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PREFACE

This book covers a wide variety of recent research on advanced materials and their 
applications. It provides valuable engineering insights into the developments that 
have lead to many technological and commercial developments.

This book also covers many important aspects of applied research and evalu-
ation methods in chemical engineering and materials science that are important in 
chemical technology and in the design of chemical and polymeric products. This 
book gives readers a deeper understanding of physical and chemical phenomena that 
occur at surfaces and interfaces. Important is the link between interfacial behavior 
and the performance of products and chemical processes. Helping to fill the gap 
between theory and practice, this book explains the major concepts of new advances 
in high performance materials and their applications.

This book has an important role in advanced materials in macro and nanoscale. 
Its aim is to provide original, theoretical, and important experimental results that 
use nonroutine methodologies often unfamiliar to the usual readers. It also includes 
chapters on novel applications of more familiar experimental techniques and analyz-
es of composite problems that indicate the need for new experimental approaches.
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2	 Materials Behavior: Research Methodology and Mathematical Models

ABSTRACT

A deeper understanding of phenomena on the microscopic scale may lead to com-
pletely new fields of application. As a tool for microscopic analysis, molecular simu-
lation methods such as the molecular dynamics (MD), Monte Carlo (MC) methods 
have currently been playing an extremely important role in numerous fields, ranging 
from pure science and engineering to the medical, pharmaceutical, and agricultural 
sciences. MC methods exhibit a powerful ability to analyze thermodynamic equi-
librium, but are unsuitable for investigating dynamic phenomena. MD methods are 
useful for thermodynamic equilibrium but are more advantageous for investigating 
the dynamic properties of a system in a nonequilibrium situation. The importance 
of these methods is expected to increase significantly with the advance of science 
and technology. The purpose of this study is to consider the most suitable method 
for modeling and characterization of aerogels. Initially, giving an introduction to the 
Molecular Simulations and its methods help us to have a clear vision of simulating 
a molecular structure and to understand and predict properties of the systems even 
at extreme conditions. Considerably, molecular modeling is concerned with the de-
scription of the atomic and molecular interactions that govern microscopic and mac-
roscopic behaviors of physical systems. The connection between the macroscopic 
world and the microscopic world provided by the theory of statistical mechanics, 
which is a basic of molecular simulations. There are numerous studies mentioned 
the structure and properties of aerogels and xerogels via experiments and computer 
simulations. Computational methods can be used to address a number of the out-
standing questions concerning aerogel structure, preparation, and properties. In a 
computational model, the material structure is known exactly and completely, and 
so structure/property relationships can be determined and understood directly. Tech-
niques applied in the case of aerogels include both “mimetic” simulations, in which 
the experimental preparation of an aerogel is imitated using dynamical simulations, 
and reconstructions, in which available experimental data is used to generate a sta-
tistically representative structure. In this section, different simulation methods for 
modeling the porous structure of silica aerogels and evaluating its structure and prop-
erties have been mentioned. Many works in the area of simulation have been done 
on silica aerogels to better understand these materials. Results from different studies 
show that choosing a suitable potential leads to a more accurate aerogel model in the 
other words if the interatomic potential does not accurately describe the interatomic 
interactions, the simulation results will not be representative of the actual material.

1.1  THEORY

1.1.1  INTRODUCTION

The idea of using molecular dynamics (MD) for understanding physical phenomena 
goes back centuries. Computer simulations are hopefully used to understand the 
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Understanding Modeling and Simulation of Aerogels Behavior	 3

properties of assemblies of molecules in terms of their structure and the microscopic 
interactions between them. This serves as a complement to conventional experi-
ments, enabling us to learn something new, something that cannot be found out in 
other ways. The main concept of molecular simulations for a given intermolecular 
“exactly” predict the thermodynamic (pressure, heat capacity, heat of adsorption, 
structure) and transport (diffusion coefficient, viscosity) properties of the system. In 
some cases, experiment is impossible (inside of stars weather forecast), too danger-
ous (flight simulation explosion simulation), expensive (high pressure simulation 
wind channel simulation), and blind (Some properties cannot be observed on very 
short time-scales and very small space-scales). The two main families of simulation 
technique are MD and Monte Carlo (MC); additionally, there is a whole range of 
hybrid techniques, which combine features from both. In this lecture we shall con-
centrate on MD. The obvious advantage of MD over MC is that it gives a route to 
dynamical properties of the system: transport coefficients, time-dependent respons-
es to perturbations, rheological properties and spectra. Computer simulations act as 
a bridge Fig. 1.1) between microscopic length and time scales and the macroscopic 
world of the laboratory: we provide a guess at the interactions between molecules, 
and obtain ‘exact’ predictions of bulk properties. The predictions are ‘exact’ in the 
sense that they can be made as accurate as we like, subject to the limitations imposed 
by our computer budget. At the same time, the hidden detail behind bulk measure-
ments can be revealed. An example is the link between the diffusion coefficient and 
velocity autocorrelation function (the former easy to measure experimentally, the 
latter much harder). Simulations act as a bridge in another sense: between theory 
and experiment. We may test a theory by conducting a simulation using the same 
model. We may test the model by comparing with experimental results. We may also 
carry out simulations on the computer that are difficult or impossible in the labora-
tory (e.g., working at extremes of temperature or pressure) [1].

FIGURE 1.1  Simulations as a bridge between (a) microscopic and macroscopic; (b) theory 
and experiments.
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4	 Materials Behavior: Research Methodology and Mathematical Models

The purpose of Molecular Simulations is described as below:
a.	 Mimic the real world:

•	 predicting properties of (new) materials;
•	 computer ‘experiments’ at extreme conditions (Carbon phase behavior at 

very high pressure and temperature);
•	 understanding phenomena on a molecular scale (protein conformational 

change with MD, empirical potential, including bonds, angles dihedrals).
b.	 Model systems:

•	 test theory using same simple model;
•	 explore consequences of model;
•	 explain poorly understood phenomena in terms of essential physics.

Molecular scale simulations are usually accomplished in three stages by devel-
oping a molecular model, calculating the molecular positions, velocities and trajec-
tories, and finally collecting the desired properties from the molecular trajectories. 
It is the second stage of this process that characterizes the simulation method. For 
MD, the molecular positions are deterministically generated from the Newtonian 
equations of motion. In other methods, for instance the MC method, the molecu-
lar positions are generated randomly by stochastic methods. Some methods have a 
combination of deterministic and stochastic features. It is the degree of this deter-
minism that distinguishes between different simulation methods [43].

In other words, MD simulations are in many respects very similar to real experi-
ments. When we perform a real experiment, we proceed as follows. We prepare a 
sample of the material that we wish to study. We connect this sample to a measur-
ing instrument (e.g., a thermometer, nometer, or viscosimeter), and we measure the 
property of interest during a certain time interval. If our measurements are subject 
to statistical noise (like most of the measurements), then the longer we average, the 
more accurate our measurement becomes. In a MD simulation, we follow exactly 
the same approach. First, we prepare a sample: we select a model system consisting 
of N particles and we solve Newton’s equations of motion for this system until the 
properties of the system no longer change with time (we equilibrate the system). 
After equilibration, we perform the actual measurement. In fact, some of the most 
common mistakes that can be made when performing a computer experiment are 
very similar to the mistakes that can be made in real experiments (e.g., the sample 
is not prepared correctly, the measurement is too short, the system undergoes an ir-
reversible change during the experiment, or we do not measure what we think) [5].

1.1.2  HISTORICAL BACKGROUND

Before computer simulation appeared on the scene, there was only one-way to pre-
dict the properties of a molecular substance, namely by making use of a theory 
that provided an approximate description of that material. Such approximations are 
inevitable precisely because there are very few systems for which the equilibrium 
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Understanding Modeling and Simulation of Aerogels Behavior	 5

properties can be computed exactly (e.g., the ideal gas, the harmonic crystal, and a 
number of lattice models, such as the two-dimensional Ising model for ferromag-
nets). As a result, most properties of real materials were predicted on the basis of 
approximate theories (e.g., the van der Waals equation for dense gases, the Debye-
Huckel theory for electrolytes, and the Boltzmann equation to describe the transport 
properties of dilute gases).

Given sufficient information about the intermolecular interactions, these theo-
ries will provide us with an estimate of the properties of interest. Unfortunately, our 
knowledge of the intermolecular interactions of all but the simplest molecules is 
also quite limited. This leads to a problem if we wish to test the validity of a particu-
lar theory by comparing directly to experiment. If we find that theory and experi-
ment disagree, it may mean that our theory is wrong, or that we have an incorrect 
estimate of the intermolecular interactions, or both. Clearly, it would be very nice if 
we could obtain essentially exact results for a given model system without having 
to rely on approximate theories. Computer simulations allow us to do precisely that. 
On the one hand, we can now compare the calculated properties of a model system 
with those of an experimental system: if the two disagree, our model is inadequate; 
that is, we have to improve on our estimate of the intermolecular interactions. On the 
other hand, we can compare the result of a simulation of a given model system with 
the predictions of an approximate analytical theory applied to the same model. If we 
now find that theory and simulation disagree, we know that the theory is flawed. So, 
in this case, the computer simulation plays the role of the experiment designed to 
test the theory. This method of screening theories before we apply them to the real 
world is called a computer experiment. This application of computer simulation is of 
tremendous importance. It has led to the revision of some very respectable theories, 
some of them dating back to Boltzmann. And it has changed the way in which we 
construct new theories. Nowadays it is becoming increasingly rare that a theory is 
applied to the real world before being tested by computer simulation. But note that 
the computer as such offers us no understanding, only numbers. And, as in a real 
experiment, these numbers have statistical errors. So what we get out of a simula-
tion is never directly a theoretical relation. As in a real experiment, we still have to 
extract the useful information [29].

The early history of computer simulation illustrates this role of computer simu-
lation. Some areas of physics appeared to have little need for simulation because 
very good analytical theories were available (e.g., to predict the properties of dilute 
gases or of nearly harmonic crystalline solids). However, in other areas, few if any 
exact theoretical results were known, and progress was much hindered by the lack 
of unambiguous tests to assess the quality of approximate theories. A case in point 
was the theory of dense liquids. Before the advent of computer simulations, the 
only way to model liquid was by mechanical simulation [3–5] of large assemblies 
of macroscopic spheres (e.g., ball bearings). Then the main problem becomes show 
to arrange these balls in the same way as atoms in a liquid. Much work on this topic 
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6	 Materials Behavior: Research Methodology and Mathematical Models

was done by the famous British scientist J. D. Bernal, who built and analyzed such 
mechanical models for liquids.

The first proper MD simulations were reported in 1956 by Alder and Wainwright 
at Livermore, who studied the dynamics of an assembly of hard spheres. The first 
MD simulation of a model for a “real” material was reported in 1959 (and published 
in 1960) by the group led by Vineyard at Brookhaven, who simulated radiation dam-
age in crystalline Cu. The first MD simulation of a real liquid (argon) was reported 
in 1964 by Rahman at Argonne. After that, computers were increasingly becoming 
available to scientists outside the US government labs, and the practice of simula-
tion started spreading to other continents. Much of the methodology of computer 
simulations has been developed since then, although it is fair to say that the basic 
algorithms for MC and MD have hardly changed since the 1950s. The most com-
mon application of computer simulations is to predict the properties of materials. 
The need for such simulations may not be immediately obvious [29].

1.1.3  MOLECULAR DYNAMIC: INTERACTIONS AND 
POTENTIALS

The concept of the MD method is rather straightforward and logical. The motion 
of molecules is generally governed by Newton’s equations of motion in classical 
theory. In MD simulations, particle motion is simulated on a computer according 
to the equations of motion. If one molecule moves solely on a classical mechanics 
level, a computer is unnecessary because mathematical calculation with pencil and 
paper is sufficient to solve the motion of the molecule. However, since molecules in 
a real system are numerous and interact with each other, such mathematical analysis 
is impracticable. In this situation, therefore, computer simulations become a pow-
erful tool for a microscopic analysis [76]. MD simulation consists of the numeri-
cal, step-by-step, solution of the classical equations of motion, which for a simple 
atomic system may be written as,

	 i i im r f= 	 (1)

	
   

i

i
r

f v∂
= −

∂ 	 (2)

For this purpose we need to be able to calculate the forces fi acting on the atoms, 
and these are usually derived from a potential energy U (rN), where rN = (r1; r2; rN) 
represents the complete set of 3N atomic coordinates [5].

The energy E is a function of the atomic positions, R, of all the atoms in the 
system, these are usually expressed in term of Cartesian coordinates. The value of 
the energy is calculated as a sum of internal, or bonded, terms E-bonded, which 
describe the bonds, angles and bond rotations in a molecule, and a sum of external 
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or nonbonded terms, Enonbonded, These terms account for interactions between 
nonbonded atoms or atoms separated by 3 or more covalent bonds.

	 ( ) bonded non bondedV R E E −= + 	 (3)

1.1.3.1  NON-BONDED INTERACTIONS

There are two potential functions we need to be concerned about between non-
bonded atoms:

•	 Van der Waals Potential
•	 Electrostatic Potential
The energy term representing the contribution of nonbonded interactions in the 

CHARMM potential function has two components, the Van der Waals interaction 
energy and the electrostatic interaction energy. Some other potential functions also 
include an additional term to account for hydrogen bonds. In the CHARMM poten-
tial energy function, these interactions are account for by the electrostatic and Van 
der Waals interactions.

	   non bonded van dar waals electrostacticE E E− = − − + 	 (4)

The van der Waals interaction between two atoms arises from a balance between 
repulsive and attractive forces. The repulsive force arises at short distances where 
the electron-electron interaction is strong. The attractive force, also referred to as 
the dispersion force, arises from fluctuations in the charge distribution in the elec-
tron clouds. The fluctuation in the electron distribution on one atom or molecules 
gives rise to an instantaneous dipole, which in turn, induces a dipole in a second 
atom or molecule-giving rise to an attractive interaction. Each of these two effects 
is equal to zero at infinite atomic separation r and become significant as the distance 
decreases. The attractive interaction is longer range than the repulsion but as the dis-
tance become short, the repulsive interaction becomes dominant. This gives rise to a 
minimum in the energy. Positioning of the atoms at the optimal distances stabilizes 
the system. Both value of energy at the minimum E* and the optimal separation of 
atoms r* (which is roughly equal to the sum of Van der Waals radii of the atoms) 
depend on chemical type of these atoms (Fig. 1.2).
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FIGURE 1.2  Potential energy vs. atomic distances.

The van der Waals interaction is most often modeled using the Lennard-Jones 
6–12 potential which expresses the interaction energy using the atom-type depen-
dent constants A and C [Eq (5), Fig. 1.3]. Values of A and C may be determined by 
a variety of methods, like nonbonding distances in crystals and gas-phase scattering 
measurements.

	 12 6
 

ik ik
van der waals

ik iknonbonded pairs

A C
E

r r− −
 

= − 
 ∑ 	  (5)

The part of the potential energy Unonbonded representing nonbonded interactions 
between atoms is traditionally split into 1-body, 2-body, 3-body, etc., terms:

	 ( ) ( ) ( )N
non bonded i i j

i i j i

u r u r v r r−
>

= +∑ ∑∑ 	 (6)

The u(r) term represents an externally applied potential field or the effects of the 
container walls; it is usually dropped for fully periodic simulations of bulk systems. 
Also, it is usual to concentrate on the pair potential v (ri; rj) = v (rij) and neglect 
three-body (and higher order) interactions. There is an extensive literature on the 
way these potentials are determined experimentally, or modeled theoretically [1–4]. 
In some simulations of complex fluids, it is sufficient to use the simplest models 
that faithfully represent the essential physics. In this chapter we shall concentrate on 
continuous, differentiable pair-potentials (although discontinuous potentials such as 
hard spheres and spheroids have also played a role [5].
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The most common model that describes matter in its different forms is a collec-
tion of spheres that we call “atoms” for brevity. These “atoms” can be a single atom 
such as Carbon (C) or Hydrogen (H) or they can represent a group of atoms such as 
CH2 or CS2. These spheres can be connected together to form larger molecules. The 
interactions between these atoms are governed by a force potential that maintains 
the integrity of the matter and prevents the atoms from collapsing. The most com-
monly used potential that was first used for liquid argon [57], is the Lennard-Jones 
potential [44]. This potential has the following general form:

	 ( )
m n

LJ
ij ij

r A
r r
σ σe

     ∅ = −        

	 (7)

where rij = ri− rj is the distance between a pair of atoms i and j. This potential has a 
short-range repulsive force that prevents the atoms from collapsing into each other 
and also a longer-range attractive tail that prevents the disintegration of the atomic 
system. Parameters m and n determine the range and the strength of the attractive 
and repulsive forces applied by the potential where normally m is larger than n. The 
common values used for these parameters are m = 12 and n = 6. The constant A de-
pends on m and n and with the mentioned values, it will be A = 4. The result is the 
well-known 6–12 Lennard-Jones potential. Two other terms in the potential, namely 
ε and σ, are the energy and length parameters. In the case of a molecular system 
several interaction sites or atoms are connected together to form a long chain, ring 
or a molecule in other forms. In this case, in addition to the mentioned Lennard-
Jones potential, which governs the Intermolecular potential, other potentials should 
be employed. An example of an intermolecular potential is the torsional potential, 
which was first introduced by Ryckaert and Bellemans [43, 74]. The electrostatic 
interaction between a pair of atoms is represented by Coulomb potential; D is the 
effective dielectric function for the medium and r is the distance between two atoms 
having charges qi and qk.

	
 

i k
electrostatic

iknonbonded pairs

q q
E

Dr
= ∑ 	 (8)

For applications in which attractive interactions are of less concern than the 
excluded volume effects, which dictate molecular packing, the potential may be 
truncated at the position of its minimum, and shifted upwards to give what is usually 
termed the WCA model. If electrostatic charges are present, we add the appropriate 
Coulomb potentials:

	 ( ) 1 2

04
coulomb Q Q

v r
rpe

= 	  (9)
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10	 Materials Behavior: Research Methodology and Mathematical Models

where Q1, Q2 are the charges and ε0 is the permittivity of free space. The correct han-
dling of long-range forces in a simulation is an essential aspect of polyelectrolyte 
simulations.

