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ABSTRACT 

The ability to make rational decisions based on synthesis of various pieces of 

information and to eventually arrive at an integrated design, play a very important 

role in everyday engineering practice. 

Present work aims at developing a knowledge based system that gains insight 

into the process from a few detailed analyses and experiments on simpler problems 

and rationally arrive at an integrated design of the actual process using a hybrid 

axiomatic- algorithmic approach through a causal perspective for design synthe

sis. This approach avoids expensive & extensive knowledge base, which leads to 

combinatorial explosion. 

The particular example considered here is that of arc welding. The knowledge 

based systems consists of the following knowledge bases: 

1) Thermal aspects, 

2) Mechanical aspects, 

3) Material aspects 

and obtains an integrated design of the process. 
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CHAPTER 1 

INTRODUCTION 

The last decade has seen fantastic advancement in the analytical and compu

tational abilities in solid and fluid mechanics. While these analyses have greatly 

enhanced our understanding of mechanics in general, enhancement of product and 

process designs have lagged far behind. This is especially true for manufacturing 

processes such as welding, metal forming etc. 

Among many reasons for this lag, the single most crucial one is the lack of 

ability to rationally synthesize an integrated design from the various pieces of in

formation obtained through analyses and experiments. 

Manufacturing technology today is evolving towards systems of greater automa

tion and flexibility. This trend is made possible by the integration of computers into 

modern manufacturing equipments such as machining centers and robots. However, 

this only addresses the direct cost. The basic driving force that will determine the 

factory of the future is very likely to be the margin of profitability, and the single 

most important thing that influences the margin of profitability is the ability to 

make rational decisions during the synthesis of processes and products. Thus, the 

factory of the future should not only be endowed with computer integrated manu

facturing systems, but also, the computer should be provided with the intelligence 

to enable them to synthesize and integrate the processes and products effectively 

and efficiently. 

Accordingly, the present work aims at developing a knowledge based system 

that will gain insight into the process from a few detailed analyses and experiments 

on simpler problems and will rationally arrive at an integrated design of the actual 

welding process. 

1 



CHAPTER 2 

DESIGN METHODOLOGY 

The design procedure discussed in this chapter can be applied to any manu

facturing process in general. In later chapters, this design procedure is followed for 

welding process in particular. 

The last decade has seen fantastic advancement in the analytical and compu

tational abilities in solid and fluid mechanics. Finite element (FEM) and Boundary 

element (BEM) formulations for problems involving both material and geometric 

nonlinearities have been obtained. New insights are gained into the process of weld

ing [l], metal cutting etc. The understanding of basic mechanics and computational 

capabilities have matured to a stage where almost any manufacturing process may 

be analyzed, in principle, with a few idealizations. 

While these analyses provide a lot of insights into several manufacturing pro

cesses, attempts to incorporate them in the design cycle have proven elusive so far. 

Firstly, real life manufactrung problem is still virtually untractable even with the 

most powerful computer available today. Secondly, even if we could perform all the 

analyses we wanted, we still would have to synthesize the information, and finally, 

we need rational criteria for design that will make the process effective and efficient. 

Our design capabilities over the last decade, have lagged far behind our un

derstanding of the basic mechanics involved. Among many reasons for this lag, the 

single most crucial one is the lack of ability to rationally synthesize an integrated 

design from the different pieces of information obtained analyses. 

A manufacturing system comprises a large number of distinct processes or 

stages which individually and collectively affect the productivity of the overall sys

tem. The interactions between these various facets of a majiufacturing system are 

2 



3 

complex, and decisions made concerning one stage may have ramifications that ex

tend to other stages. As such, improvement of the productivity, the entire system 

constitutes an optimization problem. For maximum productivity, there are always 

questions about its effect on the total system. The best way to increase the produc

tivity associated with drilling a hole in a casting may be to cast the piece with the 

hole, thus eliminating the drilling operation altogether. In another example, the 

fastest way of machining a surface with a particular tool may be by changing the 

tool. Thus, optimization should not be applied solely and independently to paxts 

of the overall process, but must be applied to the entire process. 

As pointed out by Suh, Bell and Gossard [13], optimization of the complete 

manufacturing system is not currently possible, because we lack the knowledge base 

that completely and accurately describes the complex interactions between various 

facets of manufacturing. 

Instead, what we have today is a nonsystematic, somewhat random method

ology in which designers formulate a set of decisions that ultimately result in a 

product or process. Most decisions are made to optimize the components of the 

manufacturing system rather than the total system with the degree "global" op

timization depending solely on the capability and ingenuity of the designer. This 

often results in a less than optimal design. 

Morever, the approach to design today is mostly a "bottom to top" approach, 

where the components are typically designed first and attempts are then made to 

assemble them, this loses sight of the global picture. Accordingly, a lot of trial and 

error is needed, and often we eventually arrive at an assembly of optimum overall 

design. Global optimization, of the type described before, may be accomplished 

by two different approaches. The first approach requires a complete and thorough 

understanding of the complex interactions between the various facets of manufac

turing. This understanding would permit an exhaustive evaluation of the effects of 
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each decision on overall system productivity. This might be called an "algorithmic 

approach" and is the focus of a considerable body of current and past research in 

design. 

The difficulty with this approach is the global understanding required of an 

incredibly large data base. The objective decision procedure for even a small system 

may quickly explode beyond the capacity of the biggest computer available today. 

Morever, many designers feel that such an approach stifles creativity. 

Suh, Bell and Gossard [13] have developed an alternative approach called "ax

iomatic approach" to the design of manufacturing systems. This approach is based 

on a hypothesis that "there exists a small set of global principles, or axioms, which 

can be applied to decisions made throughout the synthesis of a manufacturing sys

tem" .These axioms are essentially broad guidelines to "correct" decisions that help 

in keeping the global picture in sight. Rinderle and Suh [10] have extended the 

axiomatic approach to measures of functional coupling. In essence, the axiomatic 

approach is heuristic and more human oriented. It attempts to bring order to hu

man creativity by stating a few general guidlines that help in narrowing the search 

space. The strength of this approach lies in its simple guidelines, when properly 

interpreted, offer a rational way of proceeding from the very general to more spe

cific ideas. However, when it comes down to making hard choices or tradeoffs and 

making a physical, quantitative decision, the axiomatic approach in its present state 

becomes too general. Also, interpretations of the axioms for particular cases are 

quite difficult. 

Thus, we have today, an axiomatic appraoch to design that is useful in. the 

abstract phase of the design procedure, and algorithmic appraoch that is very valu

able in the details phase of the procedure, but we lack a smooth transition between 
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them. What is clearly called for is ail integrated design procedure that takes ad

vantage of both the approaches and provides smooth transitions between different 

phases of design. 

