
Industrial process analysis
Integration of FE-simulation

Jens Mortensen
IMPACT ENGINEERING ApS, DK-9000 Aalborg 

Aalborg University, Department of Production, DK-9220 Aalborg

November 4, 1996



Abstract
In the future, finite element (FE) simulations will undoubtly play an important part in the 
analysis of metal forming technology. There are some important practical circumstances 
which indicate that the use of FE-simulation will become a realistic opportunity for even 
medium-sized and small companies in the future, namely, the development of computer 
technology towards high performance at low cost, continuous development of applicable 
commercial FE-software and the availability an increasing number of trained analysts. 
Furthermore, outsourcing of engineering tasks is becoming still more popular and services 
in metal forming analysis, including FE-simulations, are now commercially available.

Historically, the development and construction of metal forming processes, going on in 
the industry, has been dominated by craftsmanship and less by academic influence. This 
situation is now gradually changing towards a stronger link between theory and craftsman­
ship. During a research project for the Danish company GRUNDFOS A/S, a world market 
leader in pump technology, FE-simulations have been applied in the analysis of a number 
of industrial processes over a period of three years. This paper is devoted to a discussion 
of the experience with industrial process analysis, and with the application and integration 
of FE-simulation of metal forming which has been gained throughout the research project.
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1 Metal forming at Grundfos
Grundfos has clearly managed to meet customers needs and has gained significant market 
shares on the international pump market over the last five decades. Grundfos outstanding 
success and characteristic has been partly attributed to the pioneer constructions in stain- 
less sheet Steel, for example the submersible pumps which were far ahead of competitors 
technology at the time of their introduction. Figure 1 shows some examples of submersible 
pumps from Grundfos.

Figure 1: A subset of Grundfos submersible pumps.

Grundfos tradition in metal forming and particularly in forming of austenitic stainless 
Steel components was founded along with the introduction of the submersible pumps in 
the 1960’s. Being able to produce the components needed for these constructions was an 
achievement in itself, for which Grandfos has won high international recognition.

3

181



Today, competition within all aspects of the pump products has become a reality on 
the international pump market. Grundfos pump technology is still considered to be in the 
"high end” on the market, but it is no longer as markedly distinet from competitors techno­
logy. Consequently, the company is now bringing a broader perspective into focus, namely 
the entire business process, rather than products only. This is in faet the situation in many 
western European companies today.

Exactly as in the broader business perspective, the international competition has caused 
the success criterias within the metal forming activity to become mueh more diverse than 
just proving able to manufacture complex components for pump constructions. The effi- 
ciency of the approach to solving metal forming problems is essential to the future contri- 
bution from the metal forming activity to the competitive strength of the company.

Some of the major focus points today are that

• Lead time in component development, process research and process construction is 
vital to the product time to market.

• Safe and well doeumented processes are important to arrive at a safe and efficient 
product and production technology.

• Use of state-of-the-art knowledge about materials and processes in products and pro­
duction technology makes products more difficult to copy and extents the product 
lifetime on the market.

A systematic, well communicated, and well understood approach to metal forming is 
therefore essential to successfully honor these central issues in the future and to maintain 
metal forming as a profitable business area.

Over the years, stainless Steel has become a well established construction material for 
use in fluid handling equipment. CAD has improved the possibility of systematic and rapid 
tool design, and the possibilities of FE-simulation has now provided a mueh stronger link 
between theory and craftsmanship. These circumstances support the opportunities to per­
form well in the metal forming activity. Still, it is the balanced use and development of hu­
man resources, technologies, theoretical and experimental methods which comprises the 
metal forming competence.

2 Problem classes
Four major problem classes have been identified to embrace the metal forming activity 
within the development and technology centers at Grundfos. These four problem classes 
are listed in the table below. Characteristic attributes to these classes are different sets of 
main objectives and typical tasks being performed. A central qualification to work suc­
cessfully within any of these four problem classes is the ability to conduct a reasonably 
systematic process analysis.
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PROBLEM CLASS MAIN OBJECTIVES TYPICAL TASKS
Component development Evaluate produceability

Establish a plan of operations 
Estimate cost and lead-time

Standard or special ? 
Establish solutions
Process analysis 
Documentation

Process construction Design and manufacture tools 
Process control specification

/'\ Process assessment 
\v/ Process analysis 
CAD
Manufacture tools
Testing
Documentation

Process research 
and development

Investigate new processes 
Principal optimization
Map capability
Monitor competitors technology

Literature/patent study 
Research projects
Process analysis 
Documentation

Ad hoc
problem sol ving

Improve stability/quality
Analyze and explain breakdown

Sensitivity analysis
Failure analysis 
Documentation

Table 1: Typical problem classes encountered in industrial metal forming activity. The 
problem classes are identified by their different sets of main objectives and tasks to be 
performed.