FIGURE 1.3  Lennard-Jones pair potential showing the r–12 and r–6 contributions. Also 
shown is the WCA shifted repulsive part of the potential [43].

1.1.3.2  BONDING POTENTIALS

For molecular systems, we simply build the molecules out of site-site potentials 
of the form of Eq. (7) or similar. Typically, a single-molecule quantum-chemical 
calculation may be used to estimate the electron density throughout the molecule, 
which may then be modeled by a distribution of partial charges via Eq. (9), or more 
accurately by a distribution of electrostatic multipoles [3, 81]. For molecules we 
must also consider the intermolecular bonding interactions. The simplest molecular 
model will include terms of the following kind:

The E-bonded term is a sum of three terms:

	 bonded bond strech angel bend rotate along bondE E E E− − − −= + + 	  (10)

which correspond to three types of atom movement:
•	 stretching along the bond;
•	 bending between bonds;
•	 rotating around bonds.
The first term in the above equation is a harmonic potential representing the 

interaction between atomic pairs where atoms are separated by one covalent bond, 
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that is, 1,2-pairs. This is the approximation to the energy of a bond as a function of 
displacement from the ideal bond length, b0. The force constant, Kb, determines the 
strength of the bond. Both ideal bond lengths b0 and force constants Kb are specific 
for each pair of bound atoms, that is, depend on chemical type of atoms-constituents.

	 ( )2
0

1,2 
bond strach b

pairs

E K b b− = −∑ 	  (11)

Values of force constant are often evaluated from experimental data such as 
infrared stretching frequencies or from quantum mechanical calculations. Values of 
bond length can be inferred from high-resolution crystal structures or microwave 
spectroscopy data. The second term in above equation is associated with alteration 
of bond angles theta from ideal values q0, which is also represented by a harmonic 
potential. Values of q0 and Kq depend on chemical type of atoms constituting the 
angle. These two terms describe the deviation from an ideal geometry; effectively, 
they are penalty functions and that in a perfectly optimized structure, the sum of 
them should be close to zero.

	
2

0( )bond bend
angles

E Kq q q− = −∑ 	  (12)

The third term represents the torsion angle potential function which models the 
presence of steric barriers between atoms separated by 3 covalent bonds (1,4 pairs). 
The motion associated with this term is a rotation, described by a dihedral angle and 
coefficient of symmetry n = 1, 2, 3), around the middle bond. This potential is as-
sumed to be periodic and is often expressed as a cosine function. In addition to these 
terms, the CHARMM force field has two additional terms; one is the Urey-Bradley 
term, which is an interaction based on the distance between atoms separated by two 
bonds (1,3 interaction). The second additional term is the improper dihedral term 
(see the section on CHARMM), which is used to maintain chirality and planarity.

	 ( )( )1 cos
1,4 

rotate along bond n
pairs

E K− − ∅ − ∅= ∑ 	 (13)

The parameters for these terms, Kb, Kq, Kf, are obtained from studies of small 
model compounds and comparisons to the geometry and vibrational spectra in the 
gas phase (IR and Raman spectroscopy), supplemented with ab initio quantum cal-
culations [5].
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FIGURE 1.4  Geometry of a simple chain molecule, illustrating the definition of interatomic 
distance r, bend angle θ, and torsion angle ∅ [5].

	 ( )21
2

r
intramolecular ij ij eq

bonds

u k r r= −∑ 	  (14a)

	 ( )21
2 ijk ijk eqkq q q+ −∑ 	  (14b)

	 ( ), 1 (1 cos )
2

m
ijkl mijkl

torsion m
angles

k m g∅+ + ∅ −∑ ∑ 	  (14c)

The geometry is illustrated in Fig. 1.4. The “bonds” will typically involve the 

separation ij i jr r r= −  between adjacent pairs of atoms in a molecular framework, 
and we assume in Eq (14a) above a harmonic form with specified equilibrium sepa-
ration, although this is not the only possibility. The “bend angles” qijk are between 
successive bond vectors such as ri – rj and rj – rk, and therefore involve three atom 
coordinates:

	 ( ) ( ) ( )1 1
2 2ˆ ˆcos . . . .ijk ij jk ij ij jk jk ij jkr r r r r r r rq

− −
= = 	  (15)

where ˆ /r r= r . Usually this bending term is taken to be quadratic in the angular 
displacement from the equilibrium value, as in Eq (14b), although periodic func-
tions are also used. The “torsion angles” ∅ijk are defined in terms of three connected 
bonds, hence four atomic coordinates: [5]

	 cos  . ,    ,  ˆ ˆijkl ijk jkl ijk ij jk jkl jk klwheren n n r r n r r∅ = − = × = × 	 (16)
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and ˆ /n n= n , the unit normal to the plane dened by each pair of bonds. Usually the-
torsional potential involves an expansion in periodic functions of order m = 1,2,… 
(see, Eq (14c)). A simulation package force field will specify the precise form of Eq. 
(14), and the various strength parameters k and other constants therein. Actually, Eq. 
(14) is a considerable oversimplification. Molecular mechanics force fields, aimed 
at accurately predicting structures and properties, will include many cross-terms 
(e.g., stretch-bend): MM3 [7,53] andMM4 [7] are examples. Quantum mechanical 
calculations may give a guide to the “best” molecular force field; also comparison 
of simulation results with thermophysical properties and vibration frequencies is 
invaluable in force-field development and refinement. A separate family of force 
fields, such as AMBER [8], CHARMM [15] and OPLS [45] are geared more to 
larger molecules (proteins, polymers) in condensed phases; their functional form is 
simpler, closer to that of Eq. (14), and their parameters are typically determined by 
quantum chemical calculations combined with thermophysical and phase coexis-
tence data. This field is too broad to be reviewed here; several molecular modeling 
texts (albeit targeted at biological applications) should be consulted by the interested 
reader. The modeling of long chain molecules will be of particular interest to us, 
especially as an illustration of the scope for progressively simplifying and “coarse-
graining” the potential model. Various explicit-atom potentials have been devised 
for the n-alkanes. More approximate potentials have also been constructed [26, 28] 

in which the CH2 and CH3 units are represented by single “united atoms.” These 
potentials are typically less accurate and less transferable than the explicit-atom po-
tentials, but significantly less expensive; comparisons have been made between the 
two approaches [29]. For more complicated molecules this approach may need to be 
modified. In the liquid crystal field, for instance, a compromise has been suggested 
[32]: use the united-atom approach for hydrocarbon chains, but model phenyl ring 
hydrogens explicitly.

In polymer simulations, there is frequently a need to economize further and 
coarse-grain the interactions more dramatically: significant progress has been made 
in recent years in approaching this problem systematically [85]. Finally, the most 
fundamental properties, such as the entanglement length in a polymer melt [72], 
may be investigated using a simple chain of pseudo atoms or beads (modeled using 
the WCA potential of Fig. 1.3, and each representing several monomers), joined by 
an attractive finitely extensible nonlinear elastic (FENE) potential, which is illus-
trated in Fig. 1.4.

	 ( ) ( )( )22
00 0

0

1 ln 1 /
2  

FENE r RkR r Rv r
r R

 <− −=  ≥ ∞
	  (17)

The key feature of this potential is that it cannot be extended beyond r = R0, en-
suring (for suitable choices of the parameters k and R0) that polymer chains cannot 
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move through one another. The empirical potential energy function is differentiable 
with respect to the atomic coordinates; this gives the value and the direction of the 
force acting on an atom and thus it can be used in a MD simulation. The empirical 
potential function has several limitations, which result in inaccuracies in the calcu-
lated potential energy. One limitation is due to the fixed set of atom types employed 
when determining the parameters for the force field. Atom types are used to define 
an atom in a particular bonding situation, for example an aliphatic carbon atom in 
an sp3 bonding situation has different properties than a carbon atom found in the His 
ring. Instead of presenting each atom in the molecule, as a unique one described by 
unique set of parameters, there is a certain amount of grouping in order minimizes 
the number of atom types. This can lead to type-specific errors. The properties of 
certain atoms, like aliphatic carbon or hydrogen atoms, are less sensitive to their 
surroundings and a single set of parameters may work quite well, while other atoms 
like oxygen and nitrogen are much more influenced by their neighboring atoms. 
These atoms require more types and parameters to account for the different bonding 
environments.

Another important point to take into consideration is that the potential 
energy function does not include entropic effects. Thus, a minimum value 
of E calculated as a sum of potential functions does not necessarily corre-
spond to the equilibrium, or the most probable state; this corresponds to the 
minimum of free energy. Because of the fact that experiments are generally 
carried out under isothermal-isobaric conditions (constant pressure, constant 
system size and constant temperature) the equilibrium state corresponds to 
the minimum of Gibb’s Free Energy, G. While just an energy calculation 
ignores entropic effects, these are included in MD simulations.

1.1.3.3  STATISTICAL MECHANICS

Molecular simulations are based on the framework of statistical mechanics/thermo-
dynamics. MD simulations generate information at the microscopic level, including 
atomic positions and velocities. The conversion of this microscopic information to 
macroscopic observables such as pressure, energy, heat capacities, etc., requires sta-
tistical mechanics. In a MD simulation, one often wishes to explore the macroscopic 
properties of a system through microscopic simulations, for example, to calculate 
changes in the binding free energy of a particular drug candidate, or to examine 
the energetics and mechanisms of conformational change. The connection between 
microscopic simulations and macroscopic properties is made via statistical mechan-
ics, which provides the rigorous mathematical expressions that relate macroscopic 
properties to the distribution and motion of the atoms and molecules of the N-body 
system; MD simulations provide the means to solve the equation of motion of the 
particles and evaluate these mathematical formulas. With MD simulations, one can 
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study both thermodynamic properties and/or time dependent (kinetic) phenomenon 
[10].

Statistical mechanics is the branch of physical sciences that studies macroscopic 
systems from a molecular point of view. The goal is to understand and to predict 
macroscopic phenomena from the properties of individual molecules making up 
the system. The system could range from a collection of solvent molecules to a 
solvated protein-DNA complex. In order to connect the macroscopic system to the 
microscopic system, time independent statistical averages are often introduced. The 
thermodynamic state of a system is usually defined by a small set of parameters, 
for example, the temperature, T, the pressure, P, and the number of particles, N. 
Other thermodynamic properties may be derived from the equations of state and 
other fundamental thermodynamic equations. The mechanical or microscopic state 
of a system is defined by the atomic positions, q, and momenta, p; these can also 
be considered as coordinates in a multidimensional space called phase space. For a 
system of N particles, this space has 6N dimensions. A single point in phase space, 
denoted by G, describes the state of the system. An ensemble is a collection of 
points in phase space satisfying the conditions of a particular thermodynamic state. 
A MD simulations generates a sequence of points in phase space as a function of 
time; these points belong to the same ensemble, and they correspond to the differ-
ent conformations of the system and their respective momenta. Several different 
ensembles are described below [11]. An ensemble is a collection of all possible 
systems, which have different microscopic states but have an identical macroscopic 
or thermodynamic state.

1.1.3.4  NEWTON’S EQUATION OF MOTION

We view materials as a collection of discrete atoms. The atoms interact by exerting 
forces on each other. Force Field is defined as a mathematical expression that de-
scribes the dependence of the energy of a molecule on the coordinates of the atoms 
in the molecule. The MD simulation method is based on Newton’s second law or 
the equation of motion, F=ma, where F is the force exerted on the particle, m is its 
mass and “a” is its acceleration. From knowledge of the force on each atom, it is 
possible to determine the acceleration of each atom in the system. Integration of the 
equations of motion then yields a trajectory that describes the positions, velocities 
and accelerations of the particles as they vary with time. From this trajectory, the 
average values of properties can be determined. The method is deterministic; once 
the positions and velocities of each atom are known, the state of the system can be 
predicted at any time in the future or the past. MD simulations can be time con-
suming and computationally expensive. However, computers are getting faster and 
cheaper. Based on the interaction model, a simulation computes the atoms’ trajec-
tories numerically. Thus a molecular simulation necessarily contains the following 
ingredients [5,17, 43, 76].
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•	 The model that describes the interaction between atoms. This is usually called 
the interatomic potential: V ({ri}), where {ri} represent the position of all 
atoms.

•	 Numerical integrator that follows the atoms equation of motion. This is the 
heart of the simulation. Usually, we also need auxiliary algorithms to set up 
the initial and boundary conditions and to monitor and control the systems 
state (such as temperature) during the simulation.

•	 Extract useful data from the raw atomic trajectory information. Compute ma-
terials properties of interest. Visualization [17].

The dynamics of classical objects follow the three laws of Newton. Here, we 
review the Newton’s laws (Fig. 1.5):

FIGURE 1.5  Sir Isaac Newton (1643–1727 England).

First law: Every object in a state of uniform motion tends to remain in that state 
of motion unless an external force is applied to it. This is also called the Law of 
inertia.

Second law: An object’s mass m, its acceleration a, and the applied force F are 
related by

	 	  (18)

where Fi is the force exerted on particle i, mi is the mass of particle i and ai is the 
acceleration of particle i.

Third law: For every action there is an equal and opposite reaction.
The second law gives us the equation of motion for classical particles. Consider 

a particle, its position is described by a vector r = (x, y, z). The velocity is how fast 
r changes with time and is also a vector: v = dr/dt = (vx, vy, vz). In component form, 
vx = dx/dt, vy = dy/dt, vz = dz/dt. The acceleration vector is then time derivative of 
velocity, that is, a = dv/dt. The force can also be expressed as the gradient of the 
potential energy,
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	  i iF V= −∇  	  (19)

Combining of equation of motion and gradient of the potential energy yields:

	

2

2
i

i
i

r

d rdV m
d dt

− = 	  (20)

where V is the potential energy of the system. Newton’s equation of motion can then 
relate the derivative of the potential energy to the changes in position as a function 
of time. The kinetic energy is given by the velocity,

	 21
2kinE m v= 	 (21)

The total energy is the sum of potential and kinetic energy contributions,

	 tot kinE E V= + 	 (22)

When we express the total energy as a function of particle position r and mo-
mentum p = mv, it is called the Hamiltonian of the system,

	 ( )
2

, ( )
2
P

H r p V r
m

= + 	  (23)

The Hamiltonian (i.e., the total energy) is a conserved quantity as the particle 
moves. To see this, let us compute its time derivative,

	
( ) .  . totdE dv dV r drmv

dt dt dr dt
= + 	 (24)

	
1 ( ) ( ) .  . dr dV r dV r drm

dt m dr dr dt
 = − +  

= 0

Therefore the total energy is conserved if the particle follows the Newton’s 
equation of motion in a conservative force field (when force can be written in terms 
of spatial derivative of a potential field), while the kinetic energy and potential en-
ergy can interchange with each other. The Newton’s equation of motion can also be 
written in the Hamiltonian form, [17]

	
( , ) dr H r p

dt p
∂

=
∂

	  (25)

	
 ( , ) dp H r p

dt r
∂

= −
∂
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Hence,

	
( , ) ( , )  .  . 0dH H r p dr H r p dp

dt r dt p dt
∂ ∂

= + =
∂ ∂ 	 (26)

FIGURE 1.6  Sir William Rowan Hamilton (1805–1865 Ireland).

Newton’s Second Law of motion: a simple application,

	
2

2 dv d xF ma m m
dt dt

= = = 	 (27)

	

dva
dt

=

Taking the simple case where the acceleration is constant. We obtain an expres-
sion for the velocity after integration:

	 0v at v= + 	 (28)

And since

	
dxv
dt

= 	 (29)

We can once again integrate to obtain

	 0x vt x= + 	 (29a)

Combining this equation with the expression for the velocity, we obtain the fol-
lowing relation which gives the value of x at time t as a function of the acceleration, 
a, the initial position, x0, and the initial velocity, v0.
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0x vt x= +

	 2
0 0x at v t x= + + 	 (30)

The acceleration is given as the derivative of the potential energy with respect 
to the position, r,

	
1 dEa
m dr

= − 	  (31)

Therefore, to calculate a trajectory, one only needs the initial positions of the 
atoms, an initial distribution of velocities and the acceleration, which is determined 
by the gradient of the potential energy function. The equations of motion are deter-
ministic, for example, the positions and the velocities at time zero determine the 
positions and velocities at all other times, t. The initial positions can be obtained 
from experimental structures, such as the x-ray crystal structure of the protein or 
the solution structure determined by NMR spectroscopy. The initial distribution of 
velocities are usually determined from a random distribution with the magnitudes 
conforming to the required temperature and corrected so there is no overall momen-
tum, that is,

	
1

0
N

i i
i

P m v
=

= =∑ 	  (32)

The velocities, vi, are often chosen randomly from a Maxwell-Boltzmann or 
Gaussian distribution at a given temperature, which gives the probability that an 
atom i has a velocity vx in the x direction at a temperature T.

	 ( )
2

1/2 1( )
2 2  

i i ix
ix

B B

m m v
p v exp

k T k Tp
 

= − 
   	 (33)

The temperature can be calculated from the velocities using the relation

	 ( ) 1

1
3 2

N
i

ii

p
T

N m=

= ∑ 	 (34)

where N is the number of atoms in the system.

1.1.3.5  INTEGRATION ALGORITHMS

Solving Newton’s equations of motion does not immediately suggest activity at the 
cutting edge of research. The MD algorithm in most common use today may even 
have been known to Newton [41]. Nonetheless, the last decade has seen a rapid de-
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velopment in our understanding of numerical algorithms; a forthcoming review [21] 
and a book summarize the present state of the field.

