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The potential of the evolving technology known as integrated computational
materials engineering (ICME) is acknowledged by many stakeholders. Good
progress has been made in computational tools for both the understanding of
the material behavior and the understanding of the structural behavior.
Several examples illustrate the potential of a tighter integration between both
sciences. Industry is still reluctant to integrate the computational material
science developments in its daily structural analysis science, however. The
various reasons for this reluctance are indicated in this article, and the
coordinated actions to extend the applicability of ICME are discussed. The
ICME Expert group is already performing several of these actions to improve

application of ICME.

INTRODUCTION

Since the early development of the finite element
method for structural analysis, now more than
50 years ago, many industrial companies have
become fully aware of the potential of this technol-
ogy for the engineering design of structural compo-
nents. Early applications were based on simplified
material behavior like Hooke’s law for deformation
behavior and Fourier’s law for heat conduction.
Computer-aided engineering tools using these tech-
nologies have been introduced in companies, and it
is generally recognized that application of these
tools leads to faster development times, shorter time
to market, and a more optimal product design.

Significant progress has also been made in the
development of analysis tools for studying manu-
facturing or processing steps like casting, forming,
annealing, carburizing, and welding. A serious
bottleneck in these applications has been the
unavailability of predictive material models capable
of describing the changing material properties and/
or structure for a particular processes. For example,
material properties are known to be a function of
the thermal history applied in a specific processing
step. In particular, for multiphase materials, for
example, it is hard to capture the material model in
a set of simple evolution equations that are valid for
a large range of industrial processes and applica-
tions. Yet for an analysis of a deep drawing process
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using a thin metal sheet, the analyst needs a model
describing the anisotropic elastic plastic stress
strain behavior for locally different multiaxial
strain states. This model needs to be derived for a
material that, at a macroscopic level, can be con-
sidered as a continuum, while at a microstructural
level, it clearly comprises more than one phase, each
with different interacting properties. Parallel to the
research needed for developing the analysis tech-
niques of the processing conditions, material science
has applied finite element or similar technologies to
arrive at better models to generate material prop-
erties for materials based on the given process
conditions. The result of microscopic simulations on,
e.g., different grains, grain sizes, grain properties,
and interface conditions, leads to a better under-
standing of the relevant processes at the microstruc-
tural level, while the overall results of these
microstructural simulations should lead to a better
material model to be applied in the macroscopic
simulations at the component level.

To get improved understanding and predictability
of material properties, the process history has to be
taken into account on a microstructural scale.
Nowadays material scientists combine effort to
improve the model approaches for the physical and
chemical mechanisms taking place during process-
ing, e.g., microstructure evolution driven by com-
bined chemical and mechanical processes. State of
the art thermodynamic approaches like the
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Fig. 1. Schematic diagram indicates the linking possibilities in ICME for manufacturing processes.

CALPHAD method in combination with phase field
modeling, are today what is a kind of CAE-Tool for
material engineers. Again it turns out the thermo-
chemical and thermomechanical simulation has to
be realized on various scales depending on the most
relevant mechanisms to be described, e.g., phase
transformation, grain growth, and precipitation
evolution. In most situations, various mechanisms
interact on different scales, e.g., grain growth and
precipitation nucleation in metals during
annealing.

Integrated computational materials engineering
(ICME) draws on the combination and the simul-
taneous or consecutive use of a variety of software
and modeling tools. The application range of
ICME is extremely broad. In the diagram shown
in Fig. 1, which is representative of the needs in
the area of manufacturing of steel products,
several stages can be identified. The vertical
direction represents the length scale at which
specific processes take place, going from electronic
scales to macroscopic models. Data exchange
between the different length scales has to be
accompanied with so-called scale bridging tech-
niques. Horizontally the relevant phenomena pre-
sent in a specific manufacturing step are
presented. Data exchange between the various
steps is also called “through process” modeling.

