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THE REVIEW OF THE MODELING METHODS AND NUMERICAL
ANALYSIS SOFTWARE FOR NANOTECHNOLOGY IN MATERIAL
SCIENCE?

Due to the high demand for building materials with universal set of prop-
erties which extend their application area the research efforts are focusing on
nanotechnology in material science. The rational combination of theoretical
studies, mathematical modeling and simulation can favour reduced resource and
time consumption when nanomodified materials are being developed. The devel-
opment of composite material is based on the principles of system analysis which
provides for the necessity of criteria determination and further classification of
modeling methods. In this work the criteria of spatial scale, dominant type of in-
teraction and heterogeneity are used for such classification. The presented clas-
sification became a framework for analysis of methods and software which can
be applied to the development of building materials. For each of selected spatial
levels - from atomistic one to macrostructural level of constructional coarse-
grained composite — existing theories, modeling algorithms and tools have been
considered. At the level of macrostructure which is formed under influence of
gravity and exterior forces one can apply probabilistic and geometrical methods
to study obtained structure. The existing models are suitable for packing density
analysis and solution of percolation problems at the macroscopic level, but there
are still no software tools which could be applied in nanotechnology to carry out
systematic investigations. At the microstructure level it’s possible to use particle
method along with probabilistic and statistical methods to explore structure for-
mation but available software tools are partially suitable for numerical analysis

2 This work is supported by the Ministry of Science and Education of Russian Federation, job No 2014/107, project
title «Structure formation of sulfur composites: phenomenological and ab initio models»
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of microstructure models. Therefore, modeling of the microstructure is rather
complicated; the model has to include potential of pairwise interaction. After
the model has been constructed and parameters of pairwise potential have been
determined, many software packages for solution of ordinary differential equa-
tions can be used. In the cases when pairwise forces depend not only on distance
between surfaces of particles, the development of special-purpose algorithms and
software is required. The investigation at lower spatial level can be done with
help of quantum chemistry packages. In the middle between microstructural and
atomistic levels there was a gap corresponding to the scale 1...100 nm. At this
level properties of material are considerably affected by size; this fact is proposed
to be considered when defining nanostructure of constructional composite. Today
there are a lot of achievements in development of modeling methods and soft-
ware; however, there are still several problems to be solved. The system approach
to the analysis of problem, followed by selection of proper modeling methods, al-
gorithms and software tools, is the key for design of new efficient building mate-
rials.

Key words: nanotechnology, constructional material science, disperse systems, compu-
tational chemistry, probabilistic models, molecular dynamics.
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echniques and software tools for modeling and simulation — so-
called «third method of research» — are widely used in different
branches of science together with theoretical studies and experimental in-
vestigations; such techniques and tools are considered as equal alternative
to theory and experiment [1, 2]. This is because of the fact that decisions
taken on the base of modeling and simulation allow significant reducing
costs and resource consumptions during research and development process.
For decades numerical experiments have been used to design and ana-
lyze structures in civil engineering. On the contrary the development of
construction materials is performed mainly by means of «traditional»
methods — experimental studies combined with regression analysis, com-
monly referred to as «statistical modeling». Such situation is a natural
consequence of complex character of building materials; there are multi-
ple levels of heterogeneity which significantly complicate formulation and
further analysis of the models.
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Such state of the modeling in constructional material science can not
last any longer. Due to demand for building materials with unique complex
of properties (including materials with controllable service lifetime [3])
the research efforts are focusing on modern methods of nanotechnology
[4]. It is often too costly to design of nanoscale-structured and nanoscale-
modified materials with «trial-and-error» approach, even if such approach
is combined with some optimization methods applied to raw experimental
data or constructed statistical model (approximation of raw data). The re-
duction of resource consumption during research and development is pos-
sible only in the case of changing the direction towards theoretical studies,
modeling and simulation.