Continuing to discuss, for simplicity, a system composed of atoms with 
coordinates ( )1 2, ,N

Nr r r r= …  and potential energy ( )Nu r , we introduce the 
atomic momenta ( )1 2 ,N

Np p p p= … , in terms of which the kinetic energy may 

be written ( ) 2

1

/ 2
N

N
i i

i

p p mκ
=

= ∑ . Then the energy, or Hamiltonian, may be writ-

ten as a sum of kinetic and potential terms H = K + U. Write the classical 
equations of motion as

	 i
i

i

pr m= 	 (35)

	 i ip f=

This is a system of coupled ordinary differential equations. Many methods ex-
ist to perform step-by-step numerical integration of them. Characteristics of these 
equations are: (a) they are ‘stiff’, that is, there may be short and long timescales, 
and the algorithm must cope with both; (b) calculating the forces is expensive, typi-
cally involving a sum over pairs of atoms, and should be performed as infrequently 
as possible. Also we must bear in mind that the advancement of the coordinates 
fulfills two functions: (i) accurate calculation of dynamical properties, especially 
over times as long as typical correlation times runτa of properties a ofinterest (we shall 
define this later); (ii) accurately staying on the constant-energy hyper surface, for 
much longer times run aτ τ , in order to sample the correct ensemble [5].

To ensure rapid sampling of phase space, we wish to make the time step as large 
as possible consistent with these requirements. For these reasons, simulation algo-
rithms have tended to be of low order (i.e., they do not involve storing high deriva-
tives of positions, velocities etc.): this allows the time step to be increased as much 
as possible without jeopardizing energy conservation. It is unrealistic to expect the 
numerical method to accurately follow the true trajectory for very long times runτ
. The ‘ergodic’ and ‘mixing’ properties of classical trajectories, that is, the fact that 
nearby trajectories diverge from each other exponentially quickly, make this impos-
sible to achieve. All these observations tend to favor the Verlet algorithm in one 
form or another, and we look closely at this in the following section. For histori-
cal reasons only, we mention them are general class of predictor-corrector methods 
which have been optimized for classical mechanical equations [35, 52].

The potential energy is a function of the atomic positions (3N) of all the atoms 
in the system. Due to the complicated nature of this function, there is no analytical 
solution to the equations of motion; they must be solved numerically. Numerous 
numerical algorithms have been developed for integrating the equations of motion. 
Different algorithms have been listed below:
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•	 Verlet algorithm
•	 Leap-frog algorithm
•	 Velocity Verlet
•	 Beeman’s algorithm
It is important to attention which algorithm to use, one should consider the fol-

lowing criteria:
•	 The algorithm should conserve energy and momentum.
•	 It should be computationally efficient
•	 It should permit a long time step for integration.
All the integration algorithms assume the positions, velocities and accelerations 

can be approximated by a Taylor series expansion:
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where r is the position, v is the velocity (the first derivative with respect to time), 
a is the acceleration (the second derivative with respect to time), etc. To derive the 
Verlet algorithm one can write

	 ( ) ( ) ( ) ( ) 21
2

r t t r t v t t a t tδ δ δ+ = + + 	 (37)

	 ( ) ( ) ( ) ( ) 21
2

r t t r t v t t a t tδ δ δ− = − +

Summing these two equations, one obtains

	 ( ) ( ) ( ) ( ) 22r t t r t r t t a t tδ δ δ+ = − − + 	 (38)

1.1.3.5.1  VERLET ALGORITHMS

The Verlet algorithm uses positions and accelerations at time t and the positions 
from time t-dt to calculate new positions at time t+dt. The Verlet algorithm uses 
no explicit velocities. The advantages of the Verlet algorithm are: (i) it is straight-
forward, and (ii) the storage requirements are modest. The disadvantage is that the 
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algorithm is of moderate precision. The advantages and disadvantages of this algo-
rithm have been summarized in Table 1.1 [5, 76].

TABLE 1.1  Verlet’s Algorithm Characteristics

Pros Cons
•	 Simple and Effective

•	� Low Memory and CPU Requirements (don’t need 
to store velocities or perform multiple force cal-
culations)

•	 Time Reversible

•	� Very stable even with large numbers of interact-
ing particles

•	 Not as accurate as RK

•	 We never calculate velocities

We can estimate the velocities using a finite difference:

	 ( ) ( ) ( ) ( )21
2

v t r t t r t t O t
t

 = + ∆ − − ∆ + ∆ ∆ 	 (39)

There are variations of the Verlet algorithm, such as the leapfrog algorithm, 
which seek to improve velocity estimations.

1.1.3.5.2  THE LEAP-FROG ALGORITHM

In this algorithm, the velocities are first calculated at time t+1/2dt; these are used to 
calculate the positions, r, at time t+dt. In this way, the velocities leap over the posi-
tions, then the positions leap over the velocities. The advantage of this algorithm is 
that the velocities are explicitly calculated, however, the disadvantage is that they 
are not calculated at the same time as the positions. The velocities at time t can be 
approximated by the relationship [76]:

	 ( ) 1 1 1
2 2 2

v t v t t v t tδ δ
    = − + +         	 (40)

1.1.3.5.3  THE VELOCITY VERLET ALGORITHM

This algorithm yields positions, velocities and accelerations at time t. There is no 
compromise on precision.

	 ( ) ( ) ( ) ( ) 21
2

r t t r t v t t a t tδ δ δ+ = + + 	  (41)
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	 ( ) ( )1 ( )  ( ) 
2

r t t v t a t a t t tδ δ δ + = + + + 

The MD method is applicable to both equilibrium and nonequilibrium physi-
cal phenomena, which makes it a powerful computational tool that can be used to 
simulate many physical phenomena (if computing power is sufficient). The main 
procedure for conducting the MD simulation using the velocity Verlet method is 
shown in the following steps:

1.	 Specify the initial position and velocity of all molecules.
2.	 Calculate the forces acting on molecules.
3.	 Evaluate the positions of all molecules at the next time.
4.	 Evaluate the velocities of all molecules at the next time step.
5.	 Repeat the procedures from Step 2.
In the above procedure, the positions and velocities will be evaluated at every 

time interval h in the MD simulation. The method of evaluating the system averages 
is necessary to make a comparison with experimental or theoretical values. Since 
microscopic quantities such as positions and velocities are evaluated at every time 
interval in MD simulations, a quantity evaluated from such microscopic values, for 
example, the pressure will differ from that measured experimentally. In order to 
compare with experimental data, instant pressure is sampled at each time step, and 
these values are averaged during a short sampling time to yield a macroscopic pres-
sure. This average can be expressed as,

	
1

/
N

n
n

A A N
=

= ∑ 	 (42)

in which An is the n-th sampled value of an arbitrary physical quantity A, and 
A , called the “time average,” is the mathematical average of N sampling 
data [76].

1.1.3.5.4  THE BEEMAN’S ALGORITHM

This algorithm is closely related to the Verlet algorithm:

	 ( ) ( ) ( ) ( ) ( )2 22 1
3 6

r t t r t v t t a t t a t t tδ δ δ δ δ+ = + + − − 	 (43)

	
( ) ( ) ( ) ( ) ( )1 5 1  ( ) 

3 6 6
v t t v t v t t a t t a t t a t t tδ δ δ δ δ δ+ = + + + − −

The advantages and disadvantages of this algorithm have been summarized in 
Table 1.2.
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TABLE 1.2  Beeman’s Algorithm Characteristic

Pros Cons

•	� Provides a more accurate expression for 
the velocities and better energy conser-
vation.

•	� More complex expressions make the cal-
culation more expensive.

TABLE 1.3  The Comparison Between Classical MD and Quantum MD

Classical MD

Simulate/predict processes Characteristics

1. Polypeptide folding
2. � Biomolecular association
3. � Partitioning between solvents
4. � Membrane/micelle formation

Thermodynamic equi-
librium
Governed by weak
(Nonbonded) forces

• � Degrees of freedom: 
atomic (solute + solvent)

• � Equations of motion: clas-
sical dynamics

• � Governing theory: statisti-
cal mechanics

Quantum MD

5. � Chemical reactions, enzyme 
catalysis

6. � Enzyme catalysis
7. � Photochemical reactions, elec-

tron transfer

Chemical transforma-
tions
Governed by strong 
forces

• � Degrees of freedom: 
electronic, nuclear

• � Equations of motion: 
quantum dynamics

• � Governing theory: quan-
tum statistical mechanics

1.1.3.6  PERIODIC BOUNDARY CONDITIONS

Small sample size means that, unless surface effects are of particular interest, pe-
riodic boundary conditions need to be used. Consider 1000 atoms arranged in a 
10×10×10 cube. Nearly half the atoms are on the outer faces, and these will have 
a large effect on the measured properties. Even for 106 = 1003 atoms, the surface 
atoms amount to 6% of the total, which is still nontrivial. Surrounding the cube with 
replicas of itself takes care of this problem. Provided the potential range is not too 
long, we can adopt the minimum image convention that each atom interacts with 
the nearest atom or image in the periodic array. In the course of the simulation, if 
an atom leaves the basic simulation box, attention can be switched to the incoming 
image (Fig. 1.7). Of course, it is important to bear in mind the imposed artificial 
periodicity when considering properties, which are influenced by long-range cor-
relations. Special attention must be paid to the case where the potential range is not 
short: for example for charged and dipolar systems [5, 76].
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FIGURE 1.7  Periodic boundary conditions. As a particle moves out of the simulation box, 
an image particle moves in to replace it. In calculating particle interactions within the cutoff 
range, both real and image neighbors are included [5].

1.1.3.7  NEIGHBOR LIST

Computing the nonbonded contribution to the interatomic forces in an MD simula-
tion involves, in principle, a large number of pairwise calculations: we consider 
each atom I and loop over all other atoms j to calculate the minimum image separa-
tions rij. Let us assume that the interaction potentials are of short range, v (rij) = 0 
if rij > rcut, the potential cutoff. In this case, the program skips the force calculation, 
avoiding expensive calculations, and considers the next candidate j. Nonetheless, 
the time to examine all pair separations is proportional to the number of distinct 

pairs, 1  ( 1)
2

N N −  in an N-atomsystem, and for every pair one must compute at 
least 

2
ijr ; this still consumes a lot of time. Some economies result from the use of 

lists of nearby pairs of atoms. Verlet [7] suggested such a technique for improving 
the speed of a program. The potential cutoff sphere, of radius rcut, around a particular 
atom is surrounded by a ‘skin,’ to give a larger sphere of radius rlist. At the first step 
in a simulation, a list is constructed of all the neighbors of each atom, for which the 
pair separation is within rlist. Over the next few MD time steps, only pairs appearing 
in the list are checked in the force routine. From time to time the list is reconstruct-
ed: it is important to do this before any unlisted pairs have crossed the safety zone 
and come within interaction range. It is possible to trigger the list reconstruction 
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automatically, if a record is kept of the distance traveled by each atom since the last 
update. The choice of list cutoff distance rlist is a compromise: larger lists will need 
to be reconstructed less frequently, but will not give as much of a saving on cpu time 
as smaller lists. This choice can easily be made by experimentation.

For larger systems (N> 1000 or so, depending on the potential range) another 
technique becomes preferable. The cubic simulation box (extension to noncubic 
cases is possible) is divided into a regular lattice of ncell×ncell×ncell cells. These cells 
are chosen so that the side of the cell /cell celll L n=  is greater than the potential 
cutoff distance cut. If there is a separate list of atoms in each of those cells, then 
searching through the neighbors is a rapid process: it is only necessary to look at 
atoms in the same cell as the atom of interest, and nearest neighbor cells. The cell 
structure may be set up and used by the method of linked lists [43, 55]. The first 
part of the method involves sorting all the atoms into their appropriate cells. This 
sorting is rapid, and may be performed every step. Then, within the force routine, 
pointers are used to scan through the contents of cells, and calculate pair forces. 
This approach is very efficient for large systems with short-range forces. A certain 
amount of unnecessary work is done because the search region is cubic, not (as for 
the Verlet list) spherical [5].

1.1.3.8  TIME DEPENDENCE

Knowledge of time-dependent statistical mechanics is important in three general 
areas of simulation. Firstly, in recent years there have been significant advances in 
the understanding of MD algorithms, which have arisen out of an appreciation of 
the formal operator approach to classical mechanics. Second, an understanding of 
equilibrium time correlation functions, their link with dynamical properties, and 
especially their connection with transport coefficients, is essential in making contact 
with experiment. Third, the last decade has seen a rapid development of the use of 
non-equilibrium MD, with a better understanding of the formal aspects, particularly 
the link between the dynamical algorithm, dissipation, chaos, and fractal geometry 
[5].

1.1.3.9  APPLICATION AND ACHIEVEMENTS

Given the modeling capability of MD and the variety of techniques that have 
emerged, what kinds of problem can be studied? Certain applications can be elimi-
nated owing to the classical nature of MD. There are also hardware imposed limita-
tions on the amount of computation that can be performed over a given period of 
time – be it an hour or a month – thus restricting the number of molecules of a given 
complexity that can be handled, as well as storage limitations having similar conse-
quences (to some extent, the passage of time helps alleviate hardware restrictions). 
The phenomena that can be explored must occur on length and time scales that are 
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encompassed by the computation. Some classes of phenomena may require repeated 
runs based on different sets of initial conditions to sample adequately the kinds of 
behavior that can develop, adding to the computational demands. Small system size 
enhances the fluctuations and sets a limit on the measurement accuracy; finite-size 
effects – even the shape of the simulation region – can also influence certain results. 
Rare events present additional problems of observation and measurement. Liquids 
represent the state of matter most frequently studied by MD methods. This is due 
to historical reasons, since both solids and gases have well-developed theoretical 
foundation, but there is no general theory of liquids. For solids, theory begins by 
assuming that the atomic constituents undergo small oscillations about fixed lattice 
positions; for gases, independent atoms are assumed and interactions are introduced 
as weak perturbations. In the case of liquids, however, the interactions are as impor-
tant as in the solid state, but there is no underlying ordered structure to begin with. 
The following list includes a somewhat random and far from complete assortment 
of ways in which MD simulation is used:

•	 Fundamental studies: equilibration, tests of molecular chaos, kinetic theory, 
diffusion, transport properties, size dependence, tests of models and potential 
functions.

•	 Phase transitions: first- and second-order, phase coexistence, order param-
eters, critical phenomena.

•	 Collective behavior: decay of space and time correlation functions, coupling 
of translational and rotational motion, vibration, spectroscopic measurements, 
orientational order, dielectric properties.

•	 Complex fluids: structure and dynamics of glasses, molecular liquids, pure 
water and aqueous solutions, liquid crystals, ionic liquids, fluid interfaces, 
films and monolayers.

•	 Polymers: chains, rings and branched molecules, equilibrium conformation, 
relaxation and transport processes.

•	 Solids: defect formation and migration, fracture, grain boundaries, structural 
transformations, radiation damage, elastic and plastic mechanical properties, 
friction, shock waves, molecular crystals, epitaxial growth.

•	 Biomolecules: structure and dynamics of proteins, protein folding, micelles, 
membranes, docking of molecules.

•	 Fluid dynamics: laminar flow, boundary layers, rheology of non-Newtonian 
fluids, unstable flow. And there is much more.

The elements involved in an MD study, the way the problem is formulated, and 
the relation to the real world can be used to classify MD problems into various cat-
egories. Examples of this classification include whether the interactions are short- or 
long-ranged; whether the system is thermally and mechanically isolated or open to 
outside influence; whether, if in equilibrium, normal dynamical laws are used or 
the equations of motion are modified to produce a particular statistical mechanical 
ensemble; whether the constituent particles are simple structure less atoms or more 
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complex molecules and, if the latter, whether the molecules are rigid or flexible; 
whether simple interactions are represented by continuous potential functions or by 
step potentials; whether interactions involve just pairs of particles or multiparticle 
contributions as well; and so on and so on [70].

Despite the successes, many challenges remain. Multiple phases introduce the 
issue of interfaces that often have a thickness comparable to the typical simulated 
region size. In homogeneities such as density or temperature gradients can be dif-
ficult to maintain in small systems, given the magnitude of the inherent fluctuations. 
Slow relaxation processes, such as those typical of the glassy state, diffusion that 
is hindered by structure as in polymer melts, and the very gradual appearance of 
spontaneously forming spatial organization, are all examples of problems involv-
ing temporal scales many orders of magnitude larger than those associated with the 
underlying molecular motion [70].

1.1.4  MONTE CARLO METHOD

In the MD method, the motion of molecules (particles) is simulated according to the 
equations of motion and therefore it is applicable to both thermodynamic equilibri-
um and non-equilibrium phenomena. In contrast, the MC method generates a series 
of microscopic states under a certain stochastic law, irrespective of the equations of 
motion of particles. Since the MC method does not use the equations of motion, it 
cannot include the concept of explicit time, and thus is only a simulation technique 
for phenomena in thermodynamic equilibrium. Hence, it is unsuitable for the MC 
method to deal with the dynamic properties of a system, which are dependent on 
time. In the following paragraphs, we explain important points of the concept of the 
MC method.

How do microscopic states arise for thermodynamic equilibrium in a practical 
situation? We discuss this problem by considering a two-particle attractive system 
using Fig. 1.8. As shown in Fig. 1.8A, if the two particles overlap, then a repulsive 
force or significant interaction energy arises. As shown in Fig. 1.2B, for the case of 
close proximity, the interaction energy becomes low and an attractive force acts on 
the particles. If the two particles are sufficiently distant, as shown in Fig. 1.8C, the 
interactive force is negligible and the interaction energy can be regarded as zero.

In actual phenomena, microscopic states which induce a significantly high en-
ergy, as shown in Fig. 1.8A, seldom appear, but microscopic states which give rise 
to a low-energy system, as shown in Fig. 1.8B, frequently arise. However, this does 
not mean that only microscopic states that induce a minimum energy system appear. 
Consider the fact that oxygen and nitrogen molecules do not gather in a limited area, 
but distribute uniformly in a room. It is seen from this discussion that, for thermo-
dynamic equilibrium, microscopic states do not give rise to a minimum of the total 
system energy, but to a minimum free energy of a system. For example, in the case 
of a system specified by the number of particles N, temperature T, and volume of 
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the system V, microscopic states arise such that the following Helmholtz free energy 
F becomes a minimum:

	 F E TS= − 	  (44)

where E is the potential energy of the system, and S is the entropy. In the preceding 
example, the reason why oxygen or nitrogen molecules do not gather in a limited 
area can be explained by taking into account the entropy term on the right-hand side 
in Eq. (44). That is, the situation in which molecules do not gather together and form 
flocks but expand to fill a room gives rise to a large value of the entropy. Hence, 
according to the counterbalance relationship of the energy and the entropy, real mi-
croscopic states arise such that the free energy of a system is at minimum [76].