The present work's goal of developing an integrated design strategy suitable 

for design of welding process can be achieved in three basic steps: 

Conceptual Frame Work For Functional Design 

The major thrust in this step will be in establishing a conceptual frame work 

for manufacturing design. Traditionally, the approach in designing a manufacturing 

process has been a "bottom to top" approach, where the designer starts at the com

ponent level and finally works up to a complete process. However, as is well known, 

optimum design of individual components does not necessarily ensure an optimum 

overall process. In contrast to this approach, a "top to bottom" approach is fol

lowed here. In this approach, the designer takes a systems viewpoint and attempts 

at visualizing the entire majiufacturing system as an entity. Given the raw material 

resources and the end product tbat needs to be manufactured, the designer seeks 

avenues of transforming the raw materials into the finished product. Thus, the very 

first task of the designer is to obtain a functional description of the process. Once 

this description is obtained, the next design task is to find a mapping that converts 

the functional description into physical description. In the past, various methods 

ranging from brainstorming, value engineering, decision analysis, morphological ap

proaches to the axiomatic approaches Suh, Bell and Gossard [13] and Rinderle and 

Suh [10] have been used to define the design task. 

However, the main concern so far has been the second mapping procedure 

that converts a functional description into a physical description , while the first 

mapping procedure that is used in obtaining the functional description in the first 

place, plays an important role in designing manufacturing processes. 
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Accordingly, it is proposed here that for manufacturing design, we first con

centrate on obtaining the functional description. Given the raw material and the 

finished product as the starting and ending states, we can examine the causal rela

tionship between them. The causal relationship will tell us what are the fundamen

tal changes that we need in the state of the raw material to arrive at the finished 

product and will also gives us a possible way of effecting or causing those changes. 

Hence, the entire process may be represented by a series of fundamental "cause and 

effect" bonds. One key aspect of a "cause and effect" perspective is the awareness 

that for every desired effect that we try to stimulate by providing the "cause," we 

are also prone to generating undesirable effects or "side-effects," and the success of 

the process depends not only on stimulating the right effects, but also on avoiding 

or suppressing the wrong ones. 

Since each "cause and effect" bond represents a mode of energy transfer, we can 

now use the knowledge base of mechanics to investigate these bonds with regard to 

efficiency and reliability. Thus, by incorporating the knowledge base of mechanics 

into the causal framework of the process, we can obtain a functional description of 

the process that is in line with the design priorities with regard to efficiency and 

reliability. 

The beauty of the causal analysis is that it does not stop at delivering a rational, 

functional description of the process. Study of the causal relationships between 

different phases of the process reveal a lot of insights into the process. Some of 

these insights will cut across various manufacturing operations, while others may 

be unique to a particular process. Thus, we will be able to establish a conceptual 

understanding of the causal framework of the process. This causal framework may 

then be used to identify general principles of designing for manufacturing and to 

deduce axioms for manufacturing design through a logical and rational process. 
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The axiomatic approach currently being used [13,10,3] is shown to be very 

powerful axioms (independence of functional requirements and minimization of in

formation content) have emerged out of this approach. However, the procedure for 

obtaining the design axioms have remained mostly ad. hoc. The heuristic pro-

cess[l3,10,3] involves postulating an initial set of "hypothetical" axioms. These 

untested and untried "hypothetical" axioms are then subjected to trial and evalua

tion to assess the extent to which these satisfy the requirements for "true" axioms 

[IS]. 

Suh, Bell and Gossard [13], later Yasuhara and Suh [3] and Rinderle and Suh 

[10] have used this approach to obtain excellent design axioms. However, interpret

ing the implications of the axioms in a particular situation have been quite difficult. 

Traditionally, one looks at the way a theory is developed to interprete its implica

tions. For the design axioms, the current practice of postulating and testing does 

not extend any such conceptual clues. Yet, the success of the design essentially 

hinges on proper interpretations of the axioms. 

The causal perspective puts the axiomatic approach on a stronger basis by 

providing a rational way of arriving at these axioms than hypothecation and trial 

and evaluation. This will also enhance the interpretive dimension of these axioms. 

As an example, the axiom of maintaining independence of functional require

ments could have been deduced from a causal analysis by requiring complete func

tional reliability, which implies that no side-effects be generated in the functional 

description. This immediately tells the designer that violating this axiom will com

promise functional reliability and also offers a way of testing how different modes of 

violating (or allowing different side-effects to exist) will compromise the reliability 

aspect. 

Thus, by facilitating interpretations of the axioms, the causal approach can 

provide vital clues for the "global optimization". The principles and axioms for 
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manufacturing design developed through this approach will be easy to interprete, 

and hence easy to implement in practical situations. Hence, the concepts can be 

easily tested by applications in various processes like welding, metal cutting etc. 

Transformation To Physical Space And 

Identification Of Hierarchies 

Once the functional description of a manufacturing process is obtained and the 

design axioms are established in step I, we have essentially understood the design 

problem in concept and axe ready to embark on the physical solution. At this step, 

we are primarily concerned with the second mapping procedure that translates the 

functional description into physical description. 

Here we need to understand, in physical terms, the meaning of each of the 

axioms and the guidelines they prescribe collectively. Accordingly, we study the 

relationship between the function of a manufacturing design and the form of that 

design. 

In the first step, we have proposed to establish a conceptual understanding of 

the causal framework of the process and planned to derive a functional description 

of the process that is in line with design priorities with regard to efficiency and 

reliability. The causal perspective also gives us valuable insights into the process 

and provides a logical procedure for arriving at the design axioms. Since the entire 

process can be broken up into a series of "cause and effect" bonds, an avenue 

is established for incorporating the knowledge base of mechanics into the design 

process. 

In the second step, we try to obtain a physical form of the functional descrip

tion. Our first concern is developing tools for applying the design axioms. Here, 

the causal perspective provides us with an understanding of the basic thoughts that 

went into developing the axioms. Thus, we can easily interprete the axioms and 
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use them to identify the functional hierarchy of the system. The functional require

ments (FR's) of the total system may be called the primary FR's and following 

the causal framework, we can easily arrive at the terminal FR's. Yasuhara and 

Suh [3] describe a similar procedure for breaking down the FR's. However, their 

description lacks a conceptual framewrok. Here, in step I, we have already con

sidered the "global" efficiency and reliability of the fuctional description. Hence, 

unlike the ad. hoc. procedure used in [3], the procedure here always keeps in sight 

the "global optimization" with regard to efficiency and reliability. The terminal 

FR's axe associated with the fundamental "cause and effect" bonds that can also 

described by mechanics in a physical space. At the functional design stage, the FR's 

are may be only qualitative statements. The act of breaking them down through 

the causal framework essentially identifies the fundamental functions included in 

them and then describing these "cause and effect" bonds by mechanics converts the 

qualitative functional design into quantitative statements in physical space. Once 

again, we can use the causal framework (now described in physical space) to obtain 

the physical hierarchy that preserves the original design objectives with regard to 

efficiency and reliability. 

Thus, rather than decomposing the function tree into subsystems in an ad. 

hoc. manner [3], we use the causal framework and the rational reasoning used to 

obtain the functional description, to decompose the total system into "cause and 

effect" bonds and eventually arrive at the physical hierarchy. Unlike the techinque 

being used at present [13,10,3], such a procedure, when applied in a "top to down" 

manner, never loses sight of the "global optimization". 
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Integration 

In the first and second steps, we have discussed the proposed techniques for 

developing a functional description of the manufacturing process that we are trying 

to design and ways of transforming the functional to physical description. 

However, one must realize that just having the means for arriving at a theo

retical solution is a far cry from actually being able to solve practical problems in 

a useful and efficient manner. 