Fortunately, the constructional material science takes advantages of
plethora of models, algorithms and software tools already developed in
other branches of science — mostly in theory of condensed state («clean»
models based on quantum mechanics; «ab initio» models). The application
of phenomenological models [5—7] (which are only required to be consistent
with both experiment and theory, but not to be derived from the theory en-
tirely) is also highly efficient; in particular, such methods can be used for
modeling of polymer matrix nanocomposites [7, 8].

The modeling process involves system analysis as a sound foundation.
The examination of complex system is the decomposition process[1] where
we initially split system in parts while minimizing both number of parts
and number of cross-dependencies (which in fact are interactions) between
them [2]. Yet before decomposition can be started the bounds for spatial
scales of interest and corresponding list of possible interactions — which, in
turn, define applicable modeling methods — should be fixed.

The selection of methods, algorithms and simulation software tools de-
pends on characteristic scale of the system under examination. There can be
several distinctive scales — from nanometer scale up to macroscopic level,
and there are corresponding modeling methods (representing primary in-
teractions between elements) most suitable for these scales. Depending on
the characteristic size of the test system, different techniques of numerical
analysis can be applied — methods based on quantum and classical mechan-
ics; geometry and probability theory; continuum mechanics (Table 1).

The first row of Table 1 may correspond to distinctive spatial levels
and reflects the fact that in some circumstances heterogeneous structure
of constructional composite may be ignored. This fact is the fundamental
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Table 1
Material science: Spatial scales and corresponding modeling methods

Sl s Spatial level Preferred theory State of theory and presence

characteristic and models of modeling tools

Undefined Heterogeneous Continuum mechanics, finite Detailed theory. Numerous

(several structure can be difference and finite element verified and certified

scales) ignored representations. computation tools are

available.

More than Macrostructure Geometry of the system and Detailed theory (classical

0,1 mm laying of elements may be mechanics), but computation
investigated with or without tools for constructional
Monte-Carlo method. Few material science either
examples of dynamics unavailable or buggy.
examination are known.

0,1...100 um | Microstructure Particle systems with classical Detailed theory (classical
mechanics, Monte-Carlo method | mechanics, physical chemistry,
combined with analysis of thermodynamics, fracture
ensemble geometry. mechanics), numerous general-

purpose computation tools

for classical mechanics of
particle systems. Specific
software implementations for
constructional material science
still have to be developed.

1...100 nm Area of size Particle systems with classical Theory in active development,

effects in mechanics can be used in numerous semi-empirical
disperse system; conjunction with quantum models are known. Software
Nanostructure chemistry methods. Models for | tools for neighbor spatial scales
Monte-Carlo and analysis of can be utilized, but may be
ensemble geometry are mostly unsuitable for constructional
unknown. material science.
Detailed theory. Numerous
computation tools are
0,1...1nm Atomistic level Quantum chemistry. available, and mostly suitable
for constructional material
science.

assumption for production and production-level software packages cur-
rently used for design in construction. If only macroscopic properties —
strength, modulus, Poisson ratio — are considered, than a lot of discrete
models developed in applied mathematics (finite difference, finite element,
boundary element, finite volume) can be applied for investigation of stress-
strain state, acoustics, conservative transfer (heat, mass), hydrodynamics
and aeroelasticity.
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Commercially available software packages for the first row of Table 1
often combine tools for many of the mentioned areas of application (so-called
multiphysics solvers). At least, ANSYS Software suite [9], MSC Software
suite [10] (Nastran, Dytran, Sinda etc.) and Abaqus[11]include solvers for
all of the above areas. But these software suites are already based on results
achieved in material science and mostly unsuitable during R&D in material
science.

The next two structural levels — macro- and microstructure — are of
great interest for material scientists. The naming for second and third rows
of Table 1 closely connected with concept widely accepted in constructional
material science: the structural levels in building materials should be de-
fined on the basis of dominant interaction type.

The coarse-grained structure of constructional mixtures and materi-
als is mainly forming under influence of gravity; this level commonly re-
ferred as macrostructure. The structure of fine-grained part (binder, wa-
ter and fine filler in case of cement composites; binder and fine filler in
case of materials with polymer, bitumen and sulfur matrices) evolved un-
der influence of forces caused by surface effects and surface energies. This
level usually referred as microstructure. Exact spatial boundary between
macro- and microstructure is not defined, but it is near 100 um.