FIGURE 1.8  Typical energy situations for a two-particle system [76].

Next, we consider how microscopic states arise stochastically. We here treat a 
system composed of N interacting spherical particles with temperature T and vol-
ume V of the system; these quantities are given values and assumed to be constant. 
If the position vector of an arbitrary particle i (i=1, 2, …, N) is denoted by ri, then 
the total interaction energy U of the system can be expressed as a function of the 
particle positions; that is, it can be expressed as U=U (r1, r2, ..., rN). For the present 
system specified by given values of N, T, and V, the appearance of a microscopic 
state that the particle i (i=1, 2, ..., N) exits within the small range of ri ~ (ri+Δri) is 
governed by the probability density function ρ (r1, r2, ..., rN). This can be expressed 
from statistical mechanics [57] as
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If a series of microscopic states is generated with an occurrence according to 
this probability, a simulation may have physical meaning. However, this approach 
is impracticable, as it is extraordinarily difficult and almost impossible to evaluate 
analytically the definite integral of the denominator in Eq. (45). In fact, if we were 
able to evaluate this integral term analytically, we would not need a computer simu-
lation because it would be possible to evaluate almost all physical quantities analyti-
cally. The “Metropolis method” [58] overcomes this difficulty for MC simulations. 

© 2015 by Apple Academic Press, Inc.

 



30	 Materials Behavior: Research Methodology and Mathematical Models

In the Metropolis method, the transition probability from microscopic states i to j, 
pij, is expressed as
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in which rj and ri are the probability density functions for microscopic states j and i 
appearing, respectively. The ratio of rj/ri  is obtained from Eq. (45) as
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In the above equations, Ui and Uj are the interaction energies of microscopic 
states i and j, respectively. The superscripts attached to the position vectors denote 
the same meanings concerning microscopic states. Equation (46) implies that, in 
the transition from microscopic states i to j, new microscopic state j is adopted if 
the system energy decreases, with the probability ρj/ρi (1) if the energy increases. 
As clearly demonstrated by Eq. (47), for ρj/ρi the denominator in Eq. (45) is not re-
quired in Eq. (47), because ρj is divided by ρi and the term is canceled through this 
operation. This is the main reason for the great success of the Metropolis method 
for MC simulations. That a new microscopic state is adopted with the probability 
ρj/ρi, even in the case of the increase in the interaction energy, verifies the accom-
plishment of the minimum free-energy condition for the system. In other words, 
the adoption of microscopic states, yielding an increase in the system energy, cor-
responds to an increase in the entropy [76].

The above discussion is directly applicable to a system composed of nonspheri-
cal particles. The situation of nonspherical particles in thermodynamic equilibrium 
can be specified by the particle position of the mass center, ri (i=1, 2, ..., N), and the 
unit vector ei (i=1, 2, ..., N) denoting the particle direction. The transition probability 
from microscopic states i to j, pij can be written in similar form to Eq. (46). The exact 
expression of ρj/ρi becomes

	 ( ) { }1 2 1 2 1 2 1 2
1 1  ( , , , , , , )  ( , , , , , , ) j j j j j j j j j j j j j

j i N N N N
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exp U U exp U r r r e e e U r r r e e e
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   = − − = − … − …      
	 (48)

The main procedure for the MC simulation of a nonspherical particle system is 
as follows:

1.	 Specify the initial position and direction of all particles.
2.	 Regard this state as microscopic state i, and calculate the interaction energy 

Ui.
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3.	 Choose an arbitrary particle in order or randomly and call this particle “par-
ticle α.”

4.	 Make particle α move transnationally using random numbers and calculate 
the interaction energy Uj for this new configuration.

5.	 Adopt this new microscopic state for the case of Uj<Ui and go to Step 7.
6.	 Calculate ρj/ρi in Eq. (48) for the case of Uj>Ui and take a random number 

R1 from a uniform random number sequence distributed from zero to unity.
6.1.	If R1<ρj/ρi, adopt this microscopic state j and go to Step 7.
6.2.	If R1>ρj/ρi, reject this microscopic state, regard previous state i as new 

microscopic state j, and go to Step 7.
7.	 Change the direction of particle α using random numbers and calculate the 

interaction energy Uk for this new state.
8.	 If Uk<Uj, adopt this new microscopic state and repeat from Step 2.
9.	 If Uk>Uj, calculate ρk/ρj in Eq. (48) and take a random number R2 from the 

uniform random number sequence.
9.1.	If R2<ρk/ρj, adopt this new microscopic state k and repeat from Step 2.

10.	 If R2>ρk/ρj, reject this new state, regard previous state j as new microscopic 
state k, and repeat from Step 2.

Although the treatment of the translational and rotational changes is carried out 
separately in the above algorithm, a simultaneous procedure is also possible in such 
a way that the position and direction of an arbitrary particle are simultaneously 
changed, and the new microscopic state is adopted according to the condition in 
Eq. (46). However, for a strongly interacting system, the separate treatment may 
be found to be more effective in many cases. We will now briefly explain how the 
translational move is made using random numbers during a simulation. If the posi-
tion vector of an arbitrary particleα in microscopic state i is denoted by rα= (xα, yα, 
zα), this particle is moved to a new position , , , , ( , ,r x y z∝ ∝ ∝ ∝=  by the following equa-
tions using randomnumbers R1, R2, and R3, taken from a random number sequence 
ranged from zero to unity:
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These equations imply that the particle is moved to an arbitrary position, deter-
mined by random numbers, within a cube centered at the particle center with side 
length of 2δrmax. A series of microscopic states is generated by moving the particles 
according to the above-mentioned procedure. Finally, we show the method of evalu-
ating the average of a physical quantity in MC simulations. These averages, called 
“ensemble averages,” are different from the time averages that are obtained from 
MD simulations. If a physical quantity A is a function of the microscopic states of a 
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system, and An is the n-th sampled value of this quantity in an MC simulation, then 
the ensemble average A  can be evaluated from the equation

	
1

/
M

n
n

A A M
=

= ∑ 	 (50)

where M is the total sampling number. In actual simulations, the sampling proce-
dure is not conducted at each time step but at regular intervals. This may be more 
efficient because if the data have significant correlations they are less likely to be 
sampled by taking a longer interval for the sampling time. The ensemble averages 
obtained in this way may be compared with experimental data [76].

1.1.5  LATTICE BOLTZMANN METHOD

Whether or not the lattice Boltzmann method is classified into the category of mo-
lecular simulation methods may depend on the researcher, but this method is expect-
ed to have a sufficient feasibility as a simulation technique for polymeric liquids and 
particle dispersions. In the lattice Boltzmann method [82], a fluid is assumed to be 
composed of virtual fluid particles, and such fluid particles move and collide with 
other fluid particles in a simulation region. A simulation area is regarded as a lattice 
system, and fluid particles move from site to site; that is, they do not move freely 
in a region. The most significant difference of this method in relation to the MD 
method is that the lattice Boltzmann method treats the particle distribution func-
tion of velocities rather than the positions and the velocities of the fluid particles. 
Figure 1.9 illustrates the lattice Boltzmann method for a two-dimensional system. 
Figure 1.9A shows that a simulation region is divided into a lattice system. Figure 
1.9B is a magnification of a unit square lattice cell. Virtual fluid particles, which are 
regarded as groups or clusters of solvent molecules, are permitted to move only to 
their neighboring sites, not to other, more distant sites. That is, the fluid particles at 
site 0 are permitted to stay there or to move to sites 1, 2, ..., 8 at the next time step. 
This implies that fluid particles for moving to sites 1, 2, 3, and 4 have the velocity 
c = (Δx/Δt), and those for moving to sites 5, 6, 7, and 8 have the velocity 2c , in 
which Δx is the lattice separation of the nearest two sites and Δt is the time interval 
for simulations. Since the movement speeds of fluid particles are known as 2c  
or, macroscopic velocities of a fluid can be calculated by evaluating the number 
of particles moving to each neighboring lattice site. In the usual lattice Boltzmann 
method, we treat the particle distribution function, which is defined as a quantity 
such that the above-mentioned number is divided by the volume and multiplied by 
the mass occupied by each lattice site. This is the concept of the lattice Boltzmann 
method. The two-dimensional lattice model shown in Fig. 1.9 is called the “D2Q9” 
model because fluid particles have nine possibilities of velocities, including the qui-
escent state (staying at the original site) [76].
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FIGURE 1.9  Two-dimensional lattice model for the lattice Boltzmann method (D2Q9 
model) [76].

The velocity vector for fluid particles moving to their neighboring site is usually 
denoted by cα and, for the case of the D2Q9 model, there are nine possibilities, such 
as c0, c1, c2, ..., c8. For example, the velocity of the movement in the left direction 
in Fig. 1.8B is denoted byc2, and c0 is zero vector for the quiescent state (c0=0). We 
consider the particle distribution function fα (r,t) at the position r (at point 0 in Fig. 
1.8B) at time t in the α-direction. Since fα (r,t) is equal to the number density of fluid 
particles moving in the α-direction, multiplied by the mass of a fluid particle, the 
summation of the particle distribution function concerning all the directions (α=0, 
1, ..., 8) leads to the macroscopic density ρ (r,t):

	 ( )
8

0

,  ( , ) r t f r tr ∝
∝=

= ∑ 	  (51)

Similarly, the macroscopic velocity u (r,t) can be evaluated from the following rela-
tionship of the momentum per unit volume at the position r:

	 ( ) ( )
8

0

, , ( , )t t tr ∝ ∝
∝=

= ∑r u r f  r  C 	 (52)

In Eqs. (51) and (52), the macroscopic density ρ (r,t) and velocity u (r,t) can be 
evaluated if the particle distribution function is known. Since fluid particles collide 
with the other fluid particles at each site, the rate of the number of particles moving 
to their neighboring sites changes. In the rarefied gas dynamics, the well-known 
Boltzmann equation is the basic equation specifying the velocity distribution func-
tion while taking into account the collision term due to the interactions of gaseous 
molecules; this collision term is a complicated integral expression. The Boltzmann 
equation is quite difficult to solve analytically, so an attempt has been made to sim-
plify the collision term. One such simplified model is the Bhavnagar-Gross-Krook 
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(BGK) collision model. It is well known that the BGK Boltzmann method gives 
rise to reasonably accurate solutions, although this collision model is expressed in 
quite simple form. We here show the lattice Boltzmann equation based on the BGK 
model. According to this model, the particle distribution function fα (r+cαΔt,t+Δt) in 
the α-direction at the position (r+cαΔt) at time (t+Δt) can be evaluated by the follow-
ing equation [76].

	 ( ) ( ) ( ) ( ) ( ){ }01, ,  , ,f r c t t t f t f r t f r tατ∝ ∝ ∝ ∝+ ∆ + ∆ = + −r 	 (53)

This equation is sometimes expressed in separate expressions indicating explic-
itly the two different processes of collision and transformation:

	 ( ) ( ), ,f r c t t t f r t∝ ∝ ∝+ ∆ + ∆ =  	 (54)

	
( ) ( ) ( ) ( ) ( ){ }01,  , , ,f r t f r t f r t f r tατ∝ ∝ ∝= + −

where τ is the relaxation time (dimensionless) and ( )0f∝  is the equilibrium distribu-
tion, expressed for the D2Q9 model as
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In these equations ρ is the local density at the position of interest, u is the fluid 
velocity (u= U ), c=Δx/Δt, and wα is the weighting constant. The important feature 
of the BGK model shown in Eq. (54) is that the particle distribution function in the 
α-direction is independent of the other directions. The particle distributions in the 
other directions indirectly influence fα (r+cαΔt,t+Δt) through the fluid velocity u and 
the density ρ. The second expression in Eq. (55) implies that the particle distribution 
fα (r,t) at the position r changes into fα (r,t) after the collision at the site at time t, and 
the first expression implies that ( ),f r t∝

  becomes the distribution fα (r+cαΔt,t+Δt) 
at (r+cαΔt) after the time interval Δt [76].

The main procedure of the simulation is as follows:
1.	 Set appropriate fluid velocities and densities at each lattice site.
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2.	 Calculate equilibrium particle densities ( )0f∝  (α=0, 1, ..., 8) at each lattice 
site from Eq. (55) and regard these distributions as the initial distributions, 

( )0f f∝ ∝=  (α=0, 1, ..., 8).
3.	 Calculate the collision terms ( ), tf r∝

  (α=0, 1, ..., 8) at all sites from the 
second expression of Eq. (54).

4.	 Evaluate the distribution at the neighboring site in the α-direction 
( ),f r c t t t∝ ∝+ ∆ + ∆  from the first expression in Eq. (54).

5.	 Calculate the macroscopic velocities and densities from Eqs. (51) and (52), 
and repeat the procedures from Step 3.

In addition to the above-mentioned procedures, we need to handle the treatment 
at the boundaries of the simulation region. These procedures are relatively complex 
and are explained in detail in Chapter 8. For example, the periodic boundary condi-
tion, which is usually used in MD simulations, may be applicable. For the D3Q19 
model shown in figure 9, which is applicable for three-dimensional simulations, 
the equilibrium distribution function is written in the same expression of Eq. (55), 
but the weighting constants are different from Eq. (56). The basic equations for fα 
(r+cαΔt,t+Δt) are the same as Eq. (53) or (54), and the above-mentioned simulation 
procedure is also directly applicable to the D3Q19 model [76].

1.2  APPLICATIONS

1.2.1  INTRODUCTION

The term aerogel was first introduced by Kistler in 1932 to designate gels in which 
the liquid was replaced with a gas, without collapsing the gel solid network [50]. 
While wet gels were previously dried by evaporation, Kistler applied a new super-
critical drying technique, according to which the liquid that impregnated the gels 
was evacuated after being transformed to a supercritical fluid. In practice, supercriti-
cal drying consisted in heating a gel in an autoclave, until the pressure and tempera-
ture exceeded the critical temperature Tc and pressure Pc of the liquid entrapped in 
the gel pores. This procedure prevented the formation of liquid–vapor meniscuses 
at the exit of the gel pores, responsible for a mechanical tension in the liquid and 
a pressure on the pore walls, which induced gel shrinkage. Besides, a supercritical 
fluid can be evacuated as gas, which in the end lets the “dry solid skeleton” of the 
initial wet material. The dry samples that were obtained had a very open porous 
texture, similar to the one they had in their wet stage. Overall, aerogels designate 
dry gels with a very high relative or specific pore volume, although the value of 
these characteristics depends on the nature of the solid and no official convention 
really exists. Typically, the relative pore volume is of the order of 90% in the most 
frequently studied silica aerogels [12].
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1.2.1.1  SILICA AEROGEL AND ITS PROPERTIES

The first aerogels were synthesized from silica gels by replacing the liquid com-
ponent with a gas. Silica aerogel, a highly porous material [50], is currently be-
ing produced using sol–gel processes. One such process is supercritical drying of 
tetramethoxysilane (TMOS), which is hydrolyzed to form silica and methanol [12, 
34]. Several desirable properties of silica aerogels include very low densities (as 
low as 0.003 g cm−3 (, surface area as large as 1000 m2/g, a refraction index only 5% 
greater than that of air, the lowest thermal conductivity among all solid materials, 
a speed of sound approximately three times smaller than that of air, and a dielectric 
constant only 10% greater than that of vacuum. [34]. These properties make silica 
aerogels very suitable for applications such as thermal and acoustic insulation in 
buildings and appliances, passive solar energy collection devices and dielectrics for 
integrated circuits [16], but probably one of the most notable uses was in Cherenkov 
radiators [4] as Cherenkov counters. Aerogels were also used to thermally insulate 
the 2003 Mars Exploration rovers, as well as to capture comet dust [30].

1.2.1.2  PREPARATION OF AEROGELS

Experimentally, aerogels and xerogels are made by sol–gel processing which is a 
core starting of an aerogel. An important boundary condition for the initial solution 
is the solubility of the reactants in the applied solvent. Therefore, it is important to 
study the miscibility diagram of the system under investigation (Fig. 1.10) or to per-
form corresponding tests to make sure that full solubility is assured [71]. Otherwise 
partial precipitation or inhomogeneous gels will result.

FIGURE 1.10  Miscibility diagram for the system tetraethoxysilane (TEOS), ethanol, and 
water [14].
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The sol–gel process generally comprises two major steps on the molecular level: 
(1) the creation or activation of reactive sites and (2) the condensation of monomers, 
oligomers, and clusters via cross-linking of the reactive sites. The kinetics of each of 
these two reactions is controlled by various parameters, for example, the concentra-
tion of the reactants, the solvent, the catalyst used, the catalyst concentration (pH 
value), the temperature, and the steric effects, etc. [14].

The relative kinetics of the two steps together with reverse reactions due to solu-
bility effects determine the morphological characteristics of the resulting gel, for 
example, the size of the particles forming the solid backbone, the mass distribu-
tion of the backbone elements characterized, for example, by the so-called fractal 
dimension of the backbone [46], and the connectivity in the solid phase, which is 
seen in the mechanical properties and the electrical or thermal conductivity of the 
backbone structure at a given porosity. Depending on the governing reaction kinet-
ics, the gel backbone can range from a network of colloids to interconnected, highly 
branched polymer-like clusters (Fig. 1.11). The rate of cross-linking on a molecular 
scale determines the macroscopically observable gel time that is the time where the 
viscosity of the initial solution increases by several orders of magnitude, changing 
its appearance from a low viscosity liquid, to a syrup-like substance, and finally to 
a gel body. Almost all metal oxides can be transformed into gels and corresponding 
aerogels. In aqueous solution, the reactants are the corresponding salts; alkoxide 
precursors are processed in organic solvents. [71].