Accordingly, the basic thrust at this step is to integrate the entire design pro

cess. The eventual goal at this is to develop a knowledge based system that will 

integrate the different phases (problem solution, problem solving and decision mak

ing) of manufacturing design. Besides using the techniques develped in previous 

steps in a coordinated manner, the integration also implies synchronization of the 

flow of information. This means determining what information is required by the 

designers at specific points in the design process and devising ways of collecting, 

organizing and presenting that information. Also, a team of designers may work on 

one problem. Thus, we also need to develop ./ays of partitioning the design problem 

to facilitate collaboration by the designers as a group. 

The knowledge based system presented in this thesis will consist of several 

data bases and knowledge base with a control structure. The user or the designer 

will first provide the system information about the raw material and the finished 

product. Design priorities with regard to efficiency and reliability may be explicitly 

specified or the system may be allowed to deduce those based on service conditions 

of the finished product. So, the first data base constructed is the "product data 

base". The system should use a built in knowledge base that deduces the design 

priority based on information supplied. 



Once the "product data base" and design priorities are established, our next 

step is to obtain a functional description of the manufacturing process. Here, the 

system will use a "causal knowledge base," and using the causal framework will 

represent the process as a series of fundamental "cause and effect" bonds. The 

system should have built in mechanics knowledge (this is the knowledge base where 

insights gained from various analyses and experiments as well as analytical tools will 

reside) which will now be called to investigate these bonds with regard to efficiency 

and reliability. 

Once the first pass through the causal analysis is performed, the system will 

gain more insight into the process which may be stored in a knowledge base called 

"insights". 

Now the system is ready to visualize the global picture and attempt "global 

optimization" through an axiomatic approach. The system will first enter the "ax

iom knowledge base" and allow the user to input any axiom that the user may have 

found from somewhere else (may be by hypothecation and trial and evaluation). 

If the user provides any axiom, the system will call its "interpretation knowledge 

base" and first interpret these in a causal sense. Then the system will consider the 

priorities (provided by the user) and the causal analysis to infer statements about 

functional efficiency and reliability in a rational fashion. These statements, along 

with their causal interpretations, will be put in the "axiom knowledge base," and 

the total set of axioms will be reduced to an irreducible set. These final axioms in 

the "causal knowledge base" will be the foundation for the axiomatic approach to 

"global optimization". 

After establishing the axioms, the system takes a second look at the functional 

description and optimizes the functional description of the entire manufacturing 

process accordingly. 



Obtaining the axiomatically optimized functional description of the manufac

turing process and establishing conceptual understanding of the causal framework, 

complets the first step of the design process. 

In the second step, the system attempts at relating the function of the design 

with the form of the design. It utilizes the knowledge base where the axioms and 

their causal interpretations are stored from the first phase and attempt to under

stand the meaning in physical terms with regard to efficiency and reliabilility. 

Once this is accomplished, the system will follow the causal framework of the 

process stored in a data base to find the terminal FR's. The terminal FR's are 

associated with the fundamental "cause and effect" bonds that can be described 

in physical space through the use of the "mechanics knowledge base". Thus, from 

the functional hierarchy of the process, the system can derive the physical hierarchy 

and using the knowledge of mechanics, can convert the qualitative functional design 

into a quantitative design in physical space. 

The final physical design for the overall manufacturing process is obtained by 

assembling all the components in physical space. However, unlike other approaches, 

"global optimization" is ensured since the functional description is obtained in a 

"top to bottom" fashion and the functional design is "global optimized" through the 

axiomatic approach. The physical design is only a replica of the functional design 

in physical space. 



CHAPTER 3 

ASPECTS OF WELDING 

Welding is a process, where two pieces of similar or different materials are 

treated through a thermal cycle of heating and cooling to produce a bond between 

them. A good welded joint is one that behaves like an integral piece of the parent 

materials for its particular applications. For most applications, this implies that the 

welded joint should have strength close to that of the base materials, its microstruc-

ture should not be altered in a way that affects the quality of its performance and 

there should be no undesired residual stresses and strains. Following are the several 

aspects of welding that are to be considered to have a satisfactory joint: l)Thermal 

conditions, 2) Material aspects and 3)Solid mechanics. 

Thermal Conditions 

In order to control metallurgical events in welding, the thermal conditions 

in and near the weld metal must be established. Of particular interest in this 

connection are: 1) The distribution of maximum or peak temperatures in the weld 

heat-affected zone, 2) Cooling rates in the weld metal and in the heat-affected zone, 

and 3) The soldification rate of the weld metal. These factors will be considered 

in the order stated and will be followed by a description of typical weld thermal 

cycles. 

Although the following discussions deal largely with manual arc welding, cer

tain general statements can be applied to all welding processes. By applying these 

generalities in choosing a welding process and selecting welding variables, the weld

ing designer can often alter the nature and the extent of the satisfactory joint. 
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However, consideration must also be given to the metallurgical behaviour of the 

material. 

Peak Temperatures 

Predicting or interpreting metallurgical transformations at a point in the solid 

metal neax a weld requires some knowledge of the maximum or peak temperature 

reached at a specific location. From Charlotte [6], the distribution of peak temper

atures in the base metal adjacent to the weld is given by: 

rp _ J{Tm — Tp) .  .  
p  4.13pCtY(Tm - To) + J 0  [  " j  

The peak temperature equation can be used for several purposes including: 

(1) The determination of peak temperatures at specific locations in the heat-

affected zone, 

(2) Estimating the width of the heat-affected zone, and 

(3) Showing the effect of preheat on the width of the heat-affected zone. 

Calculating The Width Of The Heat Affected Zone 

In order to calculate the width accurately the outer extremity of the heat-

affected zone must be clearly identified with a specific peak temperature which 

in turn is associated with some characteristic change in sructure or properties. 

For example, for most plain carbon or low alloy steels, there is a distinct etching 

boundary, corresponding to a peak temperature of 723°C. Here the problem is to 

determine that value of Yg at which Tp = 723°C: 

Y* = AAZpCt^Tp — To ~ rm-r0* (3'2) 

Thus, it is predicted that the 723°C characteristic etching boundary will be located 

Yz from the fusion boundary, or that a region Yz wide, adjacent to the weld, will 

be structurally change; that is, it may be affected by the heat of welding. 
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Finally, one of the simplest and most important conclusions to be drawn from 

the peak temperature equation, is that the width of the heat-affected zone is directly 

proportional to the net energy input. 

Although the peak temperature equation can be very instructive and useful, it 

is important to recognize certain restrictions in its applications. The most important 

of these is that the equation is derived for the so-called "thin-plate" condition in 

which heat conduction takes place along paths which axe parallel to the plane of 

the plate. The equation thus applies to any single pass full penetration process, 

regardless of plate thickness. In fact, it applies to any full penetration arc weld 

which is accomplished with fewer than four passes. The equation must be applied 

on a per pass value for To in the peak temperature equation. 

In arc welding, there frequently exists the option of producing a given joint with 

a few large (high energy) or many small (low energy) passes. There are technical 

and economic factors favoring both courses of action. The objective of minimizing 

the heat-affected zone is best served by excersing the second option (many low 

energy passes), especially if there is ample time for cooling between passes, so that 

the interpass temperature is kept moderately low. 

