.4  Summary

The two enhancement methods to the database system have been explored and discussed
in this chapter. The database coupling method with an external expert system has been
applied to the approval process for FSL steelmaking procedures which had previously
been solved using the database system. Enhancing the database with an external
programme has been used to solve complex mathematical calculations for the database
system. Both approaches will be discussed further in chapter 7, where issues related to

both approaches will be discussed.
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OPERATING EXPERIENCE

6.1 The FEL CAPP System

The majority of this research work has been involved with the development of the
database system. The system has up to 100 forms and 120 procedures. It was
developed under DOS on a Novell computer network, with three diskless 386 computers
running as intelligent terminals, one for development work, one for the metallurgists to
use in tests and one for the QA personnel. The Novell network served all the computing
needs at FEL such as accounting, order enquires, word processing and some drawing
packages, leading, at times, to a long response time. The three diskless computers used
in this work had the conventional base memory of 640K and extended memories of
384K. The database software used was DataEase, version 4.0, which is not able to use

- extended memory but is able to use expanded memory, although none was available on

the three computers.

The FEL CAPP system was operated by the metallurgists in tests to produce
manufacturing plans, steel orders and quality plans. Facsimile examples of the output
from this activity, which do not represent real plans for real forgings, are shown in
Figures 6-1 to 6-2. This output was incorporated into the set of documents for each
forging identity that forms the kernel of the established paper based planning system

that is operated by FEL under a practice built up over a number of years.

The metallurgist did not consider the computer system to be an advantage over the paper
based system. In the first place, they were required to enter data related to specifications
into the system through the keyboard whereas the manual system merely required them
to copy the data by hand into a proforma. Proformas existed in the paper system,
moreover, for manufacturing plans, also merely requiring the metallurgists to tick boxes

for the operations that were to be included. A similar facility was provided in the
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FORGEMASTERS ENGINEERING LIMITED

MANUFACTURING PLAN ISSUE: A
FEL Order No.(s) 5447944/5 Sales No. E/21212  Date: 02/10/92
Customer: Power Generation Co.
Inspection: None
Description: Ring: 143.00" O.D. 1300.00"I.D. 36.00" Face

Material Spec. AISI 4340 H (Mod.)
Other Spec(s): Cust. Material Specification for Forged Rings.

Drawing No. Cust. Material Specification for Forged Rings.
Analysis Range Required: RMC Code: 6817/06 (Modified) Scrap Code - Solid: NC Tuming: NT
C Si Mn| P S Cr | Mo Ni \Y% Al Sb Sn
Min. | 025 | 0.15 | 0.55 0.005| 0.40 | 0.40 | 0.40 | 0.10

Max. 036 | 0.20 | 0.85[0.010{0.015| 0.45 | 0.45 0.60 | 0.14 |0.006 | 0.0040.010
Aim ALAP| ALAP

Cu N | As | Ti Nb | | | | __ |H2(ppm)| Note
Min.
Max. 0.020 1.4 Wit% Unless
Aim 1.0 Indicated

Special Steelmaking | Carbon egivalent (C. E) < 2.0
Requirements C.E=C+Mn/6+ (Cr+ Mo+ V)/5+ (Ni+ Cu)/10

OUTLINE MANUFACTURING PROCEDURES

opP Prod
‘No. Operations QA. Daoc. Comments QA | Time
1 Cast Ingot ) : 137
2 Forge WOP E410 138
3 | Anneal / Degas WOP E522 |to be followed immediately by N&T. 141
4 | Normalise&Temper WOP E515 141
5 | Descale&Mark out WOP E515 141
6 | Rough M/C WOP E522 |250 CLA max. Allow 1" per surface on all 143
surfaces. Round off corners with 3/8"
min. redial.
7 Dimensional WOP E714 | FEL requirement. 144
8 U/S Test Cat.|2| WOP E714 |FEL requirement. NDE 591 Reyv. 0. 144
9 |WaterH& T WOP_E714 1950 deg. F min. tempering temperature. 147
10 | Hardness Test WOP E704 | FEL requirement. 4 spots 90 deg. apart at 148
each end.
11 | Mech. Test WOP E704 151
12 | M/ C for Despatch WOP E704 152
13 | Dimensional WOP E704 153
14 | Visual Exam. WOP E704 153
15 1 U/S Test Cat.|3| WOP E704 | ASTM A388, test in longitudinal direction. 153
16 | Document Review WOP E704 | Certification of chemistry, thermal 153
processing, U/S test, mechanical properties.
15 | Despatch WOP E704 153
Test Unit 1. RT Tensile Each Forging
& 2. CharpyR. T. Each Forging
Test Req'd 3. Jominy Each End
Per Unit 4. Micro Each Forging
P 0{3:) n Tangential. Sub-surface. ?u%:’tz eAézl:;z}?e Specification:

COMMENTS | Tensile and Charpy results for information only.

Hardness: 303/401 BHN (on forging).

Jominy hardenability: Rc 47 min. atJ 32/16.

Microcleanness: See section B of H&S Material Specification for
Medium Carbon Alloy Steel Rolled or Forged Rings.

FIG. 6-1 System Output of Manufacturing Plan
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CHAPTER 6 OPERATING EXPERIENCE

computer FEL CAPP system, which also supported the re-use of previous successful
plans for repeat identical orders. The advantage that these facilities could provide was
negated, however, by the slow response of the network server's disc system when

recalling past plans.

The development work on the FEL CAPP system was carried out through consultation
with the metallurgists and this exposed them to operating malfunctions which inevitably
existed in the earlier experimental and development versions. This exposure
undermined the metallurgists confidence in the reliability of the computer based system

in comparison with the paper based system.

The quality assurance functions concerned with document distribution and return was
operated by the quality control department with considerable success, and is now an

established component of FEL's procedures.

6.2  The Enhanced Database System

The tests of the enhancements to the FEL CAPP System with an expert system and with
an external programme were conducted at Sheffield Hallam University. A database
environment similar to that developed at FEL was created in order to conduct tests on
the operation of the enhanced FEL CAPP System. Both enhancements were developed
and tested on a 286 computer with the conventional base memory of 640 K and
extended memories of 384 K. Tests have also been conducted on a 486 DX50

computer.

The enhancement of the database system with an expert system was limited to the

approval of the steelmaker's proposed teeming and degassing procedures. It was not
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extended to checking the steelmaker's planed melting range against the range specified
by FEL in the steel order. This system was successful in assisting the user to analyse
the FSL steelmaking procedures, but it was difficult for the user to add to or modify
fules, as approved practice developed, because the rules were structured in the
CRYSTAL expert system. The system that was developed, and contained 100 rules and
184 commands, could be run in a reasonable fast speed. Because the expert system was
run from within the FEL database system, the major limit to the speed of operation was
the time taken for DataEase to swap itself to either hard disk or extended memory and to
load the expert system. Obviously, on a 486 machine the test would be faster than 286

machines. The output of the system is shown in Figure 6-3.

The enhancement with an external programme designed in C** has achieved distinct
results which are difficult to achieve by the methods discussed so far. Because C**is an
objected-oriented programming language, allowing the design of clearer, more reliable,
and more easily maintained programs, it is easy to structure the programme by grouping
and linking different functions that carry different specific tasks. Once the programme
is called from the FEL database system, the final result can be reached within a second,
because DataEase can run external programmes directly as if they were internal query
procedures. The output of the system is the screen display of the final result as shown
in Figure 6-4, and this result can be transferred back to a relevant heat treatment

procedure in the FEL database system.
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The Steelmaking Procedure has been Approved by
the Expert System as Shown below:-

. The Over Heat Temp. is OK.

. The Furnace Process is OK.

. The Casting Position is OK.

. The VAD Process has been specified.
. The Spare Metal is Sufficient.

The action to be taken: {Restart} or {Print}

FIG. 6-3 Expert System Output of Approved Steelmaking Procedure
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Time required for Hydrogen Degassing can be

34.5 Hours

at the temperature of 650 deg. C.

