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ABSTRACT 

A new approach to product development is described that integrates various unit 
operations into a unified I'knowledge-base". This knowledge-base is easily 
accessible to all members of the design team due to the advent of high performance 
and networking capabilities of today's desktop computers. This permits rapid 
optimization of the product's material, shape, and manufacturing processes that 
satisfy the customer's performance requirements while maximizing economic return 
for the manufacturer. 

INTRODUCTION 

The markets for technical ceramic products have grown steadily during the past 
several decades, due in part to the emergence of higher performance materials such 
as zirconia and silicon nitride, but also because of lower cost components brought 
about by more efficient manufacturing. Much of this growth has been fueled by an 
insatiable quest for high quality, primarily driven by significant international 
competition. But high quality is no longer a distinguishing factor in the 
marketplace. For instance, programs initiated by most technical ceramic 
manufacturers have led to large improvements in quality, which in turn have 
resulted in considerable advances in component performance. At the same time, 
the level of quality and performance have become more uniform from one vendor 



to another. Hence a vendors competitive edge by claims of higher quality has 
largely disappeared. High quality is now simply a condition for doing business in 
the marketplace. 

Another interesting trend is the customization of what was once considered high 
volume commodity products. Customers now desire products tailored to their 
specific applications. They may be purchasing lots of the same overall volume, but 
now of these lots will consist of smaller sub-groups of components having different 
features. Thus while ceramic manufacturers have anticipated growing markets that 
would allow them to transition from a traditional job-shop to more continuous 
flow operations, customers are expecting lower costs from the economies of scale 
of larger markets, but greater levels of flexibility available from a job-shop 
environment. Moreover, customers desire this greater flexibility and lower cost 
together with reduced delivery times. This new trend suggests that, product 
quality and performance being equal, markets in the future will go to those 
manufacturers who deliver customized products in record time and at lower cost. 
Thus a new set of tools are required to develop flexible manufacturing strategies to 
rapidly develop new products while simultaneously reducing cost. 

THE MATERIALS SCIENCE PARADIGM - IS IT ENOUGH? 

At some time in their education, most materials engineers are exposed to the 
classic Materials Science Paradigm, schematically illustrated in Figure 1. This 
paradigm relates product performance to three primary factors: (i) processing 
conditions (in the case of ceramics, this refers to packing density, sintering time 
and temperature, etc.); (ii) structure (crystal structure, electronic structure, 
microstructure, etc.); and (iii) properties (mechanical, electrical, chemical, etc.). It 
is now widely recognized that much of the advances in the performance of many 
ceramic components come from a greater understanding of the these three areas, 
and how these areas are interrelated. 

However, performance advantages relate only to the technical success of a 
product. Whether a product achieves economic success is a different issue. For 
example, a ceramic material may have the requisite performance characteristics 
when tested under laboratory conditions, but may in fact fail in the marketplace 
because it may not be cost-competitive with other engineering materials; it may be 
difficult to manufacture into the desired geometry; it may have a deleterious 
environmental impact; or it may simply not achieve the desired level of reliability 
over the products lifetime. These issues are generally not addressed by the 



materials science paradigm, yet are the key features that lead to product 
realization. This indicates that product development strategies must go beyond 
this oversimplified picture that focuses on strictly material issues, and use models 
that incorporate the more non-technical factors that together determine a product's 
ultimate success in the marketplace. 
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Figure 1. The classic tetrahedron illustrating the Materials Science Paradigm. 

PRODUCT DEVELOPMENT MODELS 

In order to understand the key features that lead to rapid product development, it 
is useful to first examine some of the models that exist today. 

( I )  The Linear Model 
Historically, product design and development have followed a linear model, 
schematically illustrated in Figure 2. In this scenario, the Customers requirements 
are first received or interpreted by the Sales Engineer. If the requirements demand 
a new product design, sales relays the requirements to the Design Engineer. 
Depending on the similarity of the new component relative to existing products, 
the new design may then travel to the Manufacturing Engineer for advice on the 
appropriate manufacturing approach. A Process Engineer may be called in to 
assess modifications of existing processes to manufacture the new component. 
Finally, if there are material concerns, then the Materials Engineer becomes 
involved. Eventually answers work their way back up the chain, but often the 
process requires several iterations before all are satisfied. If all goes well, the new 



component has the same requirements initially requested by the customer. 
Unfortunately, communication is not always transferred with complete accuracy, 
and often times the customer ends up with something quite different than expected. 
Even if all does go well, the process can takes months if not years to complete, 
depending on the complexity of the component desired. 
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Figure 2. The traditional, linear model for product development. 