Cooling Rates 

The next important aspect of heat flow to be considered is the cooling rate of 

the weld. After a point in or near the weld has reached its peak temperature, the 

rate at which it cools may have a significant effect on the metallurgical structure, 

the properties, or even the soundness of the base metal. 

Thick And Thin Plate Cooling Rates 

From Blodgett [4] Weld cooling rate depends upon various parameters such as 

initial or preheat temperature (To), heat input from the welding arc (kJ/mm), the 
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plate thickness (t) and the geometry of the joint. In addition, the cooling rates 

depend upon thermal conductivity and specific heat of the material, which in turn 

change continually with changes in temperature as below: 

k = 0.1552 - 1.2553 x 10-4(C) + 2.497 x 10-8(C)2 + 8.026 x 10_12(C)3 (3.3) 

above 1400°C, k is 0.05 cal/sec/cm/°C. 

Specific heat is given as: 

C = 0.094487 + 2.7894 x 10"4(C) - 1.6885 x 10"7(C)2 

(3.4) 
+ 4.7829 x 10_9(C)3 + 1.478 x 10_11(C)4 - 1.0946 x 10~14(C)5 

above 850° C, C is 0.16 cal/gm/°C. 

If the plates sure relatively "thick," requiring several passes (more than six) to 

complete the joint, the cooling rate, R, is given by: 

R =  ̂ k(Te- T0f (3  5 )  

Strictly speaking, the cooling rate is a maximum on the weld centerline, and it is this 

maximum which is given by the equation. However, the cooling rate near the weld 

fusion boundary is only a few percent lower than on the centerline. Accordingly, 

the cooling rate equation applies to the entire weld and immediate heat-affected 

zone. 

If the plates are relatively thin, requiring fewer than four passes, cooling rate 

R is given as: 
t 2  

R = 2irkpC(—) (Tc-To)3 (3.6) 

The difference between thick and thin plates is in mode of heat transfer. The 

thick plate equation is used when heeit flow is three-dimensional, downward as well 

as lateral from the weld. The thick plate equation would apply, for example, to 
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small bead-on-plate weld pass deposited on thick material. The thin plate equation 

would apply to any single pass, full penetration welding process. Sometimes, it is 

not obvious whether the plate is thick or thin because the terms haVe no absolute 

meaning. For this reason, it is helpful to define a dimensionless quantity called "the 

relative plate thickness", 

(3.7) 

By dividing cooling rate R by i2maz, dimensions for cooling rate are eliminated. 

Maximum cooling rate Rmax is given by 

R^=2*k ( T '7T 0 )  (3-8) 

All one needs to do is take the set of conditions prevailing, calculate the maximum 

cooling rate Rmax based upon the given data, calculate the maximum effective 

thickness tme, divide the actual thickness by the maximum effective thickness, read 

off the R/Rmax corresponding to the relative thickness from the data-in table (3.1) 

and calculate the actual cooling rate R. 
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Table (3.1) 

Data for Relative Cooling Rates 

t/tme Rmax 
0.00 0.000 
0.05 0.010 
0.10 0.025 
0.15 0.050 
0.20 0.075 
0.25 0.130 
0.30 0.200 
0.35 0.300 
0.40 0.430 
0.45 0.582 
0.50 0.700 
0.55 0.800 
0.60 0.870 
0.65 0.923 
0.70 0.960 
0.75 0.980 
0.80 0.985 
0.85 0.990 
0.90 0.995 
0.95 0.999 
1.00 1.000 

Solidification Rates 

The rate at which weld metal solidifies can have a profound effect on its met

allurgical structure, properties, response to heat treatment, and soudness. The 

solidification time, ST (in seconds), of weld metal depends on the net energy input: 

S t  = (3.9) 
2irkpC(T M  — T Q)  
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Arc Efficiency And Arc Distribution 

The regulation of weld pool geometry is very crucial, which frequently defines 

the pool width, W and depth, D. Arc efficiency and distribution are functions of the 

input parameters that preceed in the causal hierarchy arc formation and so affect 

the arc directly. Thus: 

( * , „ )  =  f ( E , l , V , T I P , I P )  (3.10) 

From Bates and Hardt [3], it can be seen that 17 acts only as a scaling factor on 

the distributed source integral for temperature at a point without effecting thermal 

distribution in the weldment, whereas a affects temperature distribution with little 

effect on the temperature magnitude. Further, we consider the weld half width, W, 

as a measure of scale while the aspect ratio, W/D, gives an idea of distribution of 

the weld since the weld cross-sectional profile is just the isotherm of the melting. 

So r? affects thermal scale and therefore weld scale (as reflected by the width, W) 

while a controls the weld pool aspect ratio. 

Material Aspects 

The exclusion of air from the axe atmosphere is absolutely vital to the produc

tion of high quality arc welds in steel. This fact can be somewhat perplexing since 

in other metal processing operations, steel is melted and poured in air without any 

concern at all. However, the gases nitrogen, oxygen, and water vapor are rendered 

highly reactive in an electric arc and thus can be harmful. 

Control of oxygen is basic in fusion welding of steel. To some degree, oxygen is 

always present in or available to the liquid weld metal, but the concentration varies 

widely with the oxidizing potential of the arc atmosphere and width" the oxidizing 

potential of the arc atmosphere and with the composition and surface condition of 
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the metal. A major concern is to prevent oxidation of carbon, the reaction most 

frequently responsible for porosity in weld metal. 

This unfavourable reaction is usually prevented by deoxidation ; elements hav

ing a high affinity for oxygen, such as aluminium or silicon, axe introduced into the 

weld metal in order to react preferentially with oxygen. 

In fact, the chemical control in welding may be regarded as a battle in which 

carbon competes with the deoxidizing elements for the available oxygen. To avoid 

porosity, it is important to insure that the deoxidizing elements win this competi

tion. 

The deoxidation reactions in steel have the mildly undesirable side effect of 

producing non-metallic inclusions. These may rise to the surface of the weld pool 

or may remain in the deposit in the form of complex oxides. Such inclusions are 

generally very fine and widely dispersed and unless extensive deoxidation products 

axe far preferable to porosity. 

However, excessive concentrations of aluminium and silicon should be avoid

ed otherwise, there may be serious loss of ductility and toughness, especially at 

low temperatures. It is therefore important to balance the quantity of deoxidizers 

provided with the oxidizing potential of the weld system. The ideal chemistry incor

porates deoxidizers slightly in excess of that theoretical minimum amount needed 

to react with the available oxygen. Achieving this balance requires a compatible 

selection of the process and materials comprising the welding system. 

Water vapor can be harmful, particularly as a source of hydrogen which can 

cause porosity can be controlled by excluding the gas, or by insuring that the molten 

metal has sufficient fluidity to allow the gas to escape. A far more serious effect 

of hydrogen is the formation of cracks in high carbon and alloy steel welded joints. 
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This effect is also dependent on solid state reactions in steels. Water vapor can also 

be harmful in welds because it produces a loss in arc stability. 

Continuous Cooling Transformations 

The information given by the TTT diagram does not apply to heat treating 

procedures like welding where continuouc rather than isothermal cooling is used. 

