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Abstract
The development of an efficient numerical approach for the generation of a wide range of heterogeneous microstructures 
models with the application of the lean workflow concept is presented in the paper. First, the idea and implementation details 
of the developed cellular automata-based computational library allowing the development of digital material representation 
models within a workflow are presented in the paper. Such an approach provides the desired flexibility in the generation of 
various digital models of heterogenous microstructures. Therefore, the proposed library is mostly implemented within the 
object-oriented C + + programming language with the assumption of modularity. In this case, the main part of the application 
consists of classes and methods, which can be treated like base elements to be inherited and extended in other libraries. Each 
additional dynamic link library implements particular algorithms for the generation of specific microstructure features in the 
digital model within the unified data structures that allow the application of the workflow concept. The set of developed librar-
ies and their assumptions are described as case studies to show the capabilities of the presented solution. Finally, examples 
of practical applications of the developed library in the full-field numerical simulations of complex material deformation 
are presented at the end of the paper.
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1  Motivation

The finite element method is among the most commonly 
used approaches in modern computational engineering. It 
has also been intensively applied to a numerical investiga-
tion of different metal forming operations as an efficient tool 
for computer-aided development of new processing solu-
tions [1]. In this case, the accuracy of the obtained results is 
directly related to the applied finite element mesh density, 
initial and boundary conditions or material hardening law. 
The latter is particularly important as it directly captures 
the physical mechanisms responsible for metal deformation.

Plastometric tests at different deformation conditions are 
usually used to deliver information on material response 

during loading in the form of flow stress data for the inves-
tigated range of process conditions. Then, by means of 
approximation of obtained information, it is possible to 
define a single flow stress equation, which represents mate-
rial behavior with increasing deformation. Such a class of 
equations takes the influence of different phases, inclusions 
or precipitations in the microstructure on its global behav-
ior in an implicit manner [2, 3]. This is computationally 
efficient, unfortunately, it is not fully sufficient for modern 
metallic materials like complex multiphase steels, aluminum, 
magnesium or copper alloys. These materials can have very 
specific in-use properties, which are directly related to 
complex interactions between different phases, inclusions 
or precipitations at the micro-scale level [4–7]. Therefore, 
neglecting these local interactions in a single homogenized 
flow stress model may lead to inaccurate numerical results. 
Thus, these conventional numerical approaches referred in 
the literature as mean-field models do not meet the require-
ments of modern material science, which is trying to develop 
new materials based on close relations between sophisticated 
microstructure morphologies and elevated in-use properties.
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That is the reason why it is so important to develop 
numerical models that can take into account the under-
lying microstructure’s morphology and its evolution in 
an explicit manner during simulation of, e.g., deforma-
tion conditions. This class of models is called full-field 
approaches and is often based on the digital material rep-
resentation (DMR) concept [8–10], where each important 
microstructural component or feature is directly visualized 
during subsequent calculations, often based on the finite 
element approach.

A large number of programs and algorithms have been 
created to generate digital microstructures using, e.g. image 
analysis techniques [11], Voronoi tessellation [12, 13], cel-
lular automata (CA) [14, 15], Monte Carlo (MC) [16, 17], 
Molecular Dynamics (MD) [18], numerical homogenization 
[19, 20] or a combination of these approaches. A detailed 
review of various mentioned numerical solutions was pre-
sented in the author’s earlier work [21]. These approaches 
provide crucial input data for a further full-field micro-scale 
analysis of material behavior under processing or exploita-
tion conditions.

The main disadvantage of these solutions, limiting 
their faster development, is the lack of unification (e.g., 
the data structures), which makes interoperability of these 
approaches difficult. In addition, each subsequent extension 
of the available functionality requires detailed knowledge of 
the structure and concept of the software, which hinders the 
further development of the mentioned algorithms.