Since at the macroscopic level the main type of interaction is the in-
teraction caused by gravity force, the motion equations for elements of
the system are simple. These are equations of classical mechanics. In con-
structional material science, the transient problem of structure formation
process reflects technology of preparation and laying of constructional
mix. If this problem is out of scope for the research, then modeling is often
preformed only to determine the final configuration of coarse aggregates.
The corresponding problems are theoretical examination and Monte Carlo
simulation of dense packing in polydisperse systems, as well as percolation
problems for frame of aggregates (the results can be used for prediction of
mechanical properties) and pores (properties of porous space affects per-
meability and coupled properties — water, chemical and frost resistance).
These problems has long history (at least, starting from early XX century,
e.g.[12, 13]).

The theoretical aspects for problem of packing of both polydisperse
spheres and particles with complex shape were discussed in many research
articles and scientific monographs. This is because method to design an
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ideal particle size distribution of constructional mix is extremely impor-
tant for construction. The various geometric models were proposed, and
different methods of percolation theory were then applied to the simulated
packing [14—18].

Surprisingly, despite the great interest to the packing and percolation
problems at the macroscopic level of constructional composite, there are no
well known software tools for simulation in this area. Small tools for spe-
cific purposes and a few computational algorithms are created mostly by
authors of algorithms. Such tools are of very limited scope of application,
they use mutually incompatible formats of input and output data, realiza-
tion of algorithms often is not verified extensively. In no conditions such
software tools can be considered as production-ready, even if some of them
proposed for commercial use (e.g. [16, 17]). It seems that such situation
for modeling the macroscopic level of constructional composite will last,
though there are efforts directed to the unification of software tools and
methods [7, 19] for modeling the macrostructure of constructional com-
posites.

Modeling of the microstructure is more complicated in comparison
with modeling of the upper structural level. To adequately represent the
disperse system with fine filler, not only gravity force must be taken into
account; moreover, gravity force can usually be ignored during numerical
experiments. The primary forces caused by surface properties of the dis-
perse phase and free energies on the inter-phase boundaries (interface en-
ergies; the wettability and contact angle are macroscopic properties tightly
connected with these energies). Forces caused by surface effects and by ex-
ternal compaction pressure (if later is measured per one particle of the fine
filler) may be of the same order of magnitude.

To take into account the surface effects, the model which is also based
on classical mechanics have to include potential (force field) representing
pairwise interaction. The derivative of pairwise potential along the direc-
tion between two particles is equal to binary forces acting between these
particles; this force is then used during solution of the motion equations
[7]. After the model is constructed and parameters of pairwise potential
are determined, many existing software packages can be used for solution
of ordinary differential equations (ODE) of motion. Wide availability of
the software tools is due to rather curious fact that so-called N-body prob-
lem (particle system with pairwise forces and classical equations of motion)
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was first occurred in completely different spatial scale, when motions of
a group of celestial objects are studied. Thus, at present there are already
a lot of efficient algorithms [20, 21] and highly-optimized computer code
[21] for the purpose. The comprehensive list of resources concerning soft-
ware suitable for N-body simulation can also be easily obtained [22].

At the same time, there are cases when pairwise forces between par-
ticles of the filler in constructional composite are too complex and depend
not only on distance between surfaces of particles. Such cases can not be ad-
equately handled by existing ODE software packages. Nevertheless, high
availability and open source license for general-purpose numerical librar-
ies allow to implement only «material science» part of the code — a part
which is solely based on physical chemistry and thermodynamics, leaving
the underlying mathematics aside.

There are also known extensions of the continuum mechanics which al-
low to perform constitutive modeling of heterogeneous multiphase materi-
als. For example, Mori-Tanaka method [23, 24] can be used during simula-
tion of stress-strain behavior in two-phase cases where volume fraction of
one phase is significantly higher then volume fraction of the other.