These continuous cooling transformation (CCT) diagrams are used to predict more 

closely the microstructure which would form in the base metal heat-affected zone 

upon cooling from the welding temperature. The curves in the CCT will illustrate 

how the base metal heat-affected zone immediately adjacent to the fusion line will 

differ in microstructure and in hardness as varying lengths of time are taken in 

cooling from the high austentitizing temperature (1350°C) through the tempera

ture range of 800° C to 500° C. Note that time is measured on the abcissa with 

a logarithmic scale, which accounts for the increased slope of the curves as they 

approach the cooling end-point. The increased heat input during welding is very 

low and cooling takes place at a rate more rapid than the critical cooling rate, then 

the heat-affected zone structure will be entirely martensitic and its hardness will 

exceed 653 BHN which is undesirable. So the cooling rate has to be slower than 

critical cooling rate such that some transformation to an intermediate structure of 

the heat-affected zone is a blending of ferrite, bainite, austenite and of martensite 

or no martensite. 

Residual Stresses 

Because a weldment is locally heated (by most welding processes), the temper

ature distribution in the weldment is not uniform and changes take place as welding 

processes. Typically, the weld metal and the base metal heat-affected"zone immedi

ately adjacent to it are at a temperature substantially above that of the unaffected 
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base metal. As the molten pool solidifies and shrinks, it begins to exert shrinkage 

stresses on the surrounding weld metal and heat-affected zone area. When it first 

solidifies, this weld metal is hot, relatively weak, and can exert little stress. As 

it cools to ambient temperature, however, the shrinkage of the weld metal exerts 

increasing stress on the weld area and eventually reaches the yield point of the base 

metal and the heat-affected zone. 

Residual stresses in weldments have two major effects. First, they produce 

distortion, and second, they may be eliminated by both thermal and mechanical 

means. During thermal stress relief, the weldment is heated to a temperature at 

which the yield point of the metal is low enough for plastic flow to occur and thus 

allow relaxation of stress. 

From Vaidyanathan, Todaro and Finnie [14], residual stress distribution a 

welded flat plate can be predicted as: 

T>(? + 2r) ,  o  =  S y  

(f  + 2r) > r >r,  o  = Sy{T~T
r  —) 

f 
T>T,  a =  —S Y  — 

V T 

T is the equilibrium temperature given as: 

T = T — 
W  

Where T M  is the melting temperature, F the width of fusion, A the coeffecient of 

expansion, W the width of the plate, SY yield stress, E is the Young's Modulus and 

T  =  S y / E a .  

Width of fusion F can be had from 

_  2 d .  Q  
~ V { {T M -T 0 )8K 
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Where Q is the heat source output per unit time per unit plate thickness, V the 

velocity of the heat source, d the thermal diffusivity. 

For cylinder, before it is allowed to deform we assume that the axial residual 

stress is zero and we denote the initial distribution of hoop stress (i.e., the flat plate) 

by fffl(i). After deformation the hoop stress a$(xtz) is given by 

f  \  f  \  EY(x)  ,  .  
AE[x,z) = OJI (x) + voa[x,z) 

where u is poisson's ratio, cra(x,z) is the axial stress due to bending, and R is the 

mean radius of the cylinder. With z being measured from the middle of the wall 

and y radial displacement, being positive when inward. 

"°[x'z) = (T^)y" 

where 

y(x) =• Ce Px(cos0x + stnfix) 

PRSYLO 
E 

3(1 -S)1* 

L Q can be calculated from width of fusion equation with T = T  +  2 T. 



CHAPTER 4 

DESIGN INTEGRATION 

The present work's goal of developing an integrated design strategy suitable 

for design of arc welding, as discussed in chapter 2. can be achieved in the following 

three basic steps: 

Conceptual Framework For Functional Design 

In this step, we first concentrate on obtaining the functional description. Given 

the raw material and the finished product as the starting and ending states, we can 

examine the causal relationship between them. The causal relationship will tell us 

that what are the fundamental changes that we need in the state of the raw material 

to arrive at the finished product and will also gives us a possible way of affecting 

or causing those changes. Hence, the entire process may be represented by a series 

of fundamental "cause and effect" bonds as in figure (4.1). 

Initially at the room temperature, base materials of the two similar or different 

metallic plates that are going to joined are free from stresses and they have their 

original microstructure in which the atoms of each crystal are arranged in a specific 

geometric pattern. This orderly arrangement of the atoms is responsible for many 

of the properties of the metal. 

As it can be seen from the cooling rate equations, increasing the initial uniform 

temperature, To, of the base metal being welded has the effect of reducing the 

cooling rate. Preheat is often used for this purpose in welding the hardenable 

steels. For each steel composition there exists a critical cooling rate; if the actual 

cooling rate in the weld metal exceeds this critical value, hard martensitic structures 
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may develop in the heat-affected zone, and there is greater risk of crack

ing under the influence of thermal stresses in the presence of hydrogen. 

The dominant factor governing all significant thermal events in welding 

is the energy input which affects the peak temperature distribution, cooling rate 

and solidification time. In the previous chapter we discussed about heat-affected 

zone, residual stresses, ?tc. 

After establishing conceptual understanding of the causal framework of 

the process, we have the functional description of welding process as: Given two 

pieces of similar or different materials, form a bond between them with desired 

strength close to that of an integral piece of parent materials, suitable width and 

aspect ratio of the weld pool, its microstructure should not be altered in a way 

that it affects quality of its performance and there should be no undesired residual 

stresses and strains. 

In other words, the first step can be interpreted as the specification of the 

functional requirements of the end product. Functional requirements are defined 

here as minimum set of independent specifications that completely define the goal 

of the process. Functional requirements can be ordered in a hierarchial structure, 

starting from the primary functional requirement to the functional requirement of 

least importance. 

Transformation To Physical Space And 

Identification Of Hierarchies 

In this step we are primarily concerned with the second mapping proce

dure that translates the functional description to physical description. 

Here we need to understand, in physical terms, the meaning of each of 

the axioms and the guidelines they prescribe collectively. 

In the welding process functional requirements can be listed as: 
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(1) Desired non-martensitic product, NM 

(2) Minimum residual stress, RS 

(3) Minimum heat-affected zone width, HAZ 

(4) Width of the weld pool, W and 

(5) Aspect ratio of the weld pool, W/D 

After detailed study of the causality relationship of the welding process 

and mechanics related to it. It can be seen that main process variables that are 

involved in welding process are: 

(1) Voltage, E 

(2) Current, I 

(3) Velocity of the welding torch, V 

(4) Electrode tip included angle, TIP 

(5) Ionisation potential, IP 

(6) Initial temperature, To 

(7) Torch efficiency, r j  

Here in welding process the primary functional requirements of the total 

system are same as terminal functional requirements. So the second mapping, 

transformation to physical space turns out be very easy in the welding process. 