(2) Concurrent Engineering Model 
A significant improvement to the linear model evolved throughout the 1970's and 
1980's, and is often referred to as the Concurrent Engineering Model, 
schematically shown in Figure 3. In this model, it is recognized that coordinating 
many efforts such as process engineering and materials engineering in a parallel 
fashion, or concurrently, significantly decreased the time required to complete a 
project. Thus, while the primary point of contact with the customer is still the 
Sales Engineer, the customers requirements are relayed to the entire engineering 
team at the same time, allowing for immediate discussion on €he best possible 
approach towards achieving the customers requirements. This provides for a more 
direct path towards the final product, but also allows for "on-the-fly" design 
changes to be made without going through the entire development loop. 
However, despite the obvious advantages of this model of product development, it 



still has several disadvantages. For example, it is not uncommon for the product 
development "team" to disband once the project is completed. Thus much of the 
expertise learned during the development effort for that product is not retained, 
other than through the more typical and inefficient path of project reports. This 
can be a particular problem when team members retire or move to a different 
company altogether. Moreover, the process can still take weeks or months before 
the Sales Engineer can ultimately supply the customer with the desired product. 
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Figure 3. Concurrent engineering model for product development. 

(3) Integrated Model of Product Development 
While the concurrent engineering model is clearly superior to the linear product 
development model, it still lacks some key features. Hypothetically, the ideal 
model would incorporate the interdisciplinary nature of the concurrent engineering 
approach, yet be more quantitative in nature, as opposed to a purely 
heuristic-based approach. A more quantitative model would permit advanced 
computational analysis to be utilized in a "virtual" design and manufacturing 
environment, thereby optimizing the products characteristics and manufacturability 
before a single prototype is made. This would not only reduce the development 
time, but also greatly reduce costs associated with the trial and error method of 
product optimization. Finally, a quantitative model would establish a scientific and 
engineering database that could in principle link the areas of process technology, 
materials properties, manufacturing technology, and even economic and 



environmental assessment of a given design and manufacturing strategy. Such a 
model is schematically illustrated in Figure 4, and emphasizes that the various 
development efforts are integrated or linked together. In this case, the customer 
requirements form the focal point at the center, easily accessible by all team 
members. The project goals are defined at the initial stage of development by the 
interdisciplinary team, and are always cross-referenced throughout the effort in 
order to ensure that the project does not deviate from its initial objectives. 
Furthermore, the integrated nature of this model ensures that progress in one 
discipline serves as input to other disciplines, thus continually updating and 
advancing the development process. 
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Figure 5. Integrated model for product development. 

If the results within any one discipline were quantitative, for examplz models 
describing material properties as a function of processing condition (k., sintered 
density as a function of time and temperature), then such information could be 
quickly accessed by other members of the team through the use of current 
computer networking systems. Each discipline could then incorporate the 
mathematical models of other disciplines into its own models, and so forth. The 
end result is that information once specific to a particular development task now 
becomes integrated into all other tasks, i.e., the task-specific information databases 
become a single, unified project-level knowledge-base, as shown schematically in 
Figure 6. 
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Figure 6. Concept of a knowledge base that integrates design disciplines. 

A key feature of the knowledge-base is that it is retained long after the project has 
been completed; the quantitative nature of the model allows it to be stored for 
future access. For example, given a new product or design, the design and 
development team (or even the Sales Engineer alone) can easily conduct a 
comparative search of all similar products and processes, thereby circumventing 
the time and costs of repeating any one project from scratch. Using the existing 
knowledge-base as the starting point, the design and development team runs 
additional experiments and simulations relevant to the new product. This in turn 
leads to enhanced expertise, which can be schematically represented by the 
knowledge-base expanding outwards, as shown in Figure 7. 

The expanding knowledge-base concept also provides a useful framework for 
considering the natural progression of manufacturing relatively simple components 
to those that are very complex. For instance, simple components, which are 
referred to as Level 1 components in Figure 7, do not require extensive knowledge 
to create. However, manufacturing Level 2 components, representing greater 
complexity, requires building on the expertise gained by fabricating Level 1 
components. In other words, these more complex components could not have 
been produced without first producing the simple ones, or at least without a great 
deal of time and effort. Thus each level of complexity requires a specific 
knowledge-base; complex components generally require considerable expertise to 
fabricate cost effectively. The key point here is that building these complex 
components requires attaining the necessary knowledge-base by first fabricating 
less complex components. 
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Figure 7. Expanding knowledge-base allows for the manufacturing of 
increasingly complex components. 

A classic example of this last point concerns the advanced ceramic industry in the 
early 1980'~~ particularly in the structural ceramics area. At this time, the market 
for automotive components was expected to increase significantly due to the 
emergence of high strength, highly reliable ceramics such as zirconia and silicon 
nitride. Much of the applications involved high temperature components such as 
turbocharger rotors, extremely complex components having thick wall shafts and 
thin-walled, curved vanes. Several ceramic companies both in the U.S. and abroad 
and specifically Japan initiated development efforts to capture this rapidly 
expanding market. However, the approach to the development efforts in the U.S. 
and Japan were much different. While several U.S. firms attempted to 
manufacture the complex rotor directly, many Japanese firms developed 
manufacturing expertise by first fabricating fairly simple shapes, cylinders, balls, 
etc., while also working on the rotor itself. At the same time, high volume 
manufacturing techniques were established by selling fairly pedestrian consumer 
items such as ceramic scissors and sushi knives, products that are relatively simple 
in shape and design. Many in the ceramic industry considered such applications as 
frivolous. Yet these simple consumer items introduced the public to high 
performance ceramics, helping to foster greater confidence in designing with these 
materials for other advanced applications. But perhaps equally as important, these 
consumer items allowed manufacturers to optimize material properties and 
establish the processing windows necessary for more fabricating more complex 
components. In light of Figure 7, the manufacturers were establishing the 