Most often, different initial geometries of the
component are used in each “manufacturing” step.
In addition, the material properties needed for the
subsequent analysis are different, not only as a
function of the processing time but sometimes also
as a function of the spatial position in the compo-
nent. In translating data from one analysis to the
next, new mesh (often a different number of ele-
ments and nodal points) and a remapping technol-
ogy of the state variables is needed.

e In casting, often a fluid flow type of analysis is
needed with material flowing through a fixed,
partly filled mesh. If the die/mesh is filled,
cooling will start, resulting in spatially different
microstructures and residual stresses and
strains distribution in the component depending
on the applied cooling conditions.

e Subsequent forming analysis uses a different
starting mesh, which is connected to the deform-
ing component. The position-dependent proper-
ties and the residual stresses/strains resulting
from the cast material have to be mapped to the
new mesh. For multistage forming processes,
often for each step a new mesh is needed, with
again remapping of the state variables.

e The final residual stress and strain distribution
needs form the input for the heat treatment step,
together with the material properties represen-
tative describing the heat treatment.

e Carburization is a heat treatment of the metallic
surface. To describe these surface effects prop-
erly, a finer density near the surface is needed
than in the mesh required for the bulk metal
forming. Consequently, again a proper remesh-
ing/remapping technology is needed.

e Welding usually involves high thermal gradients
and temperature-dependent properties (like in
annealing) but also properties for liquid material
(like in casting). The thermal gradients likely
require again another mesh density near the weld.

Analyzing the complete manufacturing chain often
involves many different analyses and even different
analysis programs. Efficient data transfer between
the simulations of an individual manufacturing step
and proper and robust remeshing/remapping tech-
nologies are key requirements for efficient through
processing analysis.
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Fig. 2. Fibers and matrix in a composite (a) and elastic properties of
fiber and matrix material (b).

EXAMPLES OF ICME IN INDUSTRIAL
APPLICATIONS

Although computational materials engineering
and structural analysis of components typically
belong to different engineering disciplines, exam-
ples of integration are known.

Structural Analysis of Composite Structures
Using General Rules of Mixtures

Overall direction-dependent material properties
(Fig. 2) such as elastic modulus, mass density,
ultimate tensile strength, thermal conductivity,
and electrical conductivity can be predicted for
composites made up of continuous and unidirec-
tional fibers. The rules of mixture state that in the
modulus of elasticity, the longitudinal direction E.
can be determined from the volume fraction of the
fibers f and the modulus of elasticity proPerties of
the fibers E; and the matrix material E,;:

E.=fEs+(1—-f)En (1)

Similar relations exist for the moduli in other
transverse and shear directions. Failure criteria can
also be derived for composites, distinguishing
between different failure mechanisms such as fiber
failure, matrix failure, and interface failure. The
success of application of these models depends on
the availability of material properties available at
the microstructural level.

In a structural analysis of a component (as shown
in Fig. 3), the elastic moduli needs to be comple-
mented with the spatially dependent longitudinal
and transverse direction directions and for each
layer with a specific thickness.

Aluminum Foam in Structural Components

Aluminum foam is a light, strong material
capable of a good crash performance. A structural
engineer performing, e.g., a crash analysis needs a
constitutive relation for this material in the analy-
sis. In principle, each cell in an open structure
aluminum foam (Fig. 4) can be modeled directly by
using existing finite element technology. This would
lead to an enormous modeling effort and extremely
long computer times.
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Fig. 4. Aluminum sandwich panel filled with aluminum foam.

Fraunhofer Institute for Manufacturing and
Advanced Materials? (IFAM) presents material
property relations for Young’s modulus, compres-
sive strength, energy absorption, fatigue, and
strength of aluminum foam based on the properties
of the aluminum and the density ratio of the foam:

n
Propertyy,,, = Constantp,operty X (p foam; psolid)

This simplified property relation can directly be
applied in continuum elements describing the
macroscopic behavior existing finite element pro-
grams for structural analysis.

As soon as the material deforms plastically, the
simplified relations are no longer valid and stress
state-dependent yield surfaces have to be applied.
The shape of these yield functions and associated
“material” constants are then derived from experi-
ments or from microstructural analysis with repre-
sentative volume elements (RVEs).

Forming of Aluminum Parts

The elastic properties of aluminum parts can
readily be found in textbooks. When elastic plastic
behavior needs to be considered, such as for
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(a) Phase 1
Fig. 5. Stretch-forming manufacturing process.

(b) Phase 3

(¢) End of phase 3

instance in the numerical simulation of stretch
forming of aerospace parts, it is important to
select the properties after the proper heat
treatment.?