FIGURE 1.11  Morphology of the gel backbone in the case of different reaction kinetics 
[46]. The parameters dM are the fractal dimensions resulting from the combination of the 
different growth mechanisms, as indicated on the top and the left-hand side of the sketch.
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The processing starts with the hydrolysis of a silica precursor, typically tet-
ramethyl ortho silane (TMOS, Si (OCH3) 4) or tetraethyl orthosilane (TEOS, Si 
(xOC2H5) 4). Typically, the solvents used in these cases are ethanol or methanol 
and a base or acid is added to control the reaction rates (Fig. 1.12).

FIGURE 1.12  Impact of the pH and the presence of salts on the growth of a sol particle and 
the network formation upon polymerization of silica [71].

In the alcoxysilane solution, the “activation” step is the partial or complete hy-
drolysis of the alcoxysilane, which is favored with increasing concentration of either 
an acid or a base in the initial solution (reaction with TMOS, Eq. (57)). The conden-
sation rate (Eq. 58) of the hydroxyl groups increases on both sides of the isoelectri-
cal point (point of zero charge), but is suppressed at high Ph values [14].

Si (OCH3) 4 + XH2O ↔  Si (OCH3) 4-X (OH) X+ XCH3OH Hydrolysis 	  (57)

Si (OCH3) 3 (OH) + Si (OCH3) 3 (OH) ↔  Si2O (OCH3) 6+ H2O Condensation 	 (58)

However other precursors can be used, too. For example, Steven Kistler, who 
is considered to have discovered this type of materials [8], produced the first silica 
aerogel using sodium silicate (Na2SiO3) dissolved in a solution of hydrochloridric 
acid (HCl) and water [19].

	 Na2SiO3 + 2HCl
2H O

↔  [SiO2.xH2O] + 2NaCl	  (59)

The pH of the solution can be controlled by adding acidic or basic additives; 
those will react with neither the silica precursor nor the water but will affect the rate 
at which the hydrolysis proceeds as well as the final structure of the porous solid. In 
other words, the two-reaction steps hydrolysis and condensation on the pH enables a 
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very sensitive control of the reaction, and thus the resulting gel morphology. Besides 
the so-called “one-step” process, in which all reactants are mixed within a short 
period of time, the sensitivity of the kinetics to the pH can be used to partially de-
couple the hydrolysis and condensation step (two-step sol–gel process) [13, 51]. For 
example, the reactants in a concentrated starting solution can first be prehydrolyzed 
under acidic conditions, subsequently diluted to match the reactant concentration 
for a given target solid content of the gel to be and then subject to basic conditions 
to accelerate the rate of cross-linking of the hydrolyzed species and to form a gel. 
[17, 18, 22, 71].

•	 Acid catalysis generally produces weakly cross-linked gels, which easily 
compact under drying conditions, yielding low-porosity microporous (small-
er than 2 nm) xerogel structures (Fig. 1.13a).

•	 Conditions of neutral to basic pH result in relatively mesoporous xerogels af-
ter drying, as rigid clusters a few nanometers across pack to form mesopores. 
The clusters themselves may be microporous.

•	 Under some conditions, base-catalyzed and two-step acid-base catalyzed gels 
(initial polymerization under acidic conditions and further gelation under ba-
sic conditions) exhibit hierarchical structure and complex network topology 
(Fig. 1.13).

FIGURE 1.13  Schematic wet and dry gel morphologies and representative transmission 
electron micrographs (2002 – aerogel).
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After the hydrolysis, polycondensation of silica occurs and the solution becomes 
a gel. A large change of the viscosity indicates the gelation of the solution. At this 
point a nanoporous solid skeleton of silica is formed inside the solution and fills 
almost all its volume. If the gel is dried at room temperature and atmospheric pres-
sure, large shrinkage of the solid structure is caused along with large reduction of the 
porosity. The shrinkage is mainly due to the stresses exerted on the solid branches 
when the liquid evaporates. Materials obtained this way are called xerogels and 
have porosities as high as 50%, corresponding to a density of 1.1 g/cm3. To avoid 
excessive shrinkage, the pressure and the temperature of the gel are increased until 
the critical point of the liquid phase has been exceeded. Under those conditions there 
is no liquid/vapor interface and no surface tension. Therefore, no large stresses are 
exerted on the solid skeleton and the shrinkage is highly reduced. Solids processed 
at supercritical conditions reach porosities up to 99.8% and are called aerogels [19]. 
Figure 1.14 show the process steps to synthesizing an aerogel.

FIGURE 1.14  Process steps to synthesizing an aerogel.
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1.2.1.2.1  DRYING

The removal of the liquid from the interconnected pores of a gel is the second key 
process step to synthesizing an aerogel. The reason why it is so tricky is the combi-
nation of small pores and thus high capillary pressures up to10 MPa (100 bar) dur-
ing evaporation (Fig. 15) and a sparse, incompletely interconnected solid backbone 
that possesses only a low modulus of compression. These two facts typically result 
in a large permanent shrinkage upon drying unless specific measures are taken to 
prevent or at least suppress part of the effects. Possible means are:

•	 strengthening of the backbone to increase the stiffness of the backbone.
•	 reduction of the surface tension of the pore liquid by either
•	 replacing the initially present pore liquid with a liquid of lower surface ten-

sion and/or reducing the contact angle (toward complete wetting) via a modi-
fication of the gel surface.

•	 eliminating the surface tension by taking the pore liquid above the critical 
point of the pore liquid prior to evaporation (supercritical drying) or sublima-
tion of the pore liquid (cryogenic drying).

Alternatively, one can allow the gel to shrink during drying; if the inner surface 
of the gel is chemically inert and the drying is performed slowly enough to prevent 
large gradients in shrinkage across the sample and thus crack formation, the gel will 
at least partially reexpand when the capillary forces decrease in the second stage of 
the drying process (Fig. 1.15) [71].

FIGURE 1.15  Shrinkage of the gel body due to capillary forces upon ambient pressure 
drying. As soon as the pores begin to empty, the pressure is released and the gel partially 
re-expands.
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1.2.1.2.2  SUPERCRITICAL DRYING

Supercritical drying is the extraction of a fluid in the supercritical state, thus avoid-
ing the liquid–vapor coexistence regime and the associated capillary pressure. Fig-
ure 1.16 exemplarily shows the phase diagram of CO2 with a possible path to be 
taken upon supercritical drying: In the first step, the gel containing the pore liquid 
is immersed in an excess of pore liquid, for example, methanol in the case of silica 
alcogels, to prevent partial drying; the sample in the solvent reservoir is then placed 
in an autoclave, pressurized and rinsed with liquid CO2 until the initial pore liquid is 
completely replaced. Subsequently, the temperature is raised above the critical point 
of CO2 (318˚C) and the pressure is slowly released via a valve. When fully depres-
surized, the autoclave with the sample is allowed to cool down to room temperature. 
This scheme is also valid if a fluid other than CO2 is used. Depending on the value 
of the critical point of the respective fluid, one distinguishes between low and high 
temperature supercritical drying (e.g., critical point of ethanol: 2168˚C). In the case 
of high temperature supercritical drying, additional aging effects are observed that 
are mainly controlled by the solubility of the solid phase (i.e., the backbone) at the 
given conditions [18, 90].

FIGURE 1.16  Phase diagram of CO2; CP denotes the critical point. The shaded area marks 
the regime of coexistence of the liquid and the gas phase. The line and the arrows indicate the 
path taken upon supercritical drying.

In theory, it is expected that upon supercritical drying no capillary pressure and 
thus no shrinkage of the gel body will be observed. In practice, linear shrinkages 
of the order up to 10–15% percent are detected [39] (Fig. 1.17). This effect shows, 
for example, upon CO2 supercritical drying when the CO2 pressure is released and 

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18259-2&iName=master.img-031.jpg&w=264&h=195


Understanding Modeling and Simulation of Aerogels Behavior	 43

seems to result from the change in surface tension of the gel backbone upon desorp-
tion of the CO2 surface layer. The effect has been proven to be partially reversible 
[38]. A rapid supercritical drying process was developed by Poco and co-workers 
and further characterized by Gross and co-workers [36, 37]. Here, the autoclave 
vessel acts as the mold for the gel and supports the backbone when tensile strains 
arise during depressurization. This concept enables a solution to be processed to an 
aerogel within 1 h. This concept was further optimized by Scherer and co-workers 
[71, 77].

FIGURE 1.17  In situ measured relative linear shrinkage of an as prepared (untreated) and a 
heat-treated silica alcogel (TMOS based) upon supercritical drying in CO2.

1.2.1.2.3  AMBIENT PRESSURE DRYING

Kawaguchi and co-workers [48] and Smith and co-workers [79] were among the 
first to look into the drying behavior of silica gels at ambient conditions. In par-
ticular Smith and co-workers [79] studied the effects of different pore liquids and 
surface methylation on the drying kinetics and shrinkage of the gels in great detail. 
Schwertfeger and Frank applied their findings and patented a process for the drying 
of low-density silica aerogel granules at ambient pressure. Bhagat and co-workers 
[9] recently published a novel fast route for silica aerogel monoliths; hereby they 
use a co-precursor method for the surface modification in silica hydrogels by add-
ing trimethylchlorosilane (TMCS, [77]) and hexamethyldisilazane (HMDS,) to the 
starting solution of a diluted (water glass derived) ion exchanged silicic acid. By 
using this approach, they have been able to prepare silica aerogels with a diameter 
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of ~10 mm and a density as low as 0.1 g/cm3 within ~30 h. Recently, Job and co-
workers and Leonard and co-workers investigated in detail the option of applying 
convective drying at ambient pressure to convert monolithic organic aquagels into 
crack-free aerogels. The shrinkage of mesoporous aquagels upon ambient pressure 
drying can be significantly reduced by replacing the water in the pores by a liquid 
with a significantly lower surface tension, for example, acetone, isopropyl alcohol 
or ethanol [71].

The key to a fast crack-free drying is to avoid vapor pressure gradients across the 
macroscopic surface of the gel body that result in locally different rates of volume 
change and thus crack formation. Unexpectedly, at first sight, the fact that upon dry-
ing the first segments that is accompanied by significant shrinkage is not the most 
crucial phase of drying at ambient conditions. In this phase, the gel is still filled with 
pore liquid, and mass loss is exclusively due to liquid squeezed out of the gel by 
capillary forces originating from the evolution of menisci in pores at the outer sur-
face of the sample only (Fig. 15). Unless the partial vapor pressure of the pore liquid 
is reduced faster than the liquid can be squeezed through the pores to the external 
surface of the gel, no macroscopic damage is observed. When the capillary forces 
are finally counterbalanced by the compressed gel body, the gel stops shrinking, the 
menisci invade the gel, and pores are progressively emptied. Consequently, the cap-
illary forces decrease and the gel partially reexpands. In this phase, the drying rate 
is limited by transport in the gas phase and along the inner surface of the sample. 
The extent of reexpansion can, in theory, be 100%. In practice, however, the sample 
volume is only partially recovered due to the reaction of neighboring inner surfaces 
or creeping resulting in a plastic deformation of the gel backbone.

1.2.1.2.4. CRYOGENIC DRYING

To reduce the capillary pressure upon drying, the porefluid can also be extracted via 
sublimation. For this purpose, the gel has to betaken below the freezing point of the 
pore liquid (note that with decreasing pore size the freezing point will be shifted to-
ward lower temperatures). Besides the temperature, the cooling rate is an important 
factor in this process since a low cooling rate can result in a crystal growth that can 
severely modify or even destroy the gel body. The second important quantity is the 
volume change of the pore liquid upon freezing; in particular in the case of water 
its density anomaly results in a 10% expansion upon freezing that is not tolerated 
by the gel backbone and yields a disruption of the gel network. Therefore, prior to 
freezing, pore water is displaced by a liquid, for example, test-butanol that prefer-
ably also possesses a high vapor pressure and thus enables faster sublimation. With 
respect to the mesoporosity of the resulting aerogels, freeze drying seems to be su-
perior to ambient pressure drying at least in the case of some organic gels; however, 
the mesopore volume detected is still lower for freeze-dried gels compared to their 
super critically dried counterparts [71].
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1.2.1.3  PROPERTIES OF AEROGEL

Aerogel properties are usually correlated with density, rather than related to mor-
phological features. One reason for this is the lack of suitable representation of 
aerogel morphology. They are characterized by a network of three-dimensionally 
(3D) interconnected particles that define a system of well-accessible meso- or mac-
ropores (Fig. 1.18). Performance windows, super capacitors, heat barriers, particle 
traps, ultrasound probes, and ion exchange media [8, 19, 23, 24].

FIGURE 1.18  (a) The Scanning electron microscopy (SEM) image of an aerogel with a 
colloidal backbone morphology; (b) Corresponding sketch of the 3D interconnected skeleton 
[71].

Although the internal structure of aerogels and xerogels is the key factor for its 
excellent properties, such as large surface area and low thermal conductivity, their 
relatively poor mechanical response limits its final application. Hence, it is impor-
tant to study and evaluate the mechanical properties of these materials.

1.2.1.3.1  MORPHOLOGICAL CHARACTERISTICS

The unique properties of aerogels are a consequence of the distribution and layout 
of the two phases, that is, the solid backbone and the pore network. Interestingly, the 
presence and properties of a void phase can significantly modify the properties of 
the overall material [84]. The impact of the total porosity on any macroscopic prop-
erty can be predicted in a first step by using the Hashin–Shtrikman principle [84]. 
Here, the two extreme cases of a serial and a parallel connection of the two phases 
define the upper and lower bonds of the range of possible values for a physical 
property at a given porosity. In addition, the pore properties also play a crucial role 
with respect to the effective behavior of the porous medium. Aerogels per definition 
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contain a network of pores that possess a connection to the outer surface of the gel 
(unless strong shrinkage takes place upon drying or sintering, resulting in the cut-off 
of pore connections). The main quantities characterizing the pore phase are (see Fig. 
1.19): the overall porosity; the contribution of micro-, meso-, and macroporosity; 
the pore size distribution and the average pore size; the pore shape; the pore con-
nectivity; and the physical and chemical properties of the solid–void interface. The 
highest porosities achieved for aerogels so far have even exceeded 99%.

Specific surface areas related to meso- or macropores range between a few and 
several hundred meters squared per gram (m2/g). In the case of aerogels with a mi-
croporous (pores <2 nm) backbone, for example, carbon, aerogels, total specific sur-
face areas up to ~2000 m2/g, can be provided. The average pore sizes (not including 
the subnanometer micropores) are between a few nanometers and several microns; 
here in particular silica aerogels seem to possess a narrow pore size distribution as 
suggested by the comparison of quantities with a different weighting of the pore 
size distribution like the chord length or pore size determined from small-angle X-
ray scattering and sorption isotherms, respectively, and the hydraulic radius derived 
from gas permeation measurements. Several orders of magnitude in mean pores 
sizes can easily be covered even at medium porosity with organic aerogels and their 
carbon counterparts [66]. In porous solids, the solid phase also has an impact on 
the aerogel properties through its composition, its connectivity, and the size of the 
backbone segments (length, diameter). The backbone characteristics are reflected in 
macroscopic quantities, for example, the elastomechanical behavior and the electri-
cal or thermal transport along the solid phase (Fig. 1.19).

FIGURE 1.19  The morphological properties of the two phases of an aerogel, as well the 
characteristics of their interface (top left) determine deduced properties, for example, the 
transport properties in the solid and the pore phase, their mechanical behavior, and steady-
state properties of the pore, for example, their adsorption characteristics.
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Scaling Behavior: Typical for the change of the macroscopic properties with 
the density or porosity of an aerogel (at a given growth mechanism of the back-
bone) is their scaling behavior. For this reason, aerogels were popular model materi-
als, in particular in the 1980s and 1990s, to theoretically investigate the predicted 
properties of percolating systems [2] and fractals. While scaling of properties with 
bulk density can be seen at least over a limited range for most aerogels, not all of 
them also exhibit fractal morphology. Porous materials with fractal morphology are 
characterized by a scale invariant structure, that is, they look alike under different 
magnifications. In practice, this behavior is only observed on a limited length scale 
with upper and lower bounds (Finite Size Scaling). Since a good deal of work has 
been performed on predicting the relationship of properties in the case of fractals, 
this concept will be used here to explain the intimate connection between differ-
ent macroscopic properties. Similar results, however, are found for nonhierarchical, 
random heterogeneous media where the so-called critical exponents play a similar 
role as the exponents in the concept of fractal systems [84]. Important is the fact that 
different macroscopic properties are closely correlated for a given type of backbone 
and pore morphology connectivity. In some cases, the scaling concept is found to be 
only a coarse approximation for a small density range [31]; however, the concept is 
valuable for identifying trends and correlations even in these cases. Relevant quanti-
ties that describe aerogels with a fractal backbone, for example, silica aerogels, are 
the mass fractal dimension dM that relates the total mass m within a sphere of radius 
R to the length scale R,

	 ( ) Mdm R R= 	 (60)

the surface fractal dimension dS that reflects the surface roughness and thus the 
surface area S as a function of the scale length L

	 ( ) sdS L L= 	 (61)

and the fraction exponent or spectral dimension d0 of the material that relates the 
vibrational density of states D(ω) to the frequency of the vibration via

	 ( ) ’ 1 dD ω ω −= 	 (62)

The Eqs. (60) and (61) refer to the mass distribution and roughness. These proper-
ties can directly be determined from small-angle X-ray or neutron scattering data, 
since the exponents in the length scale regime [see, Eqs. (60) and (61)] transfer into 
a scaling of the scattering intensity with the scattering vector. Typically, the mass 
fractal dimensions dM of aerogels range between 1.8 and 2.5. To compare and inter-
pret scaling exponents, one has to keep in mind that these values are based on the 
assumption of a fixed underlying growth mechanism (e.g., diffusion-limited aggre-
gation, cf. Fig. 1.11) that dominates over the full range of densities considered. If the 
mechanism changes with density, largely deviating exponents are to be expected.
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The Eq. (62) contains information about the connectivity of the gel backbone 
segments. From a more general point of view, the knowledge of the density of vibra-
tional states over the full frequency range from several hertz (Hz) to terahertz (THz) 
provides the full spectrum of localized and nonlocalized vibrations (phonons) possi-
ble in the aerogel under investigation. All “phonon” related properties, for example, 
the specific heat as a function of temperature, as well as acoustical properties and 
the heat transfer along the backbone, can be deduced from this quantity. Typically, 
the density of states of an aerogel consists of four characteristic regimes (Fig. 1.20):

1.	 The Debye regime, where the phonon wavelength is larger than the inhomo-
geneities of the aerogel backbone.

2.	 The fracton or localized modes regime, that corresponds to vibrational mo-
tions of the chains between the knots in the disordered interconnected back-
bone network.