One of the few available solutions for this issue is the 
DREAM.3D software [22]. It is an open-source package 
focused on providing a high-level programming environment 
for processing, segmenting, quantifying, representing and 
manipulating the data related to digital microstructures. The 
main goal of the DREAM.3D is to enable the quantification 
of the microstructure and transfer the outcome to a digital 
database using easy-to-use software tools. The DREAM.3D 
core implements a standardized approach to operate and 
store digital microstructure data. Additionally, there are 
protocols enabling the independent creation of filters and 
plugins for integration with other solutions. The DREAM.3D 
environment is structured in such a way that small research 
groups, government laboratories, start-ups and even the larg-
est industrial corporations can interact and use each other’s 
solutions. However, due to the imposed data structure, the 
practical use of the DREAM.3D software is often associated 
with the need to re-implement the developed algorithms to 
adapt them to the required format.

Another solution, with significantly smaller functional-
ity, is the VGRAIN [23]. It enables the generation of digital 
microstructure with specific crystallographic grain orienta-
tion only by the Voronoi tessellation and probability the-
ory. Therefore, it is not a universal tool that can be easily 
expanded.

A similar situation is with the Digiμ program, which 
is again primarily based on a single algorithm to provide 
digital microstructures—the Voronoi tessellation [24]. The 
Digiμ is an integral element of the commercial Forge soft-
ware. Thus, in its present form, it is not a framework for 
creating digital models of microstructures with different 
approaches.

As presented above, available solutions do not meet the 
requirements of a general computer environment for the 
generation of digital microstructures with a wide range of 
algorithmic solutions. The only exception is the DREAM.3D, 
with a very broad range of capabilities, often not only related 
to the generation of digital microstructures, which may cause 
difficulties in easy use by not experienced researchers.

That is why in the present work, a universal DigiCore 
library for fast and efficient implementation of different 
algorithmic solutions for the generation of digital models 
of heterogenous microstructures within the workflow was 
proposed. To highlight the capabilities of joining various 
models within a workflow, as well as to present the possibili-
ties for further extension of the library, a set of case stud-
ies is presented in the following chapters. Finally, examples 
of practical applications of such digital models in full-field 
finite element simulations of deformation conditions are 
presented.

2  DigiCore library

The main assumptions of the developed DigiCore library 
were defined based on the information collected from the 
existing DMR algorithmic solutions [21]. In principle, the 
computational domain for all present and future develop-
ments is based on a discrete regular space of rectangular 
cells with defined variables. In that sense, the DigiCore 
library is based on the major assumptions of discrete mod-
eling methods like the cellular automata or Monte Carlo.

The most important function of the created framework, 
in the sense of generation of heterogenous microstructures 
models, is its modularity allowing the use of a workflow 
concept in joining various DMR algorithms. To obtain this 
functionality, the main part of the application consists of 
classes and methods with a unified data structure, which can 
be treated like base elements to be inherited and extended 
in other libraries.

The DigiCore microstructure generation elements 
are implemented in C++ programming language. The 
undoubted advantage of this language is performance, 
compilation ability in different environments, and popular-
ity [25]. The Microsoft Visual Studio IDE was selected for 
implementation purposes.

The core element that was developed to allow required 
flexibility is the main library MSMcoreLib, containing all 
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the definitions, which are necessary to generate the digital 
microstructure within the cellular automata space. All the 
definitions of classes contained in the core library and its 
extensions operate based on the following elements:

• Cell—stores only necessary information to characterize 
the material: grain id, phase, border and neighbors ids.

• Space—supports 2D and 3D square lattice, based on rec-
tangular or cuboid cells and handle a selection of neigh-
bors from defined Neighbourhoods.

• Neighborhood—standard types of neighborhoods, such 
as von Neumann, Moore, pentagonal, hexagonal, etc., are 
available.

• Boundary conditions (BC)—three types of BC are con-
sidered: periodic, absorbing and reflective.

• Simulation—virtual-based class with the declaration of 
functions required to perform the simulation.