Figure 5 shows a stretch-forming process of a
complex part of aluminum 2024 clad. Aluminum
2024 clad is received in the As-Fabricated (F),
Annealed (O), or Solution Heat-Treated (T3) condi-
tion. Before the first stretching phase, the alu-
minum sheet is solution heat treated (2024-T3 clad)
and annealed to a desirable soft condition (O-
condition, step 1) as shown in Fig. 6. During the
first stretching phase, the maximum strain percent-
age is a specific percentage to prevent grain growth
during solution heat treatment (step 2). If the
maximum allowable strain percentage is reached,
process annealing will be applied (step 3). When the
sheet is completely in contact with the die, a last
heat treatment (solution heat treatment, step 5) is
applied to improve the mechanical properties of the
sheet metal. In the AQ condition, a maximum
deformation of 6% is allowed. Repeating the solution
heat treatment often causes excessive grain growth
in the critically strained regions and is therefore
usually not applied. After the final stretch, the part
is naturally aged (step 6) to the desirable T3
condition (step 7).

Numerical simulation of sheet-metal-forming pro-
cesses has reached a sufficient maturity level and is
nowadays applied in many industrial companies by
using either commercially available finite element
programs or specific academic codes. For each
forming step, a material-hardening curve represen-
tative of the material condition is applied.

The challenge for ICME is to arrive at elastic—
plastic properties representative of a specific mate-
rial state as a function of the applied temperature
and strain history.

Sheet Metal Forming of Advanced High-
Strength Steels

Earliest simulations of sheet metal forming
(Fig. 7) were performed by using elastic—plastic
material with isotropic yield surfaces. It is generally
recognized that the texture development during
rolling of thin sheet material results in an aniso-
tropic elastic plastic behavior and that this is often
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simulated at a macroscopic level by using Hill,
Barlat, or Vegter yield surfaces. The necessary
constants in the multiaxial yield definition are
obtained with experimental results on tensile tests
carried out on a tensile specimen of sheet metal, cut
at different angles, with respect to the rolling
direction.

It is also possible to model the microstructure and
apply a series of numerical tensile tests at various
angles on an RVE containing the microstructure,
thus, generating the required experimental results
for the macroscopic yield surface (Fig. 8).*
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Deep Drawing of Cups Followed by a Heat
Treatment

Deep drawing of rolled sheet material into a
cylindrical cup can result in so-called “earring” of
the product due to the anisotropic plastic material
properties (Fig. 9). The resulting residual stress and
plastic strain distribution can be predicted effi-
ciently with existing finite element tools (Fig. 10,
right). The next manufacturing step for the cup is a
heat treatment requiring a proper description of the
transformation strains in going from the ferrite to
austenite phase during heating and transformation
from austenitic to martensitic during cooling, in
combination with temperature-dependent elastic
plastic properties. In addition, the internal residual
stresses resulting from the deep drawing (Fig. 10,
left) relax at a higher temperature partly due to the
change in elastic properties and partly due to the
creep effects at higher temperatures. The deforma-
tion field is inhomogeneous due to the anisotropy of
the material, while the temperature is inhomoge-
neous due to the temperature gradient resulting
from an analysis of the cup-belt—furnace
interaction.

40 002032

05

Fig. 7. Characteristic result of a deep drawing simulation.
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The integrated modeling of these components
requires a good understanding of the local interac-
tion among elastic, plastic, thermal expansion,
transformation, and creep strains in a large range
of temperatures (typically in the range 20-1100°C).
Transformation models describing each phase exist,
but they also need material parameters and ICME
can help in getting these parameters. A robust
implementation of this model is necessary to make
it useful for industry. This is also an area where
ICME can help in providing the required robustness
in analysis tools.

Multiscale Coupling in Structural Analysis

Structural analysis of structural component
behavior by using local macroscopic material prop-
erties directly obtained from a lower level
microstructural simulation (multiscale coupling,
also called FE2) have been explored by Kouznetsova
et al.>® For materials with complex, evolving
microstructures, with nonlinear, time- and history-
dependent material behavior, subjected to large
deformations, the formulation of such constitutive
relations becomes increasingly difficult and often
impossible. Among various advanced scale bridging
techniques, the computational homogenization
approach is probably one of the most accurate and
general techniques in wupscaling the nonlinear
behavior of complex, evolving, nonlinear

Fig. 9. Deep drawing of a circular blanket resulting in earring.
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Fig. 8. Development of sheet anisotropy in sheet metal with RVE calculations to determine the anisotropic yield functions (Ref. 4).
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Fig. 10. Computer residual stress distribution in a cup (left). Volumetric strains develop during the subsequent heat treatment as a function of

the transformation of the material structure (right).

microstructures. The strength of the multiscale
computational homogenization technique is the
two-way coupling (Fig. 11): macro-to-micro, micro-
to-macro, and then again macro-to-micro, and so on.
This computational homogenization can be applied
to the simulations of industrial processes, directly
incorporating the underlying microstructure and
the relevant fine-scale physics. This is, however,
hindered by the prohibitively high computational
costs involved. For practical problems involving tens
of thousands of finite elements, and requiring
multiple loading increments and nonlinear itera-
tions, this becomes invisible. The computational
burden can be significantly reduced by applying
hierarchical high-performance parallel implemen-
tation. However, these are, typically, dedicated
codes not compatible with general-purpose finite
element modeling software packages usually used
in the industry.