3.	 The particle modes regime, corresponding to the Eigen modes of the par-
ticles or struts forming the backbone.

4.	 The molecular regime, reflecting the motion of molecules attached to the 
backbone surface or in the bulk.

FIGURE 1.20  Typical vibrational density of states of an aerogel.

1.2.1.3.2  MACROSCOPIC PROPERTIES: MECHANICAL 
CHARACTERISTICS

In the case of fractals, the scaling exponents that describe the elastomechanical be-
havior and the transport properties along the solid backbone can be calculated from 
the fractal dimension dM and the fracton scaling exponent d [87]. Scaling laws for 
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the elastic modulus E of silica, as well as organic and carbon aerogels as a function 
of density ρ, were experimentally determined by Gross and co-workers:

	 ( )E αr r=  with αbetween 2.0 and 3.6 	  (63)

Theoretical assumptions yield for the scaling exponent a

	   (5 ) / (3 )M Md d∝= − − 	  (64)

That is, with mass fractal dimensions dM typical for aerogels between 1.8 and 
2.5,values for a between 2.7 and 5 are expected; these values roughly match the 
experimentally determined data. Ma and co-workers investigated the relationship 
between the density and the mechanical stiffness of aerogels in a very sophisticated 
simulation of the mechanical behavior of gel backbones; hereby the solid phase 
of different aerogels, generated by diffusion-limited cluster–cluster aggregation 
(DLCA) algorithms, mimicked the experimentally observed morphological prop-
erties [54, 55]. The goal of this study was to understand the high, experimentally 
derived scaling exponent for Young’s modulus with density (cf. Eq. (63)). One im-
portant result was the role of the dangling bonds in the network and the decrease in 
their relative mass contribution with increasing bulk density; in addition, the authors 
were able to simulate the local strain energy distribution in the gel network as a 
function of gel density (Fig. 1.22). Their data revealed that at low aerogel density, 
only a very small percentage of the network supports an externally imposed load. 
Gross and co-workers showed that determining the elastic properties for low density 
aerogels at ambient conditions via a dynamic measurement, for example, a sound 
velocity measurement, results in large deviations (towards larger sound velocities) 
from the scaling behavior deduced from higher densities. The reason for this effect 
is the finite compressibility of the gas in the pores of the aerogel that dominates the 
properties at low backbone stiffness [37, 38]; the authors showed that the scaling 
behavior is fully recovered when the sample is evacuated. Typical values for the 
sound velocity and Young’s moduli at an aerogel density of ~0.3 g/cm3 are 200–500 
m/s and ~6–60 MPa, respectively (Fig. 21). The elastic properties of the backbone 
of aqua- and alcogels can be investigated with the beam-bending method to study, 
for example, the impact of additional treatments of gels prior to drying with the aim 
to increase the backbone stiffness [71]
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FIGURE 21  Distribution of the strain energy in a perfectly distributed, diffusion limited 
cluster aggregation network.

FIGURE 22  Young’s modulus E versus density for different types of aerogels. The dashed 
line corresponds to a scaling exponent of 3.6.

The damping of sound waves in silica aerogels was studied by Zimmermann 
and Gross, as well as by Forest and Woignier; internal friction effects due to adsorp-
tion of molecules at the inner surface of the aerogels seem to control the damping 
behavior. The inverse quality factor Q–1 that combines the acoustic extinction coef-
ficient a with the wavelength of the phonons under investigation l was found to be 
0.3–0.5×10–3 [71].
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	 ( )1
0.   .exp ( . ) Q with I x I xλα p

− = = − ∝ 	  (65)

Hereby I and I0 are the acoustic intensities of the dumped and undumped wave, 
respectively.

1.2.1.3.3  THERMAL AND ELECTRICAL CONDUCTIVITY

Scaling theory predicts, for the conductivity of the backbone, an increase with den-
sity with a scaling exponent that is always smaller than the one for Young’s modu-
lus. For the thermal and electrical conductivity of aerogels, λ and σ, respectively, 
experimentally derived scaling exponents g of ~1.5–2.2 are reported at ambient con-
ditions. The very detailed study by Bock reveals a scaling exponent for the electri-
cal conductivity that drops from ~3.6 at 10 K to ~1.7 at >100 K. This result is due 
to the temperature dependence of the charge carrier mobility. Besides porosity, the 
thermal, as well as the electrical backbone conductivity, are controlled by the con-
nectivity of the solid phase and its intrinsic conductivity properties. While in the 
case of thermal conductivity the transport occurs via phonons and, in case of an 
electrically conductive material, also via electrons, the electrical conductivity takes 
place via charge carriers only. Because at knots the aerogel backbone is chemically 
connected, the conductivity of the aerogel skeleton is often higher than in a system 
of powder particles with the same solid content and the same chemical composi-
tion. The fact that the scaling exponent g iswell above unity reflects the increasing 
amount of dangling mass with increasing porosity in aerogels [31]. The effective 
conductivities of aerogels can be strongly enhanced when annealing results in a 
phase change or molecular rearrangement of the backbone material, dangling ends 
are reconnected to the continuous backbone or necks at the joints of adjacent back-
bone particles are smeared out. Other options to affect the backbone conductivity 
are additives on the molecular (doping) or mesocopic (particles, fibers) scale. Pure 
carbon aerogels and xerogels typically show electrical conductivities at room tem-
peratures between ~1 S/cm (for densities of ~100 kg/m3) and 50 S/cm (for densities 
of ~1000 kg/m3) [71].

The different methods that are typically applied to characterize the morphologi-
cal and other basic properties of aerogels are summarized in Fig. 1.23. Note that 
some of them carry the tag “restrictions,” denoting that special care has to be taken 
to make sure that the aerogel under investigation is neither temporarily nor perma-
nently modified upon analysis. The restrictions for applying electron microscopy 
refer to the fact that the backbone units may be partially sintered due to local heat-
ing effects. Mercury porosimetry is an established technique for characterizing open 
porous materials with pore sizes ranging from a few nanometers to ~300 m. It makes 
use of the fact that mercury does not wet most substances. To force the mercury 
into pores, an external pressure is needed that is inversely proportional to the size 
of the pores to be infiltrated; to force mercury into pores of ~50 nm, a pressure of 
~20 MPa (200 bar) is necessary. Especially the low-density aerogels, however, are 
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compliant and are therefore largely compressed before the mercury actually enters 
the pore network.

Technique Length scale
Electron microscopy (SEM) (restrictions!)

light scattering
 Millimeter

Mercury porosimetry (restrictions!) 

small angle X-ray or neutron scattering

N2-Sorption (restrictions!) 

Electron microscopy (TEM) (restrictions!)
X-ray diffraction

Angstrom

Further methods:

Beam bending: Elastic properties, fluid perme-
ation of the aqua oralcogel

Sound velocity: Elastic properties
Gas permeability: Gas permeation, average pore size
Thermal conductivity: Connectivity of the gel backbone, 

average pore size

Electrical conductivity: Connectivity of the gel backbone

FIGURE 1.23  Summary of methods typically applied to characterize the morphology and 
other basic properties of aerogels.
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A similar problem can occur upon nitrogen sorption analysis, a technique that 
enables the characteristics of accessible micro and mesopores to be determined. 
Upon nitrogen sorption, the liquid–vapor interface of nitrogen condensed in the 
mesopores of the sample under investigation forms a meniscus; the related capil-
lary forces, upon both adsorption and desorption, can significantly compress the 
gel backbone; this results in an elastic or plastic deformation of the upon analysis 
and even worse a sorption isotherm that is highly affected by the compression ef-
fect rather than reflecting the pore size distribution of the uncompressed backbone 
as expected. One positive side effect is that, in the case of compliant aerogels, the 
shape of the sorption hysteresis reveals the modulus of compression and allows for 
a zero-order correction of the extracted pore size.

Light, X-ray, and neutron scattering are nondestructive methods that are sensi-
tive to length scales of microns to angstroms. These methods are complementary, 
for example, to nitrogen sorption, since they also detect density fluctuations and 
closed porosity in aerogels (e.g., micropores in carbon aerogels) and even allow the 
morphological changes upon gelation or the morphology of a wet gel to be analyzed.

Another very valuable method to investigate the properties of the aqua- or al-
cogel is the beam-bending technique. Here, a rod-like shaped gel is bent in a three-
point bending set-up and the force needed to keep the sample bent is measured as 
a function of time. Since the pores of the gel are liquid filled, the pressure gradient 
within the sample caused by the bending of the gel rod initiates a redistribution of 
the pore liquid so that the pore liquid is finally free of force. The velocity of this 
process is reflected in the decrease in the external force measured. Accordingly, the 
effective pore size can be derived from these data, if the sample geometry is well 
defined and the viscosity of the pore liquid and the deflection of the rod are known. 
The residual equilibrium force and the deflection of the gel rod finally provide the 
modulus of the gel backbone.

The mechanical properties of the aerogel can be quantified by measuring the 
time needed for an ultrasonic pulse to travel a defined path through the sample. 
Using the density ρ of the aerogel, Young’s modulus E can be calculated from the 
sound velocity v via E = v.ρ2. The sound velocity reflects the properties of the gel 
backbone and in particular its connectivity at a given porosity. It has to be noted, 
however, that at low sound velocities, the impact of the gas in the pores is no longer 
negligible and will result in a density-independent sound velocity.

The backbone connectivity can also be investigated via the thermal or the elec-
trical conductivity of the backbone. Both sound velocity and electrical conductivity 
measurements (of conductive aerogels) are fast methods of extracting additional 
information beyond the macroscopic density. The gas pressure dependence of the 
thermal conductivity at pressures <0.1 MPa (1 bar) can be exploited to extract aver-
age pore sizes for pores >100 nm (162, 163) [71].

© 2015 by Apple Academic Press, Inc.

 



54	 Materials Behavior: Research Methodology and Mathematical Models

1.2.1.4  PROPERTIES OF AEROGEL

Aerogels are a promising material for a host of applications [8, 19] due to their 
thermal, optical and mechanical properties. [8] They are among the best thermal 
insulating solid materials known [6, 9, 17]. It is important to link aerogel properties 
to their complex internal microstructure, and to understand how such properties can 
be optimized for a given application [8].

After Monsanto closed down the aerogel plant in the 1970s, small companies 
like Airglass (Sweden) took over the production of aerogels on a small scale, mainly 
serving Cerenkov detector applications and research projects on window glazings. 
Nanopore Inc. is another company that has been continuously active in the field of 
aerogels over the past 20 years. Two “breakthroughs” in the 1990s triggered serious 
interest in aerogels from further companies: the discovery of carbon aerogels by Pe-
kala and Kongand the patent for a new process to synthesize granular silica aerogels 
in 1997 by Schwertfeger and Frank. Though the potential applications of aerogels 
are numerous (Table 1.4) and cover almost all technical fields, it has only been in 
recent years that commercialization has become very active. The current worldwide 
promotion of nanotechnology is supporting this trend. Examples of commercially 
available products containing aerogel are listed in Table 1.5.

TABLE 1.4  Summery of Aerogel Application

Thermal insulations Day lighting components: Mechanical properties 
and Sensors

• � Aspen Aerogels, Inc.: 
Technical insulation.

• � Corpo Nove and Aspen 
Aerogels, Inc.: Jacket for 
severe weather conditions.

• � Nanopore Inc.: Shipping 
containers.

• � Cabot Corporation to-
gether with Corus: HPHT 
pipe in pipe systems.

• � Toasty Feet: Shoe insoles.

• � Cabot Corporation together 
with Wasco Products, Inc., 
and Kalwall

• � Mechanical properties:

• � Dunlop: Tennis racquet 
with aerogel composite

• � Sensors:

• � General Dynamics

• � Dunlop: Tennis racquet 
with aerogel composite

• � General Dynamics

Catalyst support Filter Electrodes

• � Aerogel Composite, LLC: 
Carbon aerogel-based 
electro catalyst for fuel 
cells

• � Taasi aerogels: Air filters.

• � CDT Systems: Water puri-
fication.

• � CDT Systems, Inc.

• � Cooper Power Systems: 
Supercapacitors.

© 2015 by Apple Academic Press, Inc.

 



Understanding Modeling and Simulation of Aerogels Behavior	 55

TABLE 1.5  Commercially Available Products

Application of Aerogels

Permeation or adsorption

Filter

Gas separation

Waste Water Treatment

Chromatography

Mechanical or Acoustical
Shock Absorber

Acoustic Impedance Matching

Optical
IR-reflector or –absorber

Light Management

Electrical
Porous Electrodes

Dielectric Layers

Carrier, Support or Matrix

For catalysts

Drug Release

Bio/Medical Components

Sensors

Explosives

Thermal Insulation Management

Thermal insulation and shock absorber applications significantly benefited from 
the development of silica aerogels with respect to space applications, for example, 
the thermal insulation of the Pathfinder on its mission to Mars or capturing micro-
meteorites in the STARDUST mission (Fig. 1.24). Still of scientific and commercial 
interest are double-glazing systems filled with transparent silica aerogel tiles.

Current aerogel activities focus on particular catalyst supports based on carbon 
or other types of aerogels, molds for metal casting, preparation of aerogel particles 
and aerogel-comprising composites for electrodes or other functional materials. In-
creasingly, aerogel films and coating are synthesized and investigated to optimize 
them as dielectric or sensor components or to provide additional functionalities in 
layered systems. Recently, aerogels are also discussed in the context of hydrogen 
storage either as the matrix for the actual storage material or as the storage compo-
nent itself.
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FIGURE 1.24  (a) Aerogel dust collector under construction. (b) Particle captured in aerogel.

1.2.2  CHARACTERIZATION OF AEROGELS USING MD 
SIMULATION

Aerogels are known to have mass and surface distributions consistent with fractal 
behavior over certain length scales. At sufficiently small (atomic) length scales their 
structure is determined by chemical considerations and is therefore not fractal, and 
at sufficiently large length scales they are homogeneous [31]. The evolution of this 
structure and the corresponding effects of relaxation, chemical kinetics, and atomic 
coordination have been of particular interest in modeling and simulation studies. 
Computer simulations and experiments are widely used for the studies of the struc-
ture and properties of aerogels and xerogels.

1.2.2.1  MODELING OF AEROGEL THROUGH DIFFERENT 
TECHNIQUES

In a computational model, the material structure is known exactly and completely, 
and so structure/property relationships can be determined and understood directly. 
[1]. The interatomic potential is the key component of any MD simulation. The 
model specifies the actual “fundamental” objects simulated, be they electrons, at-
oms, molecules, or sol particles, and their interactions, expressed through some kind 
of potential energy function [1]. It represents the most important interactions among 
atoms, that is, bonding interactions, interactions with nonbonding neighbors, and 
the extension of those interactions. If the interatomic potential does not accurately 
describe the interatomic interactions, the simulation results will not be representa-
tive of the actual material [73].
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Having prepared a model structure, simulation studies have generally focused 
on structural characterization and the relationship between aerogel structure and 
mechanical properties. Global measures including fractal dimensions, surface areas, 
and pore size distributions can be directly calculated from the model structure and 
compared with experimental data. Microscopic measurements such as the distribu-
tions of bond lengths and bond angles and the number of bridging oxygen’s bound 
to each silicon atom are also measured. Finally mechanical properties, including 
moduli, shrinkage upon drying, and the vibrational density of states can be deter-
mined and correlated with the gel structure [8]. Other topics that have been the fo-
cus of modeling studies include the prediction and analysis of gelation kinetics and 
aerogel mechanical properties, for which a considerable amount of experimental 
data is available [61–63].

The most challenging part of such a computational study is obtaining the model 
structure itself. Techniques applied in the case of aerogels include both “mimetic” 
simulations, in which the experimental preparation of an aerogel is imitated using 
dynamical simulations, and reconstructions, in which available experimental data is 
used to generate a statistically representative structure.

Simulating the formation and properties of aerogels, like all other applications 
of molecular simulation, involves choosing both a model and a simulation tech-
nique. The model specifies the actual “fundamental” objects simulated, be they elec-
trons, atoms, molecules, or sol particles, and their interactions, expressed through 
some kind of potential energy function. Models discussed below include both at-
omistic descriptions, in which each atom is treated individually, and coarse-grained 
descriptions, which treat larger objects. At the atomic scale, there are two classes 
of potential used. In quantum-mechanical potentials, calculation of the energy of a 
configuration of atoms is accomplished by determining the electronic wave func-
tion (or density, in the case of density functional theory [24] and associated energy 
[25, 26]. In empirical potentials, also known as force fields, the energy is built up 
as a sum over different types of interactions: core-repulsions, bond stretches and 
bends, torsions, columbic interactions, hydrogen bonds, dispersion forces, etc., each 
of which is described using a relatively simple function that has been parameterized 
against either quantum-mechanical results or experimental data [27–33].

Once a model has been specified, different calculations may be performed. Of 
particular relevance here are dynamical calculations, which generate a trajectory ac-
cording to specified equations of motion. In the simplest case, Newton’s equations 
are used. The trajectory thus generated conserves total energy and, under equilibri-
um conditions, samples the micro canonical ensemble. The equations of motion can 
be modified to enforce constant-temperature and/or constant-pressure conditions. 
These are collectively referred to as MD simulations. Stochastic dynamics, based 
on the Langevin equation (or derived results), are used in order to avoid the simula-
tion of solvent molecules [27, 33]. In these techniques, friction terms and random 
impulses are used to model the interaction of solute molecules with the solvent; in 
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dilute solutions, this can reduce the number of objects simulated by several orders 
of magnitude. In the particular case of sol–gel processing in aqueous media, the use 
of such an “implicit” solvent is problematic because water itself is both a product of 
and catalyst for the siloxane condensation reaction. Other, “nonsimulation” opera-
tions include energy minimization and transition-state location, and are primarily 
used in quantum-mechanical studies of chemical reactions [1].