2.1 Component development
The component development tasks are derived directly from the product development ef- 
fort, and component development is the primary driving force in the metal forming activity 
within the development and technology centers. In each component case it has to be de­
termined whether, and roughly how, the component can be produced by metal forming. 
An estimate of the unit cost is also important. In the case where only well known pro­
cesses are employed, the job can be passed on directly to process construction and solved 
in collaboration with a process engineer or technician. In the case where new or unknown 
process technology is needed the job should typically be solved in collaboration with the 
process research and development engineers in order to further develop and clarify the in- 
volved process technology to an acceptable level. The process engineer, who participates 
in the component development context, has to posses both experience and good analytical 
skilis in order to be able to outline, from the beginning, the resources required to solve the 
problem in each case.
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2.2 Process construction
Process construction includes a detailed analysis of alternative process solutions and even- 
tually the selection of a solution among these alternatives in collaboration with the com­
ponent development team. A number of design iterations may be nesecarry. Successively, 
the detailed process construction is carried out and then tools are manufactured. Testing 
and documentation of the process is then performed before passing it on to the production 
environment. Process construction should typically employ known process technology, 
i.e. act on a well doeumented construction basis. To ensure the continuous leaming within 
process constmction, it is very important that there exists a strong link to the production 
environment. When a new component is introduced in the production environment, it is 
required to monitor, interpret and communicate the results from production, in order to 
take full advantage of the leaming potential. This also indicates the need for committed 
and skilied engineers in the production environment.

2.3 Process research and development
In process research and development the medium to long term investigation of new pro­
cesses is the main objective. Process research and development plays a clarifying role to­
wards component development and process construction. In addition to projects initiated 
by component development activity, process research and development should also pursue 
relevant emerging and promising technologies with a potential applicability. The engin­
eers participating in process research and development projects have to posses quite good 
analytical skiils and knowledge of process mechanics. This typically includes the ability 
to conduct literature surveys and advanced theoretical and experimental analysis.

The metal forming expertise may also be employed in monitoring the State of metal 
forming technology used by competing enterprises.

2.4 Ad hoc problem solving
Ad hoc problem solving is an inevitable discipline and it should not be neglected as it is 
indeed also an important leaming discipline. In case of an unforeseen problem, it is im­
portant to solve and doeument the problem systematically. This problem class naturally 
consists of a diversity of problems ranging from trivial to rather complex problems. Prob­
lem solving may be carried out by an ad hoc group.

3 Forming technology assessment
As indicated previously, process research and development problems and the process con­
struction problems have their own clear substance, but they also overlap in some respects.
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The process technology matrix suggested in figure 2, can be used to identify more clearly 
the technologies which are relevant to consider within each of these two problem classes.

Emerging Promising Key Basic Old

General technology status - competetive strength 

Figure 2: Technology matrix for the classification process technology.

The technology matrix pares the competitive strength of a technology with the level at 
which the company intemally masters it. The intemal competence level is defined here to 
range between 1-7 where each level is characterized as follows

level 1: No intemal knowledge. Extemal laboratory reportsexist, 
level 2: Special commercial applications reported. Ongoing intemal R and D activity. 
level 3: Doeumented intemal laboratory tests. Production like setup tested, 
level 4: Gaining experience (leaming) in development and production. Still depending 

heavily on experts.
level 5: Generally available to process constmction. Depending only little on experts. 

Production experience exists.
level 6: Technology is widely used within production with only limited assistance from 

production technicians. Process capability doeumented. Noparticularquality prob­
lems.

level 7: Technology fully mastered within the organization. Leaming has converged.
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To stay competitive, at least from a technological point of view, it is important to

• bring emerging and promising technology to an operational level as fast as possible 
within the R and D context

• clarify promising technology for use in production as a shared activity between R 
and D and process construction

• continuously leam and perform the best possible within key technologies
• fully master basic technologies and be the best possible within the key technologies
• renew or replace old technology

One inherent question to the technology matrix is ”what is a new technology ?”. Even 
small changes made to existing process technology, like the substitution of tool or work- 
piece material type and modifications of tool geometry, may drastically change the process 
characteristics, and therefore require a thorough re-investigation starting from level 1-3.