Computational Prediction of Durability

In many in-service industrial applications, cyclic
loads on the components lead to local material
damage, the damage is piled up, and eventually the
component loses its resistance to the applied exter-
nal strains and, therefore, fails. Usually, the com-
mon durability analyses are performed on the macro
scale, whereas the microstructural-based simula-
tions lead to far superior evaluations.”

VexTec Corporation has managed to develop a
computational platform to predict durability. The
software fills a gap in the existing capabilities
provided by CAD/CAM, FEA statistical modeling,
and physical testing and by integrating them into a
single computational framework. This software,
which is called VLM® (Virtual Life Management®),
as an engineering software platform assists manu-
facturers to make qualified products and resolve in-
service durability.®

The technology powered by VexTec calculates
how damage (caused by loads and temperatures
imposed by the usage conditions) moves through the

as-processed microstructure by simulating each
material grain’s response to that load. Each compo-
nent consists of many grains. If there are 10,000
components in the product line, that means the
simulation will be running billions of simulations to
predict the component’s fleet durability.”

A damage mechanism in the microstructural level
is simulated by means of VLM® based on the
following three steps (Fig. 12). First, the crack
nucleates, based on the damage mechanism active
on the order of either the grain size or an inclusion/
void size. Then the crack grows as a microstructural
small crack in which the crack front lies in rela-
tively few grains. The material properties, averaged
along the crack front, approach bulk material
properties as the crack grows and the number of
grains interrogated by the crack front increase. At
this point, traditional fracture mechanics methods
can be assumed and the crack grows as a typical
long crack until final failure. This method explicitly
models the relevant damage mechanisms by using
well-established micromechanics theories.”

BOTTLENECKS IN INDUSTRIAL APPLICA-
TION OF INTEGRATED COMPUTATIONAL
MATERIALS ENGINEERING

Communications with industry and academia
reveal that industry is reluctant to adopt the results
of academic progress in the development of new
material computational engineering. Several rea-
sons can be identified for this reluctance.

The new material models are promising but do
not fully satisfy the needs of the manufacturing
industry mainly because:

e The models are often promising in describing
several physical phenomena yet incomplete in
formulation for describing the complete spec-
trum of applications in industrial practice. To
understand the phenomena, academia often
have to narrow the application range and try to
give good predictive capabilities within this
range. Industry has to use the models for the



Industrial Needs for ICME

Fig.

65

MACRO: shell

stress MM
moment Mo
(shear stressQOM)

tangents

MICRO: 3D RVE

«

11. Multiscale coupling of a shell structure.

solving

boundary value problem

Global Stress Model

Micromechanical
Crack Nucleation
Model

Statistical
Volume
Element

Y

Fig.

Grain Size
Grain Orientation

Fracture Mechanics
Small Crack

Growth Model

Micro-Applied Stress
Micro-Yield Strengh

Linear Elastic
Long Crack
Growth Model

FATIGUE
RELIABILITY

Crack Growth
Rate Coefficient

12. Predicting durability.

complete application range (process conditions),
and information of the validity of the model
outside the range where the research took place
is needed.

New academic models are mostly validated for a
limited number of applications, or only showing
the capabilities of the model. The robustness of
the model, i.e., also giving reasonable results if
used slightly outside the validity range, is often
not demonstrated or investigated.

The industry is only using models that were
(extensively) validated in real (not assumed)
operating conditions.