Generally, the model structures have been described in Fig. 1.25.

FIGURE 1.25  Modeling structure.

1.	 Atomistics: atom is treated individually.
	 a) � Quantum-mechanical potential: calculation of the energy of a configura-

tion of atoms is accomplished by determining the electronic wave func-
tion (or density, in the case of density functional theory and associated 
energy.

	 b) � the energy is built up as a sum over different types of interactions: core-
repulsions, bond stretches and bends, torsions, columbic interactions, 
hydrogen bonds, dispersion forces, etc., each of which is described using 
a relatively simple function that has been parameterized against either 
quantum-mechanical results or experimental data.

2.	 Coarse-grained descriptions: treat larger objects.
Atomistic modeling with empirical potentials is much less expensive and also 

scales better with increasing system size. Such calculations are therefore capable of 
accessing larger systems, typically as many as 105 atoms, and occasionally much 
larger. Likewise, they can be extended to longer times; simulations of more than 
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a microsecond have been accomplished using commonly available computers, al-
though most force-field-based MD simulations to date are shorter than 10 ns or so. 
However, in sol-gel processing due to the making and breaking of the chemical 
bonds biochemical simulation are unable to describe such processes. Hence, many 
empirical modeling required the development and validation of new potentials [1].

To access length scales larger than tens of nanometers and time scales longer 
than nanoseconds, simulators turn to coarse-grained models. In such simulations 
the “primary” particle simulated is no longer a single atom or small molecule, but 
a greatly simplified representation of an assembly of many atoms or molecules. 
These objects interact with each other through effective potentials obtained from 
either theoretical consideration, matching to higher-resolution atomistic simula-
tions, or fitting against experimental data. Such models can be extended to much 
larger length and time scales, for several reasons. Reduction in the number of de-
grees of freedom in the simulation greatly reduces the computational effort required 
for energy and force calculations. Furthermore, because these particles are heavy 
(compared with atoms or small molecules) and interact through somewhat softer 
potentials, the equations of motion can be integrated with much larger time steps. 
Although many hybrids of these basic approaches are also known, the physical and 
chemical processes underlying aerogel preparation and properties are thought to be 
relatively friendly to the separation of scales and methods just described, and studies 
to date have exploited this. The aqueous hydrolysis/condensation chemistry under-
lying silicate precursor oligomerization has been studied using quantum mechanical 
methods. Formation of larger oligomers and complete gelation of dense aerogels 
has been studied with atomistic simulations of empirical force-field models. Since 
such simulations cannot access the time or length scales associated with the gelation 
of low-concentration precursors, a variety of coarse-grained models have been pro-
posed for these processes. In this section we review these studies and discuss both 
the methods and models used and the conclusions reached.

An alternative approach to modeling complex porous materials is reconstruc-
tion, in which experimental data are inverted to generate a computational realization 
of the material structure. There is insufficient data in any experimental characteriza-
tion short of high-resolution three-dimensional tomography to exactly reconstruct 
an amorphous material. Indeed, most experiments provide either a one-dimensional 
dataset, such as a structure factor or adsorption isotherm, or a two-dimensional data-
set, such as an electron microscope image. Stochastic reconstruction generates rep-
resentative structures that fit such limited input data but are otherwise random and 
isotropic. There are in general many possible model structures that will fit the input 
data equally well, which is known as the “problem of uniqueness.” Although we 
do not review these techniques or their applications in detail, we do note that they 
have been applied to sol–gel materials in a number of recent studies. Quintanilla et 
al. applied the method of Gaussian random fields to generate stochastic reconstruc-
tions of TEOS-derived aerogels. Eschricht et al. used evolutionary optimization to 
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reconstruct the commercially available “GelSil 200” material from a combination 
of small-angle neutron scattering data (SANS) and a pore-size distribution derived 
from gas adsorption data. Steriotis et al. used SANS data to guide a “process-based” 
atomic-scale reconstruction of a silica xerogel [1].

Finally, an entirely different approach to simulating gelation is the “Dynamic 
Monte Carlo” (DMC) method, in which chemical reactions are modeled by stochas-
tic integration of phenomenological kinetic rate laws. This has been used success-
fully to understand the onset of gel formation, first-shell substitution effects, and 
the influence of cyclization in silicon alkoxide systems. However, this approach 
has not so far been extended to include the instantaneous positions and diffusion of 
each oligomer, which would be necessary in order for the calculation to generate an 
actual model of an aerogel that could be used in subsequent simulations [1].

These different computational and simulation techniques have their own advan-
tages and disadvantages. For instance, although fully quantum-mechanical calcula-
tions can be very accurate, they can be applied only to a few molecules, and when 
used in dynamical calculations they can access only picosecond time-scales. As the 
system size increases the cost rises steeply. Hence, they impose high computational 
cost of calculating the total energy of an assembly of atoms using either wave func-
tion-based or density-functional techniques. This restricts such models only to small 
systems [1].

1.2.2.2  SIMULATION OF A SILICA AEROGEL THROUGH SOL-GEL 
PROCESSING

Mostly simulation of an aerogel follows this procedure:
1.	 Introduction of the MD simulation procedures used to prepare the aerogel 

and xerogel samples. Once a model has been specified, different calcula-
tions may be performed. Of particular relevance here are dynamical cal-
culations, which generate a trajectory according to specified equations of 
motion. In the simplest case, Newton’s equations are used.

2.	 Description of methods for obtaining structural characterization and the 
relationship between aerogel structure and the fractal dimension and the 
thermal and mechanical properties of the samples.

3.	 Discussion about the characteristics of the samples including: fractal di-
mensions, surface areas, pore size distributions, thermal properties, elas-
tic modulus, and strength in relation to density and comparing the results 
with experimental data. Moreover, microscopic measurements such as the 
distributions of bond lengths and bond angles and the number of bridging 
oxygen’s bound to each silicon atom are also measured. Finally mechani-
cal properties, including moduli, shrinkage upon drying, and the vibrational 
density of states can be determined and correlated with the gel structure [1, 
73].
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Simulating the preparation of xerogels and aerogels involves separate treat-
ment of gelation, aging, drying, and for nonporous materials, consolidation. Con-
solidation, or heating at high temperatures, is used to generate densified, nonporous 
materials for optics and other applications. The aqueous hydrolysis/condensation 
chemistry underlying silicate precursor oligomerization and reaction mechanisms 
and energetics has been studied using quantum mechanical methods. Formation of 
larger oligomers and complete gelation of dense aerogels has been studied with at-
omistic simulations of empirical force-field models. Since such simulations cannot 
access the time or length scales associated with the gelation of low-concentration 
precursors, a variety of coarse-grained models have been proposed for these pro-
cesses [1].

1.2.2.2.1  GELATION

As we explained before, in the gelation step, alkoxide gel precursors in aqueous 
solution are hydrolyzed and polymerize through alcohol or water producing con-
densations:

	

2

2

 
    
    

Si OR H O Si OH ROH
Si OR OH Si Si O Si ROH
Si OH OH Si Si O Si H O

≡ − + ↔ ≡ − +
≡ − + − ≡ ↔ ≡ − − ≡ +
≡ − + − ≡ ↔ ≡ − − ≡ +

The gel morphology is influenced by temperature, the concentrations of each 
species (attention focuses on r, the water/alkoxide molar ratio, typically between 1 
and 50), and especially acidity. An entirely different approach to simulating gela-
tion is the “Dynamic Monte Carlo” (DMC) method, in which chemical reactions 
are modeled by stochastic integration of phenomenological kinetic rate laws [15].

1.2.2.2.2  AGING

Gel aging is an extension of the gelation step in which the gel network is reinforced 
through further polymerization, possibly at different temperature and solvent condi-
tions. Simulating aging requires the use of an approach, which can access long time 
scales. The “activation-relaxation technique” (ART) is being implemented for this 
purpose.

1.2.2.2.3  DRYING

The gel drying process consists of removal of water from the gel system, with si-
multaneous collapse of the gel structure, under conditions of constant temperature, 
pressure, and humidity. In the coarse-grained model the equation of state is trivially 
calculable, and drying is easily modeled by choosing the solvent chemical poten-
tial to favor the vapor phase and allowing the particle positions and cell volume to 
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slowly relax under the influence of solvent capillary forces. At the molecular scale, 
we can model this process using an extension of the “Gibbs Ensemble Monte Carlo” 
technique for binary mixtures, where the mixture consists of water and atmosphere.

1.2.2.2.4  CONSOLIDATION

Xerogels are higher in free energy than conventional amorphous silica (glass) and 
crystalline silica, as they have a substantial internal surface area and associated sur-
face tension. Simulations of consolidation will use molecular models. Both isother-
mal conditions and constant heating rates can be accessed with standard MD simula-
tions and ART as above.

1.2.2.2.4  AEROGELS

Aerogel systems do not collapse (much) under drying conditions and supercriti-
cal gel drying will be easier to simulate than the subcritical process. High-porosity 
aerogels are only accessible via the meso-scale model. The initial stages of gelation, 
when the average cluster size is very small, are best modeled with a purely atomis-
tic approach. Hierarchically structured gels and low-density gels cannot be directly 
treated with molecular models; a meso-scale approach must be used in this case. 
Relatively dense gels can be modeled with either atomistic simulations or coarse-
grained simulations. [25, 27, 91].

1.2.2.3  INTERATOMIC POTENTIAL

Atomistic modeling and simulation have been used both in studies of the hydroly-
sis/condensation chemistry underlying silica sol–gel processing, and in dynamical 
simulations of the formation of sol particles and even gels. Studies of reaction mech-
anisms and energetics have made extensive use of quantum mechanical methods, 
while the larger length scales and time scales of oligomerization and gelation have 
been handled using empirical potentials, as reviewed in this section.

Vashishta et al. [88, 89] developed an interatomic potential for amorphous silica. 
This potential involved terms representing the interaction between two atoms (two-
body component); which, accounts for the potential energy due to the distance be-
tween them. The potential also includes the potential energy due to the change of 
orientation and bonding angle of triplets of atoms (three-body component). The two 
body and three-body components of the potential are given by

	
( )2

1 4ij

ij i j ij ij ij
ij A

ij s sijij

H Z Z r P r
V exp exp

r r rrrη

− −   
= + −       	 (66)

	 ( ) ( ) ( )( )23 ~
jik ij ik jik jikjikV B f r r cos cosq q= − 	 (67)
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In the previous equations rij is the distance between the atoms i and j. The first 
term of Eq. (66) represents the steric repulsion due to the atomic size. The param-
eters Hij and ηij are the strength and exponent of steric repulsion. The second term 
corresponds to the Coulomb interactions between the atoms and accounts for the 
electric charge transfer, where Zi is the effective charge of the i-th ion. The third 
term includes the charge–dipole interactions. It takes into account the electric polar-
izability of the atoms through the variable Pij, which is given by

	 ( )2 21
2ij i J j iP Z Zα α= + 	 (68)

where αi is the electric polarizability of the i-th ion. The parameters r1s and r4s are 
cut-off values for the interactions.

In Eq. (67), Bjik is the strength of the three-body interaction; θjik is the angle be-
tween the vector position of the atoms, that is, rij and rik. The function f represents 
the effect of bond stretching and the component containing (cos θjik) takes into ac-
count the bending of the bonds, and jikq  is a reference angle for the respective in-
teraction. Although, there are six possible three-body interactions in the system, this 
potential only considers the most dominant ones, which are related to (Si–O–Si) and 
(O–Si–O) angles. More information about the potential, including the values of the 
parameters, is available in Refs. [88,89].

The first MD studies of oligomerization and the silica sol–gel process were car-
ried out by Garofalini and Melman [20]. A solution consisting of water, silicic acid 
monomers, and silicic acid dimers was simulated. The potential consisted of a modi-
fied Born–Mayer–Huggins (BMH) model for the Si–Si, Si–O, and O–O interactions 
in nonwater molecules, and a modified Rahman–Stillinger–Lemberg (RSL2) poten-
tial [31] for O–O, O–H, and H–H interactions in water molecules.

In 1990, Feuston and Garofalini revised the model in a subsequent study [26]. 
The modified BMH potential was applied to interactions between all atoms, with 
H–X interactions supplemented by terms from the RSL2 potential [80]. A subse-
quent study by Garofalini and Martin extended this to larger systems (216 silicic 
acid monomers) at densities between 1.4 and 1.6 g/cm3 [87].

Martin and Garofalini have also further studied the details of the condensation 
reaction in this model [56], observing that when there are multiple bridging oxy-
gen’s in the intermediate, there is a tendency to break a silanol bond in creating a 
leaving group, rather than lose a nonbridging oxygen. This is consistent with the 
experimental finding that acid-catalyzed conditions favor the formation of linear 
clusters [14].

The systems described in all these studies were quite small (N < 216) and of 
relatively high density (1.3 g/cm3 and above). The temperature and pressure con-
ditions used are comparable with an autoclave process used to produce aerogels. 
These are not typical laboratory conditions for the preparation of sol–gel derived 
materials. [14, 56].
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Rao and Gelb used the Feuston and Garofalini model in simulations closer to 
these conditions [28]. In this work, 729 silicic acid monomers were placed in wa-
ter at liquid density with r between 0 and 26, with most work performed at r = 11. 
Simulation times were as long as 12 ns. High temperatures (1500–2500 K) were 
again used to promote reaction, and the system volume held fixed. A series of snap-
shots from one of these simulations is shown in Fig. 1.26. These studies confirmed 
the action of water as a catalyst, and further illustrated the processes involved in 
the conversion of monomer precursors to “sol” particles. At short times, monomers 
quickly dimerized, and further growth occurring via monomer addition. At longer 
times (after several nanoseconds), condensation between larger oligomers was also 
observed. The model developed by Feuston and Garofalini, while successfully en-
compassing much of the important chemistry involved in sol–gel processing, could 
nonetheless be improved in many ways.

FIGURE 1.26  Snapshots from MD simulations of oligomerization in aqueous silicic acid 
with r = 11. Snapshots are taken from the simulation at times A. 1.0, B. 2.0, C. 3.0, and D. 
4.8 ns. The evolution of small oligomers into compact sol particles is clearly visible.

Bhattacharya and Kieffer introduced a more realistic all-atom reactive “charge-
transfer” potential for simulating silica sol–gel processing [10]. In this approach, a 
certain amount of charge is transferred between bonded atoms; this allows for more 
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realistic electrostatic interactions between molecules, and correctly charged ions 
upon dissociation.

The MD simulations are used in Kieffer and Angell and Nakano et al. [49, 64, 
65] to generate surrogate (computer models) of silica aerogels. Kieffer and Angell 
[19] propose to use MD to model silica aerogel and xerogel starting from a sam-
ple of silica glass that is gradually expanded. The expansion causes breaking of 
the Si–O bonds and leads to the formation of a fractal structure characterized by a 
fractal dimension that changes linearly with density. Silica was modeled using the 
Born–Mayer empirical potential, and up to 1,500 atoms were included in the simu-
lations. The quantity of greatest interest However the linearity is not sustained for 
samples with densities higher than 1 g/cm3.

Very similar simulation protocols were used in subsequent work by Nakano et 
al. [24]. In these studies, however, simulation cells containing over 40,000 atoms 
were used, such that much larger length scales could be probed. An example of these 
large-system results is shown in Fig. 1.27.

FIGURE 1.27  Snapshots of molecular dynamics of porous SiO2 glasses A. 2.2, B. 1.6, C. 
0.8, D. 0.4, E. 0.2, and F. 0.1 g/cm3 prepared at 300 K, and G. 0.2 and H. 0.1 g/cm3 prepared 
at 1000 K. Yellow lines represent Si–O bonds.

Comparing the results of studies, fractal dimensions found in the (low-tempera-
ture) expansion simulations of Nakano et al. [24] and Bhattacharya and Kieffer [10, 
49] are not in perfect agreement, again suggesting that either or both of the potential 
and the simulation protocol can also affect the final network morphology.

Since the atoms are initially set at distances larger than their equilibrium dis-
tances and have high kinetic energy, they can diffuse to farther regions in the simulation 
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volume and could potentially form any kind of structure. That is an advantage of 
this procedure over the gradual expansion, where the atoms can only move short 
distances and are bounded to remain in the same region [73].

Muralidharan et al. [61] summarizes the elastic modulus and the strength that can 
be obtained using four traditional potentials to model dense SiO2 systems, namely 
Soules potential (S-potential), Born–Meyer–Huggins potential (BMH), Feuston–
Garofalini potential (FG) and van Beest–Kramer-van Santeen potential (BKS). The 
minimum deviation between the simulated value and the experimental one is 39% 
obtained using BKS-potential.

Kieffer and Angell [18] use an interaction potential of the Born–Mayer form, 
which accounts for two body interactions, to model a system containing between 
300 and1500 particles. Nakano et al. [64] use a potential including two-body and 
three body interaction components to model porous silica with densities varying 
from 2.2 g/cm3 to 0.2 g/cm3 in a system composed of 41,472 particles. Similar to 
Kieffer and Angell [19], In studies of Nakano et al. [64] the system was gradu-
ally expanded until the desired density is reached and the dependence of the fractal 
dimension, internal surface area, the pore to volume ratio, pore size distribution, 
correlation length, and mean particle size on the density of the sample were inves-
tigated.

Campbell et al. [19], using the same potential as Nakano et al. [64], generate 
porous samples by placing spherical clusters of dense silica glass in a large volume 
and sintering the system at constant pressure and temperature. With that approach 
they generate samples of densities varying from 1.67 g/cm3 to 2.2 g/cm3, a range 
of density corresponding to xerogels, and study the changes on the short-range and 
intermediate range order of the structure with density. They also study the effect of 
densification on the elastic modulus of the samples, finding a power law relation 
between modulus and density with an exponent of 3.5±0.2.