• IOStreamer handler—read/write data from/to text files.
• Random point/number generator.

With such a definition, the MSMcoreLib can then be 
extended with other libraries related to a particular DMR 
model generation algorithm that can also be rearranged 
within a workflow to provide the digital model of het-
erogeneous microstructure. Developed and implemented 
solutions in the form of additional libraries are:

• MSMgrainGrowthCALib—classic grain growth algo-
rithm based on the cellular automata method.

• MSMgrainGrowthMCLib—grain growth and smoothing 
algorithm based on the Monte Carlo method.

• MSMgrainBordersLib—determination and extraction of 
grain boundaries from the original microstructure algo-
rithm.

• MSMinclusionsLib—generation of inclusions across the 
original microstructure algorithm.

• MSMgradientLib—generation of gradient type micro-
structure algorithm.

Including all mentioned definitions in one framework 
library allows for independent and parallel development of 
the application modules. With that concept, there is a pos-
sibility to fill the available DMR software gap and create a 
comprehensive solution for generating and analyzing digital 
material microstructures of heterogeneous materials.

The graphical user interface is written in C# and the Win-
dows Presentation Foundation (WPF) technology included 
in the.NET environment. This enabled the use of native 
libraries written in C++ in a manageable C# required dur-
ing the creation of a wrapper project in a managed version 
of C++ (C++/CLI). A simplified diagram of the proposed 
solution with the included projects is shown in Fig. 1.

As mentioned, MSMcoreLib is the main project in the 
solution. Like all others created as part of the DigiCore 
application, this library is in the form of a dynamic link 

Fig. 1  Simplified diagram of the project’s structure in the developed DigiCore library
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library (DLL) to facilitate their use within the workflow. 
DLLs are loaded into the computer’s operating memory only 
after their first call, which directly fits the requirements of 
this work, as unused application modules will not use the 
available memory.

The definitions of, e.g., microstructure features, simula-
tion type, boundary conditions and neighborhood types are 
in the MSMcoreLib project. Two basic von Neumann’s and 
Moore’s neighborhoods are implemented along with more 
advanced modifications: pentagonal, hexagonal and radius 
type neighborhoods [26]. The choice of neighborhood is 
one of the most important factors influencing the calcula-
tion results in the discrete cellular automata method.

As mentioned, the DigiCore concept is based on the 
discrete simulations method. Thus, the first addition to the 
proposed system is the MSMgrainGrowthCALib based on 
the standard CA grain growth model [1], which was imple-
mented and is available for all other models in the form of 
a library.

The CA grain growth is composed of two main stages: 
nucleation and grain growth. The method of random gen-
eration of nuclei was implemented as a standard solution 
that can be further modified. When the cell is selected to 
become a nuclei, it changes its state and is also described 
by a unique identifier to evaluate which grain it belongs to. 
With this model, each cell can belong only to one grain. 
At each step of the simulation, randomly generated nuclei 

grow according to the simple evolution law. The simula-
tion of growth continues until the modeled space is com-
pletely filled with grains. Details of the algorithm can be 
found in [21].

Such basic functionality already provides a possibility 
to obtain a representation of single-phase polycrystalline 
microstructure in 2D and 3D computational domains, as 
seen in Figs. 2 and 3, respectively.

As mentioned, the approach’s key developed capabil-
ity is modularity and unified data structure, allowing the 
use of the workflow concept for the generation of digital 
models of heterogeneous microstructures. Therefore, mul-
tiple subsequent grain growth algorithms within the digital 
microstructure model can be realized and combined what 
leads to a representation of highly heterogeneous materi-
als like multiphase or porous ones. With that, the digital 
microstructure with the precise average grain size and vol-
ume fraction can be generated in both 2D and 3D spaces, 
as seen in Fig. 4.