FIG. 6-4 System Output of Calculated Hydrogen Degassing Hours
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CHAPTER 7

DISCUSSION

7.1 Introduction

- The existing CAPP system has demonstrated that Database technology can be
successfully applied to manufacturing engineering problems in general, and applied to
the domain of metallurgical process planning for the manufacture of large steel forgings
in particular. Two hierarchy control levels have been adopted to organise dévelopment
of the process plans and to maintain the supporting engineering data. This structure is
essential to the management of large amounts of versional manufacturing data involved

and for the effective incorporation of manufacturing knowledge into the system.

7.2 Versional Approach

Since a number of different plans are being designed and then modified during their
execution, a versional database approach, as advocated by Blanken and Ijbema [BI87],
has been adopted. A further development of this versional aﬁproach has involved the
creation of distinct planning area within which separate component parts of the overall
planning process are conducted. The versional approach is not applied to the
development of the individual sub-plans in each separate planning area because this
development is normally conducted by a single planner rationalising a restricted sub-set
of design decisions. The versional approach must be applied, however, if a sub-plan has
been issued and decisions involved in its creation must be incorporated into planning in
the other planning areas. This is true within the two hierarchy control levels in the
current CAPP system, and also at the third level, concerned with the operation of
process and process plans, which has been excluded from the current scheme.

A strategy has been adopted involving the use of facsimile files that have a local

existence only in the individual planning areas. These facsimile files allow planning to
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proceed locally, without affecting the structure of versional files that have been issued to
support general decision making purposes. Planning decisions can be made locally
without affecting or invalidating planning decisions made in other planning areas, some

of which exist outside the CAPP system developed in this work.

Once. planning is completed in the planning area, the records comprising the sub-plan
are 'issued' - that is they are placed in the main data files of the database and the
facsimile records are deleted. The issue of a sub-plan makes it available for
consultation and data abstraction in the other planning areas within the database and for
the planning of production schedules at plant level etc. Once a sub-plan has been issued
and planning decisions in other areas based upon it have been made, the sub-plan can
not be withdrawn in the event of its requiring modification. Thus it must remain as a
clear record identity in the database system and the modification made to it must be
stored as a separate but related identity. This has been achieved through the use of a
double field identity key structure in all parts of the database. Each set of versional
sub-plans is identified by a single value in one field, and by a variable value in the
second ﬁeld changing from version to version. The first field is normally a numerical

field, the second field normally a single alphabetical field.

Although this versional approach was adopted from the outset in order to maintain data
integrity within the database, it was found to model almost exactly the manual system
that had been set up within FEL to meet quality control requirements. It was a model,
however, that used a great deal of computer file space since all the data for each version
was stored in a separate record. Since the creation of a large number of records in this
way could extend time spent in data search, an alternate strategy was contemplated in
which only altered data need be stored for each revision. Such a strategy would require
each versional records to store the identity of the field that had been altered as well as

the altered value, but not unaltered values. It was not, however, possible to appraise
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whether this method would save time on data search because DataEase, the database
management system used in this work, would not allow a variable field name to be used

in a procedure instruction.

The issue of a revised (new version) sub-plan within the CAPP system is normally
required because of decisions made outside the sub-plan's home planning area. These
decisions are either internal to the forging manufacturing process, or external to it.
External decisions typically arise when a customer revises some aspect of the original
design requirement, this type of revision being normal practice in the manufacture of
one-off complex engineering plant through a system of main- and sub- contracting
firms. Decisions made internal to the forging manufacturing activity arise when
processing at a certain stage has not met the requirements placed upon it. Such an
occurrence is subject to a discrepancy report and regular management sessions review
these reports to decide which will require remedial action, such decisions often
involving consultation with customers. Remedial action, if required, will normally
involve revision of planning in one of the sub-planning areas, leading to the issue of

new versions of sub-plans.

One aspect of the versional approach has had a major impact on the design of the
database, and this stems from the way in which ingots are grouped within FEL for
process planning purposes. Forgings are frequently ordered in batches to meet the sarﬁe
specification and therefore all require the same manufacturing plan. Thus forging
definition records, manufacturing plan records etc. normally apply to a group of
forgings. This group is normally specified by filling a key, or foreign key, field in the
database with a sequence of numbers, see section 4.3.1.1. Changes in design
requirements are often applied to single forgings such as a group, or to a restricted
sub-set of the group, and this is also the case of discrepancy reports for which remedial

action must be taken. A system of 'pointer’ or status relations was therefore included in
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the database, as shown in Figure 4-5. Individual records in these files keep track of the
relationship between the different versional designs and the subset of the FEL orders to
which they apply. This was necessary since planning decisions made at different stages
of the manufacturing process were applied to different sub-groups of the forgings within

an original forging definition record.