Expressing the functional description mathematically, we have 

• T o  -

"  N M  "  " X  X  X  X  X  0 0- V  
H A Z  X  X  X  X  X  0 0 E  
R S  = X  X  X  X  X  0 0 I  
W  0 0 X  X  X  X  X  V  

. W / D .  .0 0 X  X  X  X  X .  T I P  

•-1
 

1 

Here, the X's indicate a non zero value or a symbolic relation, hence a dependency 

between functional requirement and a process variable. The design .matrix shows 

that it is not possible to control the functional requirements seperately. 
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Now the concern is applying the design axioms. The design axioms being 

(1) Maintain the independence of functional requirements and 

(2) Minimise the information content. 

From the design matrix, it can be seen that pool width, W and aspect 

ratio W/D depends upon the process variables E, I, V, TIP, IP. The storage of 

relationships of W and W/D with above process variables, individually is quite 

voluminous and cumbersome. In order to minimise the information content in the 

knowledge base module, W and W/D can be expressed as: 

r 1.948 jp 0.256 jrn 0.905 mrn —7.832 y —0.285 

w ,=°-2 8 8^> O w <-»> w 

r 0.689 jp —3.236 rp —0.194 oirn —0.149 rr 0.768 

W W '"er' (oW <4-2' 
Now we can see that W is a strong function of I and TIP, whereas W/D is a strong 

function of E alone. So adjust the parameters such that desired values of W and 

W/D are obtained. 

At this stage, we have physical description of welding process with design 

axioms applied to it. 

Integration 

The basic thrust in this step is to integrate the entire design process. 

The eventual goal at this is stage, is to develop a knowledge based system that 

will integrate the different phases (problem assertion, problem solving and decision 

making). Besides using the techniques developed in previous steps in a coordinated 

manner, the integration also implies synchronization of the flow of information. This 

means determining what information is required by the designers at specific points 

in the design process and devising ways of collecting, organizing and presenting that 

information. 
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The expert system presented in this thesis, consists of several knowledge 

bases like Material properties knowledge base, Thermal knowledge base and Resid

ual stresses knowledge base and a data base and also an inference engine as shown 

in the figure(4.2). 

The user or the designer will first provide the system with information 

about the raw material and the finished product, this information is stored in the 

data base. Design priorities with regard to efficiency and reliability may be explic

itly specified or the system will be allowed to deduce those based on the service 

conditions of the finished product. So the data base has the information about 

initial and end states of the product, weldment. 

Inference engine is a control mechanism which transfers the control from 

one knowledge base to the other in an hierarchy, till the end state of the end product 

is reached. Inference engine is the backbone for integration of all the aspects of 

welding. 

Material knowledge base provides all the properties such as specific grav

ity, specific heat, melting temperature, thermal diffusivity depending upon how 

much carbon percentage the metallic plate has and at what temperature it is dealt 

with. 

When the control is transferred to thermal knowledge base, it calculates 

solidification rates, cooling rates, width of heat-affected zone, width of fusion, as

pect ratio of weldment, percentage of non-martensitic products and hardness of the 

weldment. 

Residual stress knowledge base calculates the induced hoop and tensile 

stress in the weldment. 
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CHAPTER 5 

PROGRAM DETAILS 

Knowledge based expert systems axe computer programs, based on artificial 

intelligence (AI) techniques designed to reach the level of performance of a human 

expert in some specialized problem solving domain. Expert systems have a great 

potential for practical use in ill-structured problem solving domains where explicit 

algorithms do not exist or where traditional computer programs provide only re

stricted problem solving capabilities. 

Applications based on mathematical models and those requiring intense numer

ical computations may be conventionally built as algorithmic programs. However 

many problem solving strategies, such as interpretation or design, are ill-structured 

or ill-defined and are not well suited to the rigid algorithmic format. To date, such 

applications have not been succesfully computerized. Numerous engineering design 

tasks fall into this category, which needs symbolic manipulation as well as numerical 

computation. Symbolic manipulation is required because representing knowledge 

means choosing a vocabulary of symbols and fixing some convention for arranging 

them. There are too many programming languages. Fortunately, however, only a 

few are for symbolic manipulation, and of these LISP is the most used. LISP is the 

language in which most research on representation is done. The present work has 

been programmed in COMMON LISP. The details of the expert system is discussed 

in the following sections. 

The expert system has the same three major components as the familiar proce

dural model of computation, but its components differ in details. One component of 

both models is the program (knowledge bases), which expresses the computation to 

31 
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be performed; another is the executer (inference engine), which performs the com

putation. Both models also have data (data base), which describes the particulars 

of the problem to be solved and store intermediate results. 

A program in the procedural model is an ordered sequence of basic units called 

instructions. The executer carries out the instructions in the order they are given, 

transferring out of sequence only when explicitly so commanded by the program 

instructions. In contrast, a expert system consists of unordered collection of basic 

units, called productions, production rules, or simply rules. 

The inference engine can be described as a finite state machine with a cycle 

consisting of three action states: match-rules, select-rules, and execute-rules. In the 

first state, match-rules, the machine finds all of the rules that are satisfied by the 

current contents of data memory according to the comparison algorithms built into 

the inference engine. The match may involve the condition part, action part, or both 

parts of the rule. The rule matchings that are found are all potential candidates for 

execution. They are collectively known as conflict set. The same rule can appear 

in the conflict set several times if it is satisfied by different sets of data-items. 

The machine then passes along the conflict set to the second state, select-rules. 

The machine then transfers to the third state, execute-rules and executes the rules 

selected. Following this execution, the machine cycles back to the first state and is 

ready to start over again. Since the rules usually change the state of the data base, 

a different set of rules will match after the actions performed during rule firing. 

This cycle repeats itself till the problem state is transfered to goal state. 

Data Base 

A data base, called data memory or working memory, serves as a global data 

base of symbols representing facts and assertions about the problem. The data are 

instances of objects, which may represent either physical objects or facts related to 
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the welding technology or conceptual objects (such as goals) related to the problem-

solving strategy. 

Inference engine makes the data base to query the user or designer, about the 

information regarding the raw material and the desired conditions and properties 

of the finished product, weldment. The system will gather information about car

bon percentage, thickness of the sheet, desired strength of the weldment, tolerable 

percentage of yield stress. It will also ask about the welding machine specifications 

such as voltage, current etc. 

Here in this expert system we have three knowledge bases namely: 

(1) Material knowledge base. 

(2) Thermal knowledge base. 

(3) Residual knowledge base. 

Material Knowledge Base 

Knowledge can be represented in the computer program as a set of rules. Each 

rule has a condition part, usually indicated by the keyword "IF" in an English de

scription, which describes the data configuration for which the rule is appropriate. 

A rule has an action part, indicated by the keyword "THEN" in an English descrip

tion, which gives instructions for changing the data configuration. A sample rule 
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would appear like: 

( R U L E  C  —  0 6  — T  —  400 

( I F  ( S T E E L  H A S  0.06 C A R B O N )  

( T E M P E R A T U R E  I S  400 C E N T I G R A D E ) )  

( T H E N  ( S P E C - H E A T  I S  595.0) 

( C O  - T H  - E X P  I S  0.0000001383) 

( T H E R - C O N D  I S  45.2) 

( E L E C  -  R E S I  I S  0.00048) 

( U L T I  -  S T  R E  I S  386000000.0) 

( Y I E L D -  S T R E  I S  193000000.0))) 

Every rule has its own name, above rule's name is C-06-T-400. So the material 

knowledge has this kind of rules which supplies the properties of the metal with 

respect to its carbon content and the temperature. 