The MSMcoreLib, along with the MSMgrainGrowth-
CALib, can be the basis of other algorithms used to gen-
erate or modify available data in a workflow. A descrip-
tion of developed and implemented algorithms within the 
DigiCore library that allow the generation of heterogene-
ous microstructure models is presented in the following 
chapters.

Fig. 2  Single-phase polycrystalline 2D digital microstructures with 20 grains obtained with different neighborhood definitions, a von Neumann, 
Moore, c pentagonal, d hexagonal and e radius type (r = 5)
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3  Algorithms for flexible generation 
of heterogenous microstructure digital 
models

A good example of an algorithmic solution often used in 
combination with the CA grain growth model is the growth 
based on the Monte Carlo method [27]. The MC approach 

can be used as a standalone algorithm to generate digital 
microstructure, with the use of some available functional-
ity of MSMcoreLib or to change existing microstructure 
generated via different algorithms during a grain boundary 
smoothing procedure. The MC algorithm is implemented 
in the library MSMgrainGrowthMCLib.

In contrast to the CA grain growth model, where the 
computational domain is analyzed in a systematic manner, 

Fig. 3  Single-phase polycrystalline 3D digital microstructures with 
20 grains obtained with different neighborhood definitions a von 
Neumann, b Moore, c pentagonal, d hexagonal and e radius type 

(r = 5)Example of two-phase polycrystalline microstructure a grains 
ids and corresponding b visualization of the second phase

Fig. 4  Example of two phase polycrystalline microstructure a grains ids and corresponding b visualization of the second phase
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the MC selects the investigated cell randomly. The transi-
tion rule for the cell state change is based on the energy 
minimization criterion. The energy of the cell is calculated 
before and after the random state change according to the 
formula:

where: E—energy of the system, Jgb—energy grain 
boundary, �SiSj—Kronecker delta,

⟨i, j⟩ – analyzed pair of neighboring elements.
Acceptance of the new cell state is related to the proba-

bilistic term:

(1)E = Jgb

�

⟨i,j⟩

�
1 − �SiSj

�

where ΔE—change of system energy, k—Boltzmann con-
stant, T—system temperature (coefficient in the MC model).

An example of determining the energy of the system 
before and after the state change is presented in Fig. 5.

An example of results obtained with the MC algorithm 
used as a standalone grain growth model as well as operating 
on already available data from the MSMgrainGrowthCALib 
is shown in Fig. 6.

Solutions that were presented so far usually used to obtain 
uniform type microstructure with the grain size following 
the Gaussian distribution Fig. 7.

However, that is not always the case in metallic materials, 
where, e.g. multimodal distributions are observed [28]. As 
was pointed out in [29], nonuniform grain size distribution 
often plays a major role in a material response during defor-
mation. That is why the DigiCore software was extended by 
another library MSMgradientLib to generate gradient type 
microstructures. More sophisticated nucleation mechanisms 
were developed and implemented into the conventional grain 
growth model to provide such functionality. Four versions 
of this algorithm were implemented and are called A-D in 
the following part of the paper.

The A model takes as arguments:

(2)p(ΔE) =

{
1, ΔE ≤ 0

exp
(
−

ΔE

kT

)
, ΔE > 0

Fig. 5  An example of determining the energy of the system before 
and after the change of the state of the analyzed cell

Fig. 6  Single-phase polycrystalline digital microstructures obtained with a Monte Carlo method, b Cellular Automata grain growth with 
smoothing procedure using the Monte Carlo
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• The number of layers that can be generated into the mod-
eled CA space,

• The grain growth rate,
• The initial number of grains (n0),
• The direction of growth.

In the first layer, the algorithm generates the initial num-
ber of nuclei set as an input argument (n0). In each sub-
sequent layer, this value is increased by the value corre-
sponding to the rate of increase in the number of generated 
nuclei from the previous layer (Δ). Figure 8 illustrates the 
implemented concept of the A model.