Universities and public funding schemes are often
interested in new science, while existing knowl-
edge is not yet ready for industrial application,
which is a well-known phenomenon in innovation
science, also indicated as the “valley of death.”
The use of a new material in industry is associ-
ated with the introduction of a new product, and

hence, industry cannot afford the uncertainty of
nonworking models during this product develop-
ment stage. Parallel simulation with new models
is then only used to improve the insight of the
structural behavior but not as a real design tool
and certainly not in the critical path of a project.
The new models from the research community
are often implemented in local analysis codes,
not in commercial codes. The local codes have a
limited application range (e.g., lack of required
functionality for specific loading conditions or
are simply restricted to two-dimensional (2D)
applications). Commercial codes do not always
see the need to implement a specific model
(academics dot not always demonstrate why a
specific model is better) and do not have the
funding to extend the model for all element types
in a finite element code (truss, beams, shells,
three-dimensional (3D) brick, assumed strain,
thermomechanically coupled phenomena, etc.).
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Industrial companies investing in implementa-
tion of these new models in commercial codes
often require the International Patent (IP) rights
of this development, thus, reducing the general
application of the models.

e The industrial companies usually do not afford
the time and effort associated with testing
academic codes in particular if they are tested
with a limited number of examples and have a
limited application range. Although the price/
licensing issue suggests using academic codes, in
particular, when massive multiscale simulations
have to be used, engineering problems are
typically analyzed with commercial codes.

e There is not sufficient training in the use of these
new advanced models. Industrial users donot fully
capture the potential of a new model unless it is
told why. Moreover, industrial users do not have
the equipment to perform the tests to determine
these parameters. Which tests are needed to
determine the model parameters and how they
are fitted to both the phenomenological and the
physics based models is not always documented.
Note that if macroscopic data need to be derived
from microstructural simulations, the microstruc-
tural simulations need input data as well and it
might be that these are more difficult to obtain.

e The robustness of a specific simulation technique
is not always clear. If material properties have to
be determined from numerical simulations, it
needs to be known what the reliability range of a
specific test is, just like in experimental testing.

e Attempts to store the models parameters in a
database fail because there are so many different
models and so many different, yet undocumented
procedures to determine the parameters.

e A combination of different material models
describing different phenomena is strongly
needed in industrial applications. It is, however,
often not seen as new science, reducing the
funding possibilities, and yet it can be regarded
as extremely complex.

e Exchange of data between various simulations is
difficult since most codes use their own standard
and limited available interfaces focus mostly on
the well-known material models.

Coordinated actions are needed to increase the
application of integrated materials modeling.
ICMEg, the Integrated Computational Materials
Engineering expert group [ICMEg], a coordination
activity of the European Commission, aims at
developing a global open standard for information
exchange between the heterogeneous varieties of
numerous simulation tools. The availability of an
open and easily accessible global standard will:

e Significantly facilitate the exchange of data
between different tools

e Extend the functionalities of the present numer-
ical tools

Konter, Farivar, Post, and Prahl

e Allow easy integration between commercial and
academic approaches and models

e Provide the pathway for life-cycle modeling of
components/products

The ICMEg consortium coordinates respective
developments by a strategy of networking with
stakeholders in a first international workshop,
compiling identified and relevant software tools in
a handbook of software solutions for ICME. At a
second international workshop, the strategies for
interoperability between different software tools
will be discussed, eventually proposing a
scheme for standardized information exchange to
be expanded into a book/document. The respective
actions are summarized by Schmitz et al.’

FIRST INTERNATIONAL WORKSHOP ON
SOFTWARE SOLUTIONS FOR ICME

The first ICMEg workshop (www.icmeg.info) took
place at Rolduc on June 24-27, 2014, and was
attended by 160 participants from 24 countries
across 4 continents. More than 100 presentations
were given in combination with poster sessions,
workshop sessions, and a panel discussion. The
present document reflects the outcome of the special
workshop session on “Industrial Needs for ICMEg.”

The workshop was organized around seven ques-
tions raised to the participants in this workshop:

1. What application area are you interested in?
Industrial participants present in the session
were predominantly interested in macroscopic
simulations. Lower level simulations are typi-
cally only done if there is a specific need to do
this (e.g., composites and multiphase materials).
It suggests that sublevel modeling is still very
much an academic issue and industry is in the
wait-and-see mode.

Interest in micro- and sub-micro-level modeling
is present at material producers. This is not
surprising since generating the most appropri-
ate microstructure as a function of the (local)
process conditions will determine the function-
ality of the material.

Almost equal interest was present at the macro-
scopic level in the modeling of specific process
steps and through process material models; in
addition, data exchange between the various
process steps was considered most relevant.
Fig. 13 summarizes the required data flow of
interest as seen by the workshop participants.
The outcome is a little surprising. It was felt
prior to the workshop that the micro and sub-
micro simulations should feed the macroscopic
material models. Here it can be concluded that
for the participants attending the workshop,
there is currently more interest in macroscopic
process conditions feeding the micro and sub-
micro simulations.
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Fig. 13. Interest in data exchange as seen by the workshop participants.