7.3 Authorisation Control

By using query sub-system, the different process plans are integrated into a single
system rather than isolated as separated entities within the planning system. When a
process plan is being designed, in one planning area, related manufacturing data from |
other areas can be obtained and presented through the relational links within the overall
planning system. Constraints have been built to the routine programmes and procedures
fhat enable the manufacturing knowledge from one area to be presented in another

planning area whilst guarding against un-authorised deletion and modification.

This protection was partly managed using the security system within DataEase which
allocated a security level to each user. This system controlled the read and write access
that the different users had within the database, but suffered from the major
disadvantage that it was a global hierarchical system within the database as a whole. It
would have been more flexible and easier to develop a secure system if DataEase had
allowed different hierarchical security structures to be set up for individual files or
groups of files. This would have made it easier to retain security in the planning
processes in each of the sub-planning areas. The use of facsimile files for local planning

processes, however, was adopted, least in part, to overcome this disadvantage.
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7.4  Incorporating Metallurgical Knowledge

A considerable amount of specialist manufacturing knowledge has been incorporated
into the database. Although the system uses a database management system, the
incorporation of this knowledge allows it to be considered as an intelligent CAPP

system. Specific points where metallurgical knowledge has been incorporated include:-

1. the relationship between chemical specifications, mechanical property
requirements, and heat treatment schedules. The chemical specifications include
those authorised by National standards bodies - BSI, DIN etc. - International
bodies - ISO standards and specifications developed by individual customers.
Some customers do not have the knowledge to specify the chemical
specification, merely specifying the mechanical properties required, or even

merely the function for which the forging is to be made.

2. the relationship between the chemical specification, the rationalised melting
codes (RMC), the steel making processes, the heat treatment schedule and the
mechanical property range required. The decisions involved tightening
specification ranges for key chemical elements, and specifying certain steel
making procedures. These decisions are not based purely on technical criteria

alone since the cost of different steelmaking procedures can vary significantly.

3. the relationship between the RMC codes and the scrap codes. These relations
have been built up over many years of manufacturing special steels and are
adopted to minimise raw material costs whilst maintaining safe levels of

impurities and tramp elements.
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4. the approved steelmaking procedures. Currently the steel making procedures
adopted by the sister company, FSL (Forgemasters Steels Ltd.) for ingots of a
specific diameter, require approval within FEL at Director level before
steelmaking commences. This is merely a data checking activity comparing a
proposed set of procedures with an agreed set of manufacturing rules. These
rules have now been incorporated into the CAPP database system using a set of

rule templates into which approved sets of values can be read from data records.

The manufacturing knowledge described above has been stored in the database as a set
of historical decisions, or approved rules based on historical experience. These
historical decisions can then be presented to the process planner as the basis on which to
make current decisions. As such the CAPP system developed is a variant system.

- There are three basic reasons why a variant systems has been adopted which can be

classified as a economic reason, a social reason and a legal reason.

From the economic point of view, two metallurgical process planners are involved on a
day to day basis within FEL in the planning of metallurgical procesé plans. These
process planners are applying an extremely complicated set of domain knowledge that
would be highly expensive to encapsulate in a generative CAPP system. As far as the
manufacture of large specialist steel forgings is concerned, FEL has 5 or 6 competitors
on a world-wide basis so that there could never be financial justification for the high
cost that would be involved in creating a generative system. Not only would the cost of
developing a generative system by prohibitively high, but so also would be its
maintenance. Design requirements for steel forgings change steadily so that a
generative system would have to undergo continual modification. A further aspect of
the financial argument stems from this restricted nature of the large steel forging
industry. With so few competitors, the commercially efficient use of manufacturing

knowledge is one of the principal factors on which each firm's competitiveness depends.
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