The B model generates nuclei positions for the gradient 
microstructure using spheres with certain initial size distri-
bution. First, the initial number of spheres is generated into 
the CA space according to the sphere growth model [30] 
(Fig. 9a). Input data for the B model are:

• The minimal and maximum radii of generated spheres,
• The number of algorithm iterations,
• The value by which the size of the spheres is reduced 

between sets,
• The direction of growth,
• The initial number of spheres in the series.

The C model is similar to the B one, with the exception of 
the method of inserting spheres into the computing space. A 
random position on one of the axes is replaced by the gener-
ation of a sphere at the beginning of the axis. The following 
spheres can be created in the range < a + 2r, a + 5r > , where 
a is the current position on the given axis, while r is the 
current radius of the sphere (Fig. 9b). Finally, the D model 
is a modification of the above-described C model (Fig. 9c). 
In this case, the grain size generation mechanism is changed 
and the size of the sphere is selected based on a variable that 

Fig. 7  Grain size distribution after generation of microstructure with 
random nucleation model with CA grain growth algorithm

Fig. 8  Diagram of the division of computational space into layers in 
the A model

Fig. 9  Scheme of generating the initial grain nuclei by various sphere growth models
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specifies the distance from the highest located sphere in the 
computational domain to its base (h).

Results from all presented approaches are gathered in 
Fig. 10. For each scenario, following parameters were used: 
number of layers in microstructure = 4; grain growth rate = 5; 
initial nucleon size = 1 for the A model (Fig. 10a), initial 
radius = 4 for the B–D models (Fig. 10b–d). All gradients 
algorithms were generated in the right direction with a maxi-
mum number of iteration set to 100,000. Additionally, for 
the B–D models, the minimum radius was set to 4, maxi-
mum radius to 20, delta to 4 and a parameter to 6.

Other important microstructural features often influenc-
ing material behavior during deformation are inclusions, 
second phase particles or voids. Therefore, a model (MSMin-
clusionsLib) for the generation of such features was also 

added as a case study to the DigiCore software. In this case, 
a set of different types of features can be generated: circular 
and rectangular in 2D spaces, wedge, cuboid, cylindrical, 
and spherical in 3D spaces (Fig. 11).

Finally, despite the grain morphology information, 
users very often require an explicit representation of grain 
boundaries (Fig. 12). This task is realized by another devel-
oped algorithm in the form of an additional library, the 
MSMgrainBordersLib.

The most important aspect of the DigiCore software is 
that all the developed libraries can be easily connected in a 
single workflow to generate the required final microstructure 
morphology of heterogenous materials, as described in the 
following part of the paper.

Fig. 10  Different types of nucleation in a A, b B, c C and d D models
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4  Example of the DigiCore capabilities

The modularity and universality of the application allow 
generating microstructures using various algorithms in 
any order. Moreover, all libraries can be used in external 
software as an entry point to generate an initial material 
morphology for further full-field numerical simulation of 
material behaviour under processing or service conditions 
with e.g. finite element method. All libraries also can be 
used in a simulation mode without C# GUI, which is why 
they can be used at different operating systems and also are 
designed for further parallelization on a CPU and GPGPU.

It is worth mentioning that at each step of the genera-
tion, the microstructure can be saved and loaded when 

needed. This allows investigating intermediate growth 
stages, as seen in Fig. 13.

To highlight the predictive capabilities of the devel-
oped approach, two practical case studies of heterogeneous 
microstructures generations were selected, namely porous 
sinters and ferrite-pearlite two-phase steel. The 3D experi-
mental data presenting the required digital morphologies 
were obtained during time-consuming metallography with 
the serial sectioning approach. The iterative procedure was 
realized with the use of light (LM) and scanning electron 
(SE) microscopy, respectively, as seen in Fig. 14. Details 
on laborious serial sectioning procedure along with the 3D 
reconstruction algorithms are presented in earlier authors’ 
research [15, 31].