2.

Which software packages do you use/know?
The applied software package we integrated in
the overview was presented as an output of the
European ICMEg activity. More details can be
found in Schmitz et al.”

Which quantities have to be transferred?

The response in the requirements for data
transfer is reflected in Fig. 14.

e Through processing at the macroscopic scale
typically requires the transfer of residual
stresses and strains and temperature gradi-
ents. The cooling history during casting has
an effect on the property development and
the residual stress field, and this needs to be
accounted for in the subsequent forming
step. The residual stresses resulting from
the forming step have an effect on the
product shape in the subsequent annealing
step. It is important to note that attention
also has to be paid to the effect that specific
phenomena have on different time scales,
and hence, integration techniques have to
account for this.

e At the micro level, the exchange of grain
sizes and texture are considered to be the
most relevant properties.

How do you do scale bridging?

Only limited multiscale analysis was performed
by the attendants, and hence, the issue of scale
bridging could not yet be sufficiently addressed.
Microstructure simulations provided the insight

and microstructure distribution. Appropriate
input properties for the macroscopic properties
are subsequently selected.

What is your feeling about the maturity (TRL)
level?

The response generated in the workshop on these
two questions is summarized in Fig. 15.

It is obviously felt that the maturity level of
macroscopic simulations is much higher than the
micro- or sub-micro-level simulations. During the
workshop, it turned out that simulation on the
macroscale is widely accepted and used in indus-
try on a technology readiness level (TRL, accord-
ing to the European Commission definition) of 8—
9. Microstructure evolution codes and even more
detailed electronic, atomistic, and mesoscopic
models by now have reached a TRL of approxi-
mately 4-5 or even less. Consequently, respective
approaches are now only used in specialized
laboratories. Nevertheless, the benefit for micro-
scale/mescoscale/macroscale simulations is widely
accepted and the need for downscaling is clearly
formulated by the industrial attendants.

Care has to be taken, however, that even at the
macroscale level, the maturity level of complete
through process simulations is much lower than
the simulation of a specific individual manufac-
turing step. This is partly due to the difficulty of
data exchange between various analyses (spatial
distribution using different meshes and data
exchange between different software codes/anal-
ysis techniques)
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Indeed, there are several serious hindering fac- friendliness of small-scale models is limited in
tors: the missing of general standards for data most cases), the limited simulation knowledge on
format and platforms (in particular, the user the user side, expensive information technology
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capacities, and no license schemes for short-term,
but challenging calculation projects have been
mentioned.
A major gap has been identified between contin-
uum mesoscale models and electronic/ab initio
based models. The usability and the compatibility
between these two model worlds have been
formulated to be a major challenge for the future.
Here, more success stories are needed to convince
industry to increase activities on ICME.

6. Do you have a suggestion for a sandbox scenar-
io?
Three suggestions were generated during the
workshop:

e Macroscopic forming analysis followed by a
heat treatment analysis for three different
alloys

e Translation of microscopic RVE simulations
into macroscopic analysis

e Additive manufacturing
These ideas will be further explored by the
ICME expert group and will be discussed at
the 2nd workshop to be held in Barcelona in
April 2016.

7. On which area do you have data suitable for
experimental verification of the models?
Only limited information was obtained on this
subject in this workshop. This topic will be
further addressed at the 2nd workshop. The
ICMEg working group has to identify examples
for the sandbox scenario examples and will
contact its industrial network to see whether
sufficient experimental data are available.

CONCLUSION

ICME is seen as an evolving technology with
academic and industrial interest. To become an
integral part of the product design in terms of
material (property) selection and product perfor-
mance (manufacturing and product performance),
some steps still need to be taken.
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The availability of a standard for data exchange
between the various tools will definitely speed up
the acceptance of this technology. If only limited
data exchange is possible (either due to lack of
methodology such as scale bridging and remeshing
techniques), only part of the potential is used.

The availability of a set of working demonstration
problems or sandbox scenarios identifying how to do
the integration, what information is needed, what is
to be exchanged and how is this spatially dis-
tributed, and what time scale bridging is needed
will speed up the acceptance of the integrated
modeling.

Using numerical models, which are not robust
and validated enough, in project running in an
industrial environment will be seen as uncertain
parts of the innovation project. Due to the critical
time paths in a project, industry is removing these
uncertainties by using alternative, more proven
development routes rather than solving the imper-
fections in the models.
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