When the user provides the system, percentage of carbon content and tem

perature, this information is stored in two assertions in a particular format. The 

procedure, MATCH, tests if the condition part of each rules matches with the ex

isting assertions in the data base. If they match it adds the assertions in the action 

part of that rule to the data base thus providing the system, properties of the metal. 

Each time inference engine considers a rule, MATCH has to test if action part 

is matching with existing assertions in the data base, for that MATCH has to match 

eight atoms (words) for each rule, which is a time consuming process. Before the 

procedure execution, MATCH, it passes through FIXXY by which it can avoid 
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matching those eight atoms for each rule. The procedure FIXXY would appear like 

{ D E F U N  F I X X Y  { C A R P  T E M P )  

( < C O N D  

( { A N D  ( E Q U A L  C A R P  0.06) ( E Q U A L  T E M P  20)) 

( S E T Q  X  'C —06 —T —20 Y  ' M  -  06)) 

( ( A N D  ( E Q U A L  C A R P  0.06) ( E Q U A L  T E M P  200)) 

( S E T Q  X  ,C-06-T-200 Y  ' M  -

when control of execution passes through FIXXY, the name of rules are selected, 

which when fired gives the right properties of the metal, thus avoiding the matching 

process to a considerable extent by using the procedure FILTER-PROP-RULE. 

Thermal Knowledge Base 

Thermal knowledge base is used in calculating in soldification rates, cooling 

rates, width of heat-affected zone, width of fusion, aspect ratio of weldment, per

centage of non-martensitic products and hardness of the weldment. 

Pool width W, aspect ratio W/D, arc efficiency rj, arc distribution a, depends 

upon the process variables E, I, V, TIP, IP. The storage of relationships of W and 

W/D with above process variables, individually is quite voluminous and cumber

some. In order to minimise the information content in the knowledge base module, 

W and W/D can be expressed as in equations (4.1) and (4.2). Following paragraphs 

describe how this integrated formula is got for arc efficiency 77. The same is followed 

for W, W/D and a. 

Figure(5.1) shows the variance of arc efficiency rj with respect to all process 

variables, got from Blodgett [4]. All the curves in this figure have been digitized, x 



figure (5.1) 

Theoretical parameter effect on arc 

36 

TIP 

2.0 c.a 
Parameter Ratio: Vcr I ah I on/S fcandar d 



37 

and y coordinates are stored. We are interested in a relation rj = ai( if^)^, 

where the same could be expressed as 

E 
logij = nilog(———) + logax 

II.D 

which is equivalent to 

Y = MX + C 

where Y = logrj, M = rji and X = log(A computer code is developed 

which involves least squares method, finds the exponent rt\. The same procedure is 

followed to determine exponents n2, n3> n4> ns in the relations, rj = a2(^)na, rj = 

a3(l|^g)n3, rj = a^V = (o.i668)W6 now we can ^ave integrated formula 

for arc efficiency, 77 as 

j p  n i  j  na j p  n3 r p r p  n 4  y n6 

17 = ^85) ^ 15.76^ ^~60~^ ^0.1668^ 

where k=0.574, value of arc efficiency when any parameter ratio is 1.0. This inte

grated formula gives a approximated value of arc efficiency in the neighbourhood 

of standard values of the parameters which aifect the arc efficiency. This shows 

that expert system should consider large number of case studies in order to cover 

whole range of values of the process vaxiables. More the number of case studies it 

considers more the accuracy of values of W, W/D can be had. 

Representation Of Transformation Diagram 

Fig(5.2) shows continuous cooling transformation (OCT) diagrams, are used to 

predict more closely the microstructure which would form in the base metal heat-

affected zone upon cooling from the welding temperature. The curves in CCT will 

illustrate how the base metal heat-affected zone immediately adjacent to the fusion 

line will differ in microstructure and in hardness as varying lengths of time 
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taken in cooling from the austentitizing temperature (1350^ o C )  through the 

temperature range of 800° C to 500° C. Fa and Ba curves shows that formation 

of bainite and ferrite are starting. All the percentage curves shows how much 

percentage of non-martensitic products have formed. 

All the curves are digitized. Each of the curves in CCT diagrams can be 

divided into two halves, right at the nose of the curve fitting techniques, we can 

have equations for top and bottom portion of the curves as 

y = a + blogx + c(logx)2 + d(logx)3 

and 

x _ jQa+6y+cy3+dy3 

respectively. These equations are got for each and every curve in CCT diagram. 

Now we should have an algorithm which enables to calculate the percentage of 

non-martensitic products for any cooling rate. 

Cooling curve has been assumed to be divided into three imaginary straight 

lines, i.e., cooling curve would have three different zones. The range of temperatures 

of three zones are 1500°C — 538°C, 538°C—483°C, 483°C— preheat temperature. 

• Cooling rates can be calculated for each of the three parts of cooling curve 

using equations (3.5) and (3.6). Time taken for cooling is also calculated for each 

part of the cooling curve. The percentage composition is calculated by the proce

dure PERCOMP. Let T be the time taken by two top parts of the curve; YlPER, 

YBS and Y25PER be the y coordinates of the points where cooling curve cuts 1% 

non-martensitic transformation curve, Ba bainite transformation curve and 25 % 

non-martensitic transformation curve. If T is less than 5 seconds, percentage com

position is taken as martensite 100%, austenite 0%, bainite 0% , or if T is between 

10 and 20 seconds, percentage of composition would be 

_  ,  Y l P E R - Y B S  ,  
C  ^ Y 1 P E R - Y 2 5 P E R ) X  '  +  '  



ferrite Fe%, bainite (98.0 - FE)%, austenite 2.0% and martensite would be 0%. 

Newton-Raphson method is used finding the intersection of cooling curve and trans

formation curve and care has to be taken whether equation for the top portion of 

the transformation curve is to be considered or otherwise. The same procedure is 

followed for the rest of the portion of the CCT graph. 



CHAPTER 6 

RESULTS AND CONCLUSION 

In the previous chapter we discussed about the architecture of the expert system 

for designing the arc welding process, referring to figure(4.2). Now a sample run of 

the expert system is discussed in the following paragraphs in detail. 

Firstly, the user or designer will be queried, when the expert system is initiated, 

about the information regarding the raw material and the desired conditions and 

properties of the finished product, weldment. The system will gather information 

about carbon percentage, thickness of the sheet, desired strength of the weldment, 

tolerable percentage of martensite and tolerable percentage of yield stress. It will 

also ask about the welding machine specifications such as voltage, current etc. 

Material knowledge base provides all the properties such as specific gravity, 

specific heat, melting temperature, thermal diffusivity depending upon how much 

carbon percentage the metallic plate has and at what temperature it is welded. 

Design priorities with regard to efficiency and reliability may be explicitly spec

ified or the system will be allowed to deduce those based on the service conditions 

of the finished product. In the first run of the expert system, design priorities are 

set with regard to maximum efficiency and profitability. 

The minimum heat input required to melt the weld pool is calculated from 

materials knowledge base. The values of the process variables are set for a particular 

welding machine, keeping the efficiency of the welding process in point of view. 

