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Abstract 
 

The main objective of the DMR system presented in the work is to create the digital microstructure with its features 
(grains, sub grains, grain boundaries) represented explicitly. Particular attention in the paper is put on designing three di-
mensional DMR. These digital structures are used to generate finite element meshes that exactly replicate geometry of 
grains. Finally obtained meshes are used during simulation of the deformation process to analyze stress concentration 
along grain boundaries. Details of implemented algorithms are presented in the paper. The advantages and disadvantages 
of this approach are discussed, as well. 
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1. INTRODUCTION 

The FE method is the main tool used in industry 
to simulate large scale forming processes and it 
gives good results. This method describes material 
behavior as a continuum and it is based on a general 
stress-strain relationship. Since large scale problems 
containing bilions of grains are usually considered, 
the major assumtion of this approach is that behavior 
and interaction of particular grains is homogenized 
in the form of a single flow stress model. This pro-
cedure is well established and widely used to solve 
problems occurring during metal forming, as well as 
to develop the technologies for processes of rolling, 
forging, stamping, etc. However, the fast develop-
ment of modern steel grades (TRIP, TWIP, DP, 
Bainitic, etc.) is one of the main challenges impos-
ing significant changes to this commonly used ap-
proach. These materials are characterized by ele-
vated material properties, which are the results of 

sophisticated microstructures with combination of 
e.g. large and small grains, inclusions, precipitates, 
nano-particles, different phases, etc. Interaction be-
tween features at the micro scale and the surround-
ing material under loading conditions results in spe-
cific properties at the macro scale. 

New numerical methodologies are needed to 
meet this challenge. Digital Material Representation 
(DMR), which is the subject of the present work, is 
one of the possible solutions. 

2. DIGITAL MATERIAL REPRESENTATION 

The concept of Digital Material Representation 
was recently proposed and is dynamically evolving 
(Bernacki et al., 2007; Cornwell et al., 2006; Loge et 
al., 2008; Madej, 2010). The main objective of the 
DMR is creation of the digital representation of mi-
crostructure with its features (i.e. grains, grain orien-
tations, inclusions, cracks, different phases etc.) 



C
O

M
P
U

T
E
R
 M

E
T
H

O
D

S
 I
N

 M
A

T
E
R
IA

L
S
 S

C
IE

N
C

E
 

INFORMATYKA W TECHNOLOGII MATERIAŁÓW 

 – 376 – 

represented explicitly. Generation of material micro-
structure with specific geometrical features and 
properties is one of the most important algorithmic 
parts of systems based on the DMR. Such DMR is 
further used in numerical simulations of processing 
or simulation of behaviour under exploitation condi-
tions and the more accurate, in the case of geometry 
and properties, the digital representation is the more 
accurate results can be obtained. That is why a lot of 
research is put on development of methods responsi-
ble for creation of the 2D and 3D representations of 
analysed microstructures.  

To obtain an accurate description of the 2D mi-
crostructure an Image Processing methods are usu-
ally applied. As an input data for this analysis a 
SEM/EBSD results can be used. That way not only 
information regarding microstructure geometry is 
obtained but also information about initial crystallo-
graphic orientation is provided. This approach was 
successfully used in (Raabe & Becker, 2000; Loge et 
al., 2010). Unfortunately the approach is time con-
suming and expensive, because each numerical 
simulation based on DMR require a SEM/EBSD 
analysis. That is why image processing is also ap-
plied to the optical microscopy images, that are 
much more affordable. However, in this case, only 
information regarding grain morphology is obtained 
see e.g. (Milenin & Kustra, 2008; Rauch & Madej, 
2010). Presented approaches are even more demand-
ing when 3D digital representations are required. In 
3D cases the DMR is usually created based on the 
reconstructed 2D slices obtained using a destructive 
method. Again an optical or scanning electron mi-
croscopy can be used during the serial sectioning 
procedure to provide input data for image processing 
and reconstruction algorithms. The conventional 
approach to serial sectioning based on manual labour 
is extremely time consuming and requires a series of 
subsequent polishing and optical or scanning elec-
tron microscopy operations (Sidhu & Chawla, 
2004). The solution may by application of specially 
designed equipment e.g. Robo-Met.3DTM (Spowart, 
2006; Spowart et al., 20010) that automatically pro-
vide a series of 2D images that are subjected to 3D 
reconstruction algorithms. The procedure consists of 
three major steps. The first involves a very precise 
polishing, where the sample is polished for a re-
quired time. Then, the robot arm moves the sample 
through rinsing and etching stages to finally position 
prepared surface above a metallographic micro-
scope, where one or a series of  2D images are 
automatically obtained. This procedure is repeated 