Fig. 11  a digital microstructure with additional inclusions, b location of inclusions in the computational domain

Fig. 12  a material morphology generated with CA method, b, c selected grain boundaries with different thicknesses



 Archives of Civil and Mechanical Engineering (2021) 21:61

1 3

61 Page 10 of 15

The use of the developed CA library and the workflow 
concept can provide statistically similar digital models 
characterized by, e.g. the same volume fractions of par-
ticular phases or porosity but within seconds, minimizing 
the experimental effort and speeding up further investiga-
tions. As seen in Fig. 15a, c, the workflow for generation 
of porous microstructure was composed of: generation of 
initial material morphology with the Monte Carlo grain 
growth algorithm (limited number of initial states) → selec-
tion of one particular grain id and agglomeration of remain-
ing ones → erosion algorithm based on the grain boundary 
selection model.

In the case of ferrite-perlite microstructure (Fig. 16a, c), 
the workflow was additionally extended with the two steps: 
elongation of the CA space to recreate lamellar morphol-
ogy of pearlite islands and finally application of the cellular 
automata grain growth algorithm for the generation of ferrite 
grains between pearlite islands.

Such digital material representation models can be 
further subjected to finite element discretization proce-
dure to create a full-field FE model for subsequent sim-
ulation of, e.g., loading conditions, as seen in Fig. 15b, 
d and Fig. 16b, d. A set of hardening models for sub-
sequent microstructural phases have to be identified in 
this case based on, e.g., nano-indentation or micropillar 

compression tests. As a result, a full-field finite ele-
ment simulation provides detailed information on local 
heterogeneities in strain distribution that can be further 
used during, e.g., fracture analysis or become an input 
for numerical simulation of subsequent processing opera-
tions during heating, indicating stored energy fields for 
the grain growth.

Finally, as mentioned, the workflow concept can be eas-
ily extended by the implementation of other libraries that 
can be incorporated into the DigiCore and use all already 
available developments. That way, more sophisticated 
algorithms can be proposed that are focused on a particular 
model solution rather than the implementation of standard 
algorithms from the beginning. As a result, digital models 
of heterogenous microstructures including metallic and 
non-metallic ones, can be easily recreated and become an 
input for further investigations.

5  Conclusion

Based on the presented work, it can be concluded 
that:

Fig. 13  Example of microstructure evolution in 3D, a–d intermediate states, e final microstructure
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– The modularity and unified data structures of the devel-
oped library allow the use of the workflow concept.

– The DigiCore can also be easily extended by adding 
new libraries implementing other microstructure pro-
cessing algorithms to obtain models of various hetero-
geneous microstructures.

– All microstructure generation algorithms are fully inde-
pendent and fully compatible with each other.

– The development of a new algorithm for the generation 
of the DMR can be realized in parallel because there is 
no overlapping of existing libraries.

– All implemented libraries are C + + -based; therefore, 
they can be easily used in different applications as an 
initial digital microstructure morphology generator.

– Developed libraries are operating system independent, 
they can be used in both Windows and Linux systems.

– The developed solution can provide statistically similar 
digital microstructures of heterogeneous materials for a 
further numerical investigation quickly and efficiently.

Fig. 14  Microstructure 
morphology obtained during 
metallographic investigations a 
LM image of porous micro-
structure, b corresponding 3D 
reconstructed microstructure 
after serial sectioning (pores are 
marked in colors), c SE image 
of ferrite-perlite microstructure 
(EBSD and SE2 images), d 
corresponding 3D reconstructed 
microstructure after serial sec-
tioning (perlite marked in gray, 
ferrite grains marked in colors).
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Fig. 15  Workflow for digital material morphology of porous sinter in a 2D and c 3D generated with presented DigiCore software and b, d cor-
responding FE results of loading conditions
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Fig. 16  Workflow for digital material morphology of ferrite-pearlite steel in a 2D and c 3D generated with presented DigiCore software and b, d 
corresponding FE results of loading conditions
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