The last (but not least) row of the Table 1 corresponds to atomistic
scale. It is the domain of quantum mechanics: there are no particles; there
are only waves and probability. Time-independent Schrodinger equation
Hvy = Evy is very simple in form — it only states that valid energy E must
be eigenvalue of Hamiltonian H, and corresponding to this energy «shape
of electron» («shape» of electron orbital) should be square yy* of the eigen-
function y (wave function of electrons). The «solution» of the Schrodinger
equation — even in time-independent case — is not simple, though. Numer-
ous Nobel prizes were awarded for the process. The numerical methods,
specifically designed for solution of Schrodinger equation, are implement-
ed in software. The methods themselves often referred as quantum chemis-
try methods, and corresponding software is called quantum chemistry soft-
ware.

Probably, the most famous open source package for quantum chemistry
is General Atomic and Molecular Electronic Structure System (GAMESS)
[25]. The code base of GAMESS was served as basis for some derivatives, for
example FireFly [26]. Methods of quantum mechanics are also implement-
ed in various multi-purpose commercial packages, notably Biovia (former
Accelrys Materials Studio). The HyperChem [27] is the multi-purpose soft-
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ware package focused primarily on atomistic modeling and quantum chem-
istry computation. It allows to perform structure input, manipulation and
display (GUI tools for creating and transforming structures, build clusters
and complex molecular assemblies, import and export structures in differ-
ent file formats — Brookhaven PDB, ChemDraw CHM, MOPAC Z-matrix,
MDL MOL, ISIS Sketch, Tripos MOL2; parallel and perspective projections,
highlighting hydrogen and van der Waals bonds, displaying dipole moment
vectors), contain implementations of DFT and semi-empirical quantum al-
gorithms, as well as implementations of molecular mechanics and mixed
mode calculations.

And, finally, there is the fourth row of Table 1. This is nanoscale level
and it was not previously defined at constructional material science at all.
Here we are going to change the situation. Accordingly to the existing defi-
nitions of macro- and microstructure (which are only indirectly refer to
the spatial scale), we will define nanostructure of constructional composite
(which have not to be confused with general term «nanostructure») as a
spatial level where properties of material are considerably affected by size
effects. From now on there is no «gap» between microstructure of the filled
binder and atomistic scale.

Quantum-chemical modeling can be used for predicting the interaction
processes during structure formation of nanostructure. In [28], the Hyper-
Chem software was successfully used for quantum-chemical simulations of
nanomodified polymeric composite material. During modeling the fragments
imitating epoxy resin, hardener (polyethylene polyamine) and nanomodifi-
ers were optimized. Than, absolute values of binding energy were calculated,
the influence of fine suspensions of nanocomposites to the epoxy oligomer
was modeled and simulation of the hardening process of nanocomposite was
carried out. On the base of comparative analysis of the binding energies and
electron densities authors stated that NH bond weakening takes place in case
of presence of metal ions. The results obtained during modeling of harden-
ing process allowed to claim that there is a self-organization process during
the structure formation of epoxy composite. Such process is aftermath of
introduction of metal-carbon nanosystem into the composite. The formation
of metal coordination bond with nitrogen atom of the hardener can increase
the polyamine activity during the hardening process [28].

In general, software tools for neighbor spatial scales can be utilized
during investigation of nanostructure. For instance, modeling based on
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the analysis of the ensemble geometry is universal and can be applied on
any structural level. In particular, authors of [29] had used this method in
combination with Monte Carlo method for solution of percolation problem
at nanoscale level. The obtained results concerning value of percolation
threshold can successfully be used during development of building materi-
als on upper spatial levels.

It must be stressed in conclusion, that while there are a lot of progress
in development of modeling methods and software, the numerous particu-
lar problems arising during R&D in constructional material science and
nanotechnology of construction still require adequate solution. The system
approach to the analysis of problem, followed by selection of proper model-
ing methods, algorithms and software tools, is the key for design of new
efficient building materials.
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