desired number of times. As mentioned, after images 
are acquired, additional image processing and recon-
struction procedures are applied to obtained 3D mi-
crostructure representation. At this stage of devel-
opment the procedure is limited only to obtaining 
optical microscopy images, but they can be obtained 
from a large area of the sample. To obtain a series of 
2D images from the scanning microscopy in an 
automated manner a SEM/FIB/EBSD technique can 
be used. The FIB – focused ion beam plays a crucial 
role in this procedure. The collision of the ion beam 
with the sample surface is confined to a small area 
removal of the material. This is followed by a 2D 
EBSD map acquisition. This procedure is performed 
in a subsequent manner and results in milling of the 
parallel serial sections of the material. Finally a re-
construction algorithms are applied to obtained a 3D 
representation. The major advantage of this method 
is possibility to obtained not only 3D morphology of 
particular grains but also information about their 
crystallographic orientation (Xu et al., 2007). Unfor-
tunately, relatively small areas of material can be 
reconstructed by this approach. Presented methods 
are already in quite common use and despite their 
advantages they have one major disadvantage. All 
these techniques are classified as destructive meth-
ods. The solution to this problem may be application 
of high energy synchrotron radiation to provide a 3D 
visualization of polycrystalline materials (Poulsen, 
2004). But this method is still highly expensive.  

Methods presented in the literature review pro-
vide an exact 2D or 3D digital representation of 
analysed microstructures, however they require a 
series of costly and time consuming experimental 
research and metallographic analysis. That is why 
they are not appropriate for large number of numeri-
cal simulations. Due to that constrained, Authors 
decided to use artificial methods for fast creation of 
statistically equivalent digital microstructures. 

When statistically representative digital micro-
structures are considered the most commonly used 
method is the Voronoi tessellation (Cao et al., 2010, 
Loge et al., 2008; Madej, 2010). But this method 
provides an artificial grain geometry as seen in fig-
ure 1. To obtain more reliable microstructures the 
Cellular Automata (CA) method can be used. Au-
thors previously performed a lot of research on 2D 
creation and application of digital material represen-
tation idea (Madej, 2010; Madej, 2010b; Rauch et 
al., 2010). The present work is mainly focused on 
extending the capabilities of developed DMR model 
into the 3D space.  
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simulations both at micro and macro scale level. 
Results obtained in 2D space are very encouraging 
see e.g. (Madej, 2010b).  
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ANALIZA NIEJEDNORODNOŚCI ODKSZTAŁCENIA 
Z WYKORZYSTANIEM TRÓJWYMIAROWEJ 
CYFROWEJ REPREZENTACJI MATERIAŁU 

Streszczenie 
 
Podstawowym celem pracy jest stworzenie modelu wyko-

rzystującego cyfrową reprezentację materiału do analizy wpły-
wu elementów mikrostruktury na zachowanie się materiału 
w trakcie odkształcenia. Cyfrowa reprezentacja materiału za-
pewnia możliwość uwzględnienia elementów mikrostruktury np. 
ziarna, granice ziaren, różne fazy itp. w sposób jawny w trakcie 
symulacji. W ramach pracy stworzone zostały algorytmy two-
rzenia trójwymiarowej cyfrowej reprezentacji wraz z dedyko-
waną siatką elementów skończonych, która wiernie odzwiercie-
dla geometrię ziaren. Opracowana cyfrowa reprezentacja mate-
riału polikrystalicznego jest następnie wykorzystana w trakcie 
analizy koncentracji naprężeń wzdłuż granic ziaren w trakcie 
testu spęczania próbki sześciennej. Wady i zalety opracowanego 
podejścia zostały również przedstawione w niniejszej pracy. 
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