From an organizational point of view it is of crucial importance to ensure that those R 
and D activities, which seem to have a commercial potential, are introduced efficiently into 
the process construction and the component development contexts. If not, a potential key 
technology may virtually die out in the overlap between R and D and process construction. 
An organizational setup, where an engineer working in process construction is attached to 
the technology from for instance level 3 and remains responsible for the introduction this 
technology in process construction, may be useful to establish the necessary commitment.

It is a challenge to develop a flexible organization where human resources are allocated 
dynamically to efficiently solve the diversity of tasks which may occur within the four 
major classes of metal forming problems, using a clear set of methods and strategies.

4 Process analysis - use of FE-simulation
The previous sections have presented some of the general terms for conducting process 
analysis. FE-simulation is viewed here as one among several theoretical and experimental 
methods which may be included in performing a process analysis.

K. Lange et al. have developed a useful systematic framework for describing many of 
the problems which may occur in metal forming processes. In the original form it divides 
the encountered problems into eight areas, ranging from problems regarding plasticity the­
ory and metallurgical considerations to problems regarding production issues. However, 
the system is primarily concemed with areas that are closely related to the process mechan­
ics. A modified schematic form of this process analysis framework, including six process 
areas, is suggested in table 2.

In the following some short general comments are given on the applicability of FE- 
simulation for a detailed analysis within each of the seven areas in the process analysis 
framework.
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Process area Analysis objectives Analysis objects
1. Initial workpiece Select shape and material Volume, pre-form, surface, 

Chemical, mechanical and 
metallurgical considerations

2. Deformation zone Evaluate produceability, 
process safety margin

Stress-, strain- and 
temperature history, 
metallurgical changes

3. Formed component Predict shape, tolerance 
and other properties 
related to end use

Geometry incl. spring-back, 
stress-, strain distribution and 
remaining formability

4. Tool/Workpiece interface Predict wear and 
specify lubrication

Interface pressure, friction, 
relative velocity, temperature 
and surface expansion

5. Tool construction Select shape, dimensions, 
shape, tolerance and 
material selection

Load, deflection, 
stress and strain

6. Process machine Determine requirements Forces, torques, degrees 
of freedom, size etc.

Table 2: Process analysis framework, with examples of typical analysis objectives and 
objects.

Area 1 is the initial workpiece. The workpiece material is most often and ideally dictated 
by the product and its application. However, the choice of process technology may require 
use of a more precious material, typically due to formability requirements.

Area 2, the deformation zone, concems the determination of the material behaviour in 
the plastic State. Time-histories of stress, strain and temperature can be obtained by FE- 
simulation. Phenomenons like phase transformation, instability and fracture may also be 
predicted explicitly depending on the complexity and accuracy of the model employed. 
Very valuable information may come from even simple FE-simulations.

Area 3, the formed component, primarily concems the shape, tolerance and mechanical 
properties related to end use or further processing of the component. A FE-simulation of 
the forming process currently yields the best possible theoretical prediction of these cha­
racteristics including shape, spring-back, strain- and residual stress distribution. The sim- 
ulated component may be transferred to subsequent FE-analysis of further processing or 
of its behaviour in use.

Area 4 covers the tool/workpiece interface including the lubrication system and con­
cems all the questions on friction, lubrication and wear. Tribology is an extremely com­
plex aspect of metal forming processes and a good experimental, and theoretical basis is
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still lacking. Only very simple theories are practically applicable to friction, lubrication 
and wear within metal forming tribology. FE-simulations can, however, provide important 
information with regard to the tool/workpiece interface, such as contact zones, pressure, 
relative sliding, surface expansion etc., and simple models for wear prediction have been 
implemented into FE-software.

Area 5, tool construction, concems the many-sided problems related to tool layout, tool 
material selection, heat treating, surface treatments etc. A metal forming process cannot be 
regarded in isolation from the forming tool performance. The tool design has a direct effect 
on the formed component and on many aspects of using the tool in a production environ­
ment. FE-simulation is, generally, an excellent tool for determining the load conditions put 
on the tool during a forming process. Stress/strain distribution and deflections are typical 
factors of interest in tool constmction which can be accounted for in a FE-simulation.