For example, voltage, highest velocity, ionisation potential, tip included angle and 

efficiency are given these values 15.0 volts, 1.65 mm/sec, 4.0 ev, 100 degrees and 

0.57 respectively. 
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The minimum heat input, J (Kj/mm) required is calculated as 

_  0 . 0 0 4 4  , s p e r .  2 / _  .  
~~ 1000.0 x  (I5o }  x* ̂  1  ~ 

where sper,t,T\,To are percentage strength of the base material desired in the 

weldment, thickness of the sheet, melting point temperature and initial temperature 

and initial temperature respectively. 

Maximum preheat temperature is selected as: To is 350°C when 0.0 < -

t < 12.0 , T0 is 475°C when 12.0 < t < 25.0 and T0 525°C when 

25.0 < t < 99.0. 

Torch efficiency and current are estimated as 0.57 and 20 amp., then they are 

corrected (by iteration) from the following formulae: 

j _  V E I  
1000.0V 

and 

j —0.037 jg —0.026 jp —0.007 'j'jp 0-015 y —0.007 

77 ~ ^85^0^ ^11^6^ ^15.76^ ^60^ ^1.668^ 

Now with the above values, the thermal knowledge base calculates solidification 

rates, cooling rates, width of the heat-affected zone, width of fusion, aspect ra

tio of the weld pool, percentage of non-martensitic products and hardness of the 

weldment. Also induced stresses (residual stress) are calculated. 

The desired values for above functional requirements either set by designer or 

user, with regard to reliability, or system has default permissible values as: 0.45£ < 

W < 0.55t, 6.0 < W/D < 8.0 and 0.9W < HAZ < 1.1W. 

Now the inference engine checks all the functional requirements whether they 

fall in the permissible limits. 
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If any of the functional requirements are not in the permissible limits, then 

inference engine adjusts the process variables as discussed in the previous chapter, 

step two, such that all the functional requirements are in the acceptable limits. 

Some results are shown in table(S.l), where 'pit' and 'cyl' stands for plate and 

cylinder respectively. The radius of cylinder considered here is 5 mm. It can be seen 

that only current, I is changing among the several process variables. The values of 

process variables E, V, IP, TIP are 15.0 volts, 1.65 mm/sec, 4.0 ev., 100 degrees 

respectively. The same functional requirements can be satisfied by different set of 

values, i.e., solution for any given design problem is not unique. 

Table(5.2) 

t 
(mm.) 

Type Hardness 
BHN 

Stress 
(psi.) 

HAZ 
(mm.) 

W 
(mm.) 

W/D I 
(amp.) 

To 
°C 

6.85 pit 328.7 736.9 3.648 3.3 6.2 41.0 320 
10.0 pit 364.0 761.0 3.1 5.4 11.2 72.0 300 
15.0 pit 339.0 953.0 2.5 6.7 11.7 84.0 340 
20.0 pit 341.0 754.0 2.4 10.5 14.2 100.0 340 
10.0 cyl 364.0 18705 3.1 5.4 11.2 71.0 300 
15.0 cyl 334.0 13478 2.5 7.7 12.7 85.0 320 

Conclusion 

The proposed methodology provides a powerful tool for design synthesis of any 

complex manufacturing process, which contains numerous design parameters that 

are to be optimized in order to improve productivity. 

Firstly, the major thrust is establishing a conceptual framework for manu

facturing design. Given the raw materials resources and the end product as the 

starting and ending states, we can examine the causal relationship between them. 

The causal relationship will tell us what are the fundamental changes that we need 



in the state of the raw material to arrive at the finished product and will also give 

us a possible way of effecting or causing those changes. Thus, by incorporating the 

knowledge base of mechanics into the causal framework of the process, we can ob

tain a functional description of the process that is in line with the design priorities 

with regard to efficiency and reliability. This causal framework may then be used 

to identify general principles of designing for manufacturing and to deduce axioms 

for manufacturing design through a logical and rational process. 

Once the functional description of a manufacturing process is obtained and the 

design axioms are established, following the causal framework, we can easily arrive 

at the terminal functional requirements. The act of breaking them down through 

the causal framework essentially identifies the fundamental functions included in 

them and then describing these "cause and effect" bonds by mechanics converts the 

qualitative functional design into quantitative statements in physical space. The fi

nal physical design for the overall manufacturing process is obtained by assemblling 

all the components in physical space. However, unlike other approaches, "global 

optimization" is ensured since the functional description is obtained in a "top to 

bottom" fashion and the functional design is "globally optimized" through the ax

iomatic approach. The physical design is only a replica of the functional design in 

physical space. 

Though present work demonstrates the feasibility of the axiomatic design syn

thesis strategy, it needs more sophistication in gaining insight into the process 

automatically, from a few detailed analyses; automatic establishing of axioms and 

interpreting them on its own. 

Here, the axioms interpreted are obtained from the experience of the designers 

over years. Interpretation of axioms is done manually and resulting knowledge 

has been represented in the expert system. If the expert system were capable of 



establishing axioms and interpreting the same on its own, then the same can be 

extended for other manfacturing processes like metal cutting etc., very easily. The 

existence of such expert system would make revolutionary changes in the future of 

factory. 

In order to improve the productivity, we have to computerize all the manufac

turing processes. Today, we have numerous manufacturing processes that are to be 

given due consideration to cater to the needs of life. Keeping profitability in view, 

expert systems should have to be build to cover all the knowledge pertaining to 

these entire spectrum of manufacturing processes. The causal relationship will tell 

us what are the fundamental changes that we need in the state of the raw mate

rial to arrive at the finished product. In order to deal with those manufacturing 

processes, these so called causal relationships have to be represented in the expert 

systems. For speeding up the process of building expert systems, another expert 

system might have to be built for acquisition of knowledge and automatic designing. 

For an engineer who specifies welding procedures, the selection of proper values 

of the parameters, materials may cause more perspiration than the hot blaze of the 

welding torch. The science of welding encompasses hundreds of base metals and 

welding electrodes (the materials used to join base metals together) and approxi

mately hundred welding processes; the right choice is critical to the strength and 

safety of objects ranging from high-rise buildings to automobiles and jets. For an 

engineer who works mainly with a particular type of welding and the same general 

class of metals may have little difficulty in deterir laing the proper welding param

eters for a given job. But, confronted with a vastly different procedure, even a 

welding engineer may be overwhelmed by the amount of data required to make a 

good decision. Any one welding engineer would have a difficult time maintaining 

information on all the base metals and welding parameters. Considering all these 



factors, it can be proposed that this expert system could be extended to cover all 

the welding processes, base metals etc. 

Such an expert system would reduce the chance of error in designing welds, 

can improve the safety and stability of welded structures, and even engineers who 

are not welding specialists can make recommendations in minutes instead of hours. 

Because of uncertainities about weld selection, engineers sometimes tend to design 

weldments by specifying much more than what is actually needed for the job. When 

one considers that roughly fifty percent of the gross national product of the United 

States depends upon products that involve welding processes, then one can see how 

important welding is in virtually every industry. And with the help of this versatile 

expert system, engineers wili soon be able to depend on a computerized expert to 

make recommendations that result in sound, safe, economical structures. 
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