knowledge-base for simple shapes, which provided the foundation for more 
complex parts such as the rotor. In contrast, U.S. firms were attempting to 
simultaneously optimize both material properties and processing conditions for the 

efforts were scaled back or discontinued altogether. Today, more than a decade 
later, only a few U.S. firms remain competitive in the advanced automotive 
component arena, and even then most of the market appears dominated by 
Japanese manufacturers. 

complex rotor itself. This proved a nearly insurmouiitible challenge, and many .. 

INTEGRATED MODEL OF PRODUCT DEVELOPMENT - EXAMPLES 

It is now useful to examine two cases where the integrated model of product 
development is being applied at Sandia National Laboratories. The first example 
describes a program known as "Smart-Weld"; the second example considers the 
compaction of ceramic powders. 

(1) Case Study: "Smart- Weld" 
The object of Smart-Weld is to integrate the areas of welding metallurgy, thermal 
analysis, stress analysis, and robot-controlled, automated laser-welding procedures 
into a unified, interactive software program for the product design engineer. The 
program begins by the design engineer creating a three-dimensional, CAD-based 
solid model of the proposed new design. From the material specifications of the 
design, a materials database is accessed, selecting the appropriate welding material 
and welding procedure. Knowing the constituent materials, information regarding 
mechanical and thermal properties is then obtained from a second database. This 
information is then integrated into the CAD-model, which is transferred to a 
module that calculates the thermal profiles required to form the weld. This module 
draws upon mathematical models that relate laser power input to temperature rise 
and fall within the desired weld region. The laser-weld operation is then simulated 
in another "virtual" welding module, that also establishes the appropriate computer 
code to drive the laser and robot in the actual welding process. 

The next step in Smart-Weld is to ensure that the weld will have the adequate 
mechanical integrity. The simulated "welded" component in CAD form is relayed 
to a finite element module that automatically creates the FE mesh, and then 
estimates the stresses in the component. If the stresses are within an acceptable 
range (also determined by a set of rules within the module), then the go ahead is 
given for the actual laser weld. (If not, then the designer iterates the process with 
usually minor design changes until all criteria have been satisfied.) The final step in 



the process is to insert the two components into the welding fixture, and laser weld 
them together using a robot-controlled laser welder (recall the program for the 
robot was generated in an earlier module). 

It is worth noting that the current version of Smart-Weld is a completely 
"point-and-click" software program operating from within a graphical user 
interface. The interface is merely a shell that contains the engineering modules that 
themselves contain the various informational databases. Thus the mathematical 
descriptions of the welding process, material properties, thermal analysis, etc., are 
completely transparent to the design engineer. The goal of the engineering 
development teams is to refine and update the databases, while the software links 
the databases together in a user-friendly fashion. Using Smart-Weld, new product 
designs require only one or two attempts to obtain the final welded component 
with the desired characteristics. This is a dramatic change from the weeks or 
months of trial and error that involved selecting appropriate material, varying the 
laser power and welding time, and testing the finished product for mechanical 
integrity. With this integrated model for product design, new weld designs are 
now possible within a few days of the original sketches. 

(2) Case Study: Compaction of Ceramic Powders 
In this example, the concept of an integrated approach to product development is 
applied to the compaction of spray-dried, ceramic powders. Recently, Sandia 
National Laboratories embarked on a program to develop experimentally 
validated, mathematical models of the compaction behavior of ceramic powders. 
These models ultimately would be linked together using the software interface 
developed for Smart-Weld to create a user-friendly, point-and-click program that 
could optimize the die design and material characteristics in a virtual 
manufacturing environment, as shown in Figure 8. Once optimized, the actual die 
could be fabricated to exacting specifications, and the material adjusted to produce 
powder compacts of uniform green density. Moreover, these compacts would 
require a single die to be machined, saving considerable time and expense. 

SUMMARY 

Important objectives of the advanced ceramic industry today are to reduce product 
development times and costs in order to improve competitiveness. One way of 
achieving these objectives is to minimize the number of design iterations and 
experiments necessary achieve the desired component shape and characteristics. 



Figure 8. Integrated model applied to the compaction of ceramic powders. 

By using a quantitative, integrated model of product development, design and 
manufacturing processes can be simulated in a virtual environment using today's 
desktop computer systems. Such simulation minimizes the number of iterations 
required to achieve the final component characteristics, and therefore greatly 
reduces development cost and time to delivery. Existing networking architecture 
provides the framework that facilitates the integration process, and also permits an 
expanding knowledge-base by capturing expertise attained in earlier projects. 
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