Area 6, process machine, concems the specification and selection of the process ma­
chine, in which the process tool should be incorporated. The process machine must provide 
the forces, torques, degrees of freedom, sufficiently accurate guiding etc. needed for each 
stage in a forming process. The choice of process machine also calls for appropriate di- 
mensioning of the tooling and involves important production issues as stroke rate and setup 
time. FE-simulations are particularly useful in determining the force and guiding require­
ments. However, for many forming processes, simple and sufficiently accurate rules-of- 
thumb exist for the selection of an appropriate process machine.

5 Aspects of FE-simulation of metal forming
Forming processes are time-dependent problems which involve severe nonlinearities due 
to complex contact conditions, large displacements, large rotations and large deformation 
with a highly non-linear material behaviour. These general characteristics impose high 
requirements on the methods applied in metal forming simulation.

The finite element method is widely used to solve physical problems in engineering ana­
lysis and design. Figure 3 summarizes the process of finite element analysis. In metal 
forming the physical problem typically involves, as a minimum, several tool components 
subjected to prescribed loads or motion, a workpiece undergoing severe deformation, and 
the complex interactions between tool components and workpiece. The complexity of the 
process mechanics in metal forming has already been focused on in the discussion of a 
framework for process analysis described in table 2.

Idealization of the physical problem to a mathematical model requires a number of as- 
sumptions that together lead to differential equations goveming the mathematical model. 
The finite element analysis solves this mathematical model. Since FEM is a numerical 
solution technique there are some accuracy considerations to be taken. On the other hånd, 
it is clear that an accurate finite element procedure will only solve the mathematical model.
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It is an important point that all the assumptions to the mathematical model will be reflected 
in the numerical solution, and consequently, that no more information than contained in the 
mathematical model can be expected in the prediction of the physical problem. Therefore, 
the choice of an appropriate mathematical model is crucial and completely determines the 
insight which can be achieved in the physical problem by a finite element analysis.

Finite
element
solution

of
mathematical 

model

Figure 3: A schematic presentation of the process of finite element analysis.
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FE-simulations may be very time-consuming and to ensure successful and efficient FE- 
simulations it is generally a good idea to

• Categorize and re-think the problem within a systematic process analysis framework 
and State clearly the analysis objective and objects.

• Consider the methods available for solving the problem - is FE-simulation a relevant 
task ? How should the FE-simulation be combined with experimental analysis ?

• Carefully plan, execute, interpret and doeument the FE-simulation. In iterative series 
of simulations, go from simple models to the more complex.

There is an extensive academic and industrial interest in the development of both the 
basic mathematical models to describe different physical problems and in the numerical 
methods to perform simulations. The future will see increasing accuracy and applicability 
of FE-methods in many materials processing problems.

6 Concluding remarks
In the course of my research, FE-simulation has been applied in problem solving within 
four problem classes in metal forming: component development, process research and de­
velopment, process construction and ad hoc problem solving. Without exception, the res­
ults from FE-simulation have contributed, in a very positive way, to the solution of the 
specific problems.

A number of theoretical methods are available in technological plasticity, and among 
these FE-simulation is clearly the most general and powerful way to theoretically treat 
metal forming processes. An extremely important qualitative strength of FE-simulation 
is the possibilities for post-processing the huge amounts of data resulting from simula­
tion. FE-simulation/visualization provides outstanding possibilities to gain both qualitat­
ive and quantitative insight into metal forming processes which would otherwise be unac- 
cessible. Visualization makes it possible to communicate results in an appealing fashion 
to a broad audience. An important qualitative understanding of metal forming processes, 
may be gained through FE-simulations. Still, the use of a systematic approach to process 
analysis is essential in order to efficiently identify and describe a specific problem, decide 
on a solution strategy and conduct the problem solving activity.

Historically, the development of metal forming has been dominated by craftsmanship 
and less by academic influence. This situation has gradually changed towards greater aca- 
demic influence and a stronger link between theory and craftsmanship. Engineers and 
technicians at Grundfos have met the application of FE-simulation with a very professional 
and welcoming attitude and any fear of resistance to new technology has fortunately been 
proved wrong.
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It is my hope that Danish industrial enterprises will be able to increase their competence 
and competitive strength with respect to metal forming through combination of tradition 
and new methods.
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