Murillo et al. used the same potential as Nakano et al. [64] however the prepara-
tion of the samples was through different approach. The procedure to generate the 
porous samples analyzed in this study follows the steps listed below:

1.	 Placing the atoms at the crystalline sites of β-cristobalite with alattice con-
stant corresponding to the desired density.

2.	 Heating up of the system to 3000 K.
3.	 Cooling down of the system allowing relaxation at several temperatures.
The volume of a dense crystalline sample (β-cristobalite) is expanded in one step 

to the desired density. Then the temperature is increased to give the atoms enough 
energy to diffuse through the system, and finally it is cooled down in a stepwise 
process. Keeping the system at high temperature, along with the cooling scheme, 
eliminates the effect of the initial positions of the atoms. This process resembles a 
diffusion-limited aggregation. The goal of this process is to create a uniform distri-
bution of atoms across the volume. The interatomic potential was the same as the 
studies of Vashishta et al. This potential can accurately reproduced the structural 
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parameters for dense silica glass. Moreover, comparing the experimental results of 
neutron scattering with computer simulations, this potential produces a smallest er-
ror of only 4.4%, using the factor Rx [49]. This potential also calculated the elastic-
ity of silica glass and the results were in good agreement with experimental value 
reported by Muralidharan et al. [62].

Murillo et al. used an in-house Fortran program for the investigation of structur-
al and mechanical properties of silicon aerogel and xerogel. In this code the Veloc-
ity–Verlet algorithm is used to solve the equations of motion of the particles, using 
a time step of 0.5 fs. The selection of a small time step ensures that the atoms do 
not fly off, which is important in this case because large free surfaces are generated 
inside the samples. Langevin dynamics is implemented and all the particles in the 
system are used to control its temperature accordingly [73].

1.2.2.4  SIMULATION RESULTS

The results of simulation in Murillo et al. show that increasing the temperature of 
the system at initial stages of the preparation process lead to an increase in the 
kinetic energies of the atoms. By reducing the temperature of the system, however 
the atoms are still able to move in the system, their numbers increases per group. 
At low temperature the atoms find equilibrium positions and the structure is locked. 
Finally the simulated samples have branched structures formed by groups of atoms 
interconnected by small bridges. Figure 1.28 represent the formation of clusters 
interconnected by small chains [73].

FIGURE 1.28  Simulated samples: (a) density of 0.58 g/cm3, porosity of 74%, (b) density 
of 0.28 g/cm3, porosity of 87%.
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Yeo et al. [96] simulations are performed on the LAMMPS [67] software to 
attain a closer fit of the thermal conductivity. The interaction potential used is the 
Tersoff potential [83], re-parameterized to model interactions between silicon and 
oxygen [83]. Comparing the BKS potential and Tersoff potential, it is found that the 
Tersoff potential is more suitable for thermal conductivity studies, while, the BKS 
potential augmented with a “24–6” Lennard Jones potential can prevent uncontrol-
lable dynamics at very high temperatures [89]. After producing aerogels in different 
density, RNEMD was used to determine the thermal conductivity at each densities 
[96].

Coarse-grained computer models of silica aerogels (and other gels) may be 
roughly divided into two categories, depending on the simulation algorithm used 
and type of interactions included. In hard-sphere aggregation models, which have 
been extensively studied, aggregates are formed out of simple particles according to 
one of several procedures. Nonbonded particles interact as “billiard balls,” without 
soft attractive or repulsive forces, while bonded particles are held rigidly together at 
the point of contact. In flexible models, equations of motion similar to those used in 
atomistic simulations are applied to objects with rather more complex interactions, 
including soft nonbonded interactions and deformable and/or breakable bonds [1].

1.2.2.4.1  CALCULATION OF THE PAIR DISTRIBUTION FUNCTION (PDF)

After the generation of the samples using MD, the fractal dimension can be obtained 
based on its relation to the pair distribution function (PDF) of the samples. The PDF 
represents the probability of finding a pair of atoms separated by a distance r in the 
structure, relative to the probability expected for a randomly distributed structure 
having the same density. The PDF is calculated as:
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where V is the volume of the system, Nα and Nβ are the numbers of particles of the 
entities of type α and β, respectively, ρα and ρβ are the corresponding densities of α 
and β subsystems, and the symbol 〈〉 means ensemble average. Therefore, several 
configurations of the system should be used to compute the PDF. The term inside 
the 〈〉 symbol indicates that when finding the distribution of distances between the 
atoms of type α and β one must locate each atom of type α and obtain the distance 
from it to each one of the atoms of type β. Figure 1.29 is an example of the PDF for 
one of the systems created. The decay of the PDF for large values of the distance 
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between the atoms is shown in Fig. 1.29. That decay can be used to estimate the 
fractal dimension, df, of porous systems [49].
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FIGURE 1.29  Pair distribution function [29].

Fractal dimension of a structure can also be obtained through a simulated scat-
tering experiment [19, 23]. To simulate a scattering experiment one needs to calcu-
late the scattering intensity, I, corresponding to different wavelengths of radiation 
shined to the sample, represented by their wave number, q. An expression to calcu-
late I, when the positions of all the particles in the system are known, is given by 
Refs. [23, 26]:
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0
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ijij

qrI q
I qr
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where I is the scattering intensity, I0 is a reference value of intensity, q is the wave 
number and rij is the distance between two atoms i and j. For fractal structures, the 
scattering intensity can be related to the wave number by a power law, where the 
exponent is the negative of the fractal dimension of the structure, that is, I ∝ q−df 
[62, 67]. An example of the I (q) is plotted in the Fig. 1.30. For large wave numbers 
the scattering intensity corresponds to the individual particles and remains constant; 
while for small wave numbers, clusters of particles are responsible for the scatter-
ing. The limiting value of wave number in the scattering is determined by the size 
of the sample modeled [73].
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FIGURE 1.30  Log–Log plot of the scattering intensity vs. wavenumber for a sample of 
density of 0.45 g/cm3 [29].

Murillo et al. found that in the short-range order, features under 5 Å, the com-
putational samples show characteristics similar to those of silica samples and the 
bonding distance (Si–O atoms), the nearest neighbors distances O to O atoms and Si 
to Si atoms are in good agreement with experimental results (Table 1.6). At higher 
ranges between 9 and 25 Å, approximately, the simulated samples exhibit a fractal 
behavior, which agrees with the fractal range found in simulations done by Nakano 
et al. [24], 5 to 25 Å. In aerogel samples studied by Vacher et al. the fractal range of 
the samples was identified extending from features as small as 4 Å to features larger 
than 200 Å, depending on the density of the sample. Courtens and Vacher [*] report 
that the fractal range of silica aerogels extends from 10 Å to 1000 Å, approximately 
(Table 1.7).

TABLE 1.6  The Results of Pair Distribution Function of the Samples

Bonding
Distance (Å) 

Ref Simulation Ref Experimental’s

Si–O atoms
Murillo et al. [1] 1.63 ±0.03 [2] 1.61±0.05

O to O atoms 2.65±0.03 2.632±0.089
Si to Si atoms 3.08±0.03 2.632±0.089
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TABLE 1.7  Fractal Range Found Through Simulation and Reported by Different Literatures

References Fractal Ranges (Å) 

Murillo et al. [1] Under 5

9 and 25

Nakano et al. [9] 5–25

Vacher et al. [5] 4–200

Courtens and Vacher [20] 10 to 1000

Murillo et al. [73] report that the fractal dimension increases with the density 
toward a limiting value of 3, corresponding to bulk silica. Their results are shown in 
Fig. 1.31. For larger densities the scattering experiments lead to fractal dimensions 
slightly smaller than those obtained using the decay of the PDF. For lighter samples 
the opposite occurs [73].

FIGURE 1.31  Fractal dimension of silica aerogels samples with different densities.

Yeo et al. [96], simulated silica aerogel on a cubic system of 52,728 atoms with 
densities in ranges of 0.3 to 1 g/cm3. Determination of fractal dimension was deter-
mined in accordance to Refs. [94, 95] (Fig. 1.32). In this method the total radial dis-
tributions for each density are calculated, and power-law decays are superimposed 
on the peak structures to determine the fractal dimensions. These results were in 
accordance with previous theoretical studies by Murillo et al. [73].
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FIGURE 1.32  Decreasing fractal dimensions as density decreased.

2.2.4.2  THERMAL PROPERTIES

Experimental studies have shown that, thermal conductivity and transport mecha-
nisms are scaled with density via a power law:

	 S C αλ r= 	  (72)

where α was approximately 1.6 for densities between 0.3 to 1.0 g/cm3 [24].
Ng et al. [42] employed negative pressure rupturing with the van Beest, Kramer 

and van Santen (BKS) potential [64, 65], and determined their thermal conduc-
tivities. It was found that the power-law fit of the data corresponds to experimental 
bulk sintered aerogel. Yeo et al. [96] studied the solid thermal conductivity of silica 
aerogels using reverse nonequilibrium MD (RNEMD) simulations, following the 
method Murillo et al. [73].

In Yeo et al. [96] studies amorphous silica samples was generated by quenching 
β-cristobalite, from 5000K to 300K. For validation of MD methods the thermal con-
ductivities of increasing length of amorphous silica was compared with experimen-
tal results. They concluded that the Tersoff potential can give a much better estima-
tion of bulk thermal properties than BKS potential. This has been shown in Fig. 1.33 
that the Tersoff potential shows an almost linear dependence with increasing length 
scales while BKS potential overshoots the thermal conductivity of bulk amorphous 
silica [40]. In order to further analysis, each potential (BKS and Tersoff) were ex-
amined with vibrational density of states (vDOS) which are obtained through the 
discrete Fourier transform of the velocity autocorrelation function (VACF). In Ter-
soff potential the peaks were clearly close to those obtained from experimental and 
theoretical results. However, the BKS potential showed no apparent peaks. It was 
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concluded that the reparameterized Tersoff potential is a far superior alternative in 
the thermal characterization of bulk amorphous [96].

FIGURE 1.33  Amorphous silica of various lengths and their thermal conductivities.

The solid thermal conductivity of silica aerogels can be determined using re-
verse nonequilibrium MD (RNEMD) simulations. Yeo et al. [96] generated porous 
samples according to the methods Murillo et al. used [29]. Thermal conductivities 
were found to increase nonlinearly as the density decreased. The power-law expo-
nent, α, of experimental bulk aerogel (1.6) in the density range of 0.3 to 1.0 g/cm3 

was in accordance with α value obtained from RNEMD model (1.61). [24]. The 
advantage of this model is the accessibility of very low densities (lower than 0.1 g/
cm3) without any adverse phenomena. However, the significant difference between 
thermal conductivities of simulated and experimental aerogels makes a limitation 
for this model. This mostly could be due to inability to attain micropores [96].

Experimentally, using small angle neutron scattering (SANS) and nuclear mag-
netic resonance (NMR), it has been observed that aerogels and xerogels are fractal 
structures characterized by a fractal dimension varying from 3 for very low poros-
ity (almost dense glass) to 1.8 for very light specimens. The fractal dimension is 
slightly affected by the pH of the solution prior to gelation [23, 73, 87, 93].

Aerogel samples with densities smaller than 0.43 g/cm3 was prepared through 
SANS under acidic and neutral conditions have a fractal dimension around 2.4±0.03 
[87]. Devreux et al. [22, 23] prepared aerogels with densities around 0.17 g/cm3 
prepared under acidic conditions and a fractal dimension of 2.2. Woignier et al. [93, 
94], have studied preparation of aerogel under acidic, basic and neutral pH. They 
found that under basic conditions aerogels have fractal dimensions close to 1.8± 0.1, 
while under acidic or neutral conditions the samples had a fractal dimension around 
2.2±0.1 and 2.4±0.1, respectively.
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2.2.4.3  MECHANICAL CHARACTERIZATION

A tension test should be simulated by the stretching the sample along one direction 
at strain rates larger than the one used in laboratory tests. Because at higher strain 
rate, the speed of the atoms, and consequently the temperature of the sample, tend 
to increase. Moreover, the temperature is uncontrolled when the stretching speed is 
near the speed of sound in the material [63]. Murillo et al. used Langevin dynamics 
[8] to control the speed of all the atoms in the system. Langevin dynamics is based 
on the following equation,

	
..

i i i i i i im r F m r Rg= − +
  

	 (73)

where mi is the mass of the atom, ,   and i i ir r r
⋅ ⋅⋅

  

 are the position, velocity and 
acceleration of the particle, iF



 is the force exerted on the particle by all the 
other particles in the system, tR

  is a stochastic force applied to the particle, 
and γi is a damping coefficient. [49]

Murillo et al. [73] showed that the relation between elastic modulus and density 
of samples can be described by power law. The obtained exponent for this relation 
is 3.11 ± 0.21. Figure 1.34 shows that a power law relation between strength and 
density exist. The main differences in predicted strength through simulation and ex-
perimental is due to the using other potentials for silica (Table 1.4). The calculated 
exponent for that relation was 2.53 ± 0.15 that compares well with previously pub-
lished values. Yeo et al. investigate the Young’s modulus with the strain rate 0.0005 
ps–1 for 200 ps, the tension tests are carried out on samples of different densities. 
The exponent of the relationship between Young’s modulus and density of Yeo et 
al. studies was lower than the one that Murillo et al. has been mentioned. This is 
caused from different interactive potential [96]. The comparison of reported values 
is summarized in Table 1.8.

FIGURE 34  Strength vs. density for silica aerogels. Woignier [22, 24].
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TABLE 1.8  Exponent for the Power Law Relation Between Elastic Modulus and Density 

References Exponent Density [g/cm3] Methods
Campbell et al. [20] 3.5±0.2 1.67–2.2 Computer simulation
Yeo et al. [96] 2.4313 0.3–1 Computer simulation
Murillo et al. [2] 3.11±0.21 0.23–2.2 Computer simulation
Groß et al. [10] 3.49±0.07 0.14–2.7 Exp.
Groß et al. [10] 2.97±0.05 0.08–1.2 Exp. sintered aerogels
Woignier et al. [8] 3.8±0.2 0.1–0.4

(approx. values) 
Exp. pH neutral

Woignier et al. [7] 3.7±0.2 0.055–0.5
(approx. values) 

Exp. pH neutral, acidic
and basic

Woignier et al. [7] 3.2±0.2 0.42–2.2
(approx. values) 

Exp. partially densified
samples

The procedure Murillo et al. [73] used to generate the porous samples does not 
correspond to the events happening during the experimental gelation of a solution, 
nevertheless it produces samples having geometrical features that are similar to 
those of real aerogel and xerogel material.

TABLE 1.9  Potentials Lead to Values Strength and Elastic Modulus of Silica [61]

Potential Strength
(GPa) 

Elastic Modulus
(GPa) 

BMH-potential 30 and 65 220 

S-potential 24–35 220 

BKS-potential 12 and 22 12 and 22 

FG-potential 12 and 21 125 

1.3  CONCLUSION

A wide variety of modeling techniques have been developed over the years, and 
those relevant for work at the molecular level include, in addition to MD, classical 
Monte Carlo, quantum based techniques and MC methods, and MD combined with 
discrete approaches such as lattice–Boltzmann method. MD simulation is a tech-
nique for computing the equilibrium and properties of a system and helps to better 
understanding the properties of assemblies of molecules in terms of their structure 
and the microscopic interactions between them.
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Recent work at all levels of description, from quantum mechanical to empirical 
atomistic modeling to coarse-grained modeling, has confirmed the broad picture 
developed by previous studies but also illustrated the many challenges remaining in 
developing a complete description and understanding of silica aerogels. MD simula-
tion has proved effective for obtaining useful structural information on sol–gel pro-
cess for silica systems. The latest first-principles calculations clearly indicate that 
the roles of water and counter ions in the underlying chemistry are more important 
and more complex than previously thought. Atomistic simulations have illustrated 
that structure at small scales is dramatically affected by degree of hydration and 
that the small clusters produced by short-time oligomerization have a complex dis-
tribution of size, shape, and structure. Recent attempt at more quantitative coarse-
graining indicates that quite large system sizes are required to obtain reliable results 
for mechanical properties of even reasonably dense aerogels.

Although atomistic empirical (or even quantum-mechanical) simulations of in-
creasingly large scale and length would seem to be a route forward, there is no 
practical way that these can access the actual time- and length-scales required. Near-
complete gelation was observed in many atomistic simulations, but this was only 
possible due to the tiny simulation cells and high densities used; with more reason-
able system sizes, gelation would not have occurred on a “simulable” time-scale. In 
addition, important parameters, including the pH and pKas, of many of the proposed 
atomistic models are unknown, which makes correlation with experiment difficult. 
The geometrical features of the modeled samples are characterized by the fractal 
dimension, determined from the pair distribution function of the samples as well 
as from simulated scattering experiments and are found to be in good agreement 
with computational and experimental data. Furthermore, the mechanical properties, 
namely the elastic modulus and strength, of the porous samples are found to scale 
with density following a power law, which is expected for fractal structures.

Results showed that direct expansion of crystalline samples of β-cristobalite to 
reach densities between 2.2 g/cm3 and 0.23 g/cm3, along with thermal processing, 
leads to fractal structures which allow to investigate the properties of silica aerogels 
and xerogels. MD and the reparameterized Tersoff potential were used to model 
the porous structures of silica aerogels demonstrate that this potential is suitable 
for modeling thermal properties in amorphous silica. Using a quenching and ex-
panding process, different densities of aerogel samples could be generated. Through 
RNEMD, their thermal conductivity is determined and the power-law fit of our data 
corresponds well with experimental studies.

It appears clear that further quantitative improvements in computational aerogel 
models are most likely to result from a multiscale approach, incorporating all three 
levels of descriptions studied here. Only with such combinations will modelers be 
able to reach the necessary system sizes and simulation times while still connected 
to an atomistic description of the underlying chemistry. Empirical models could be 
further improved by parameterization against quantum-mechanical simulation re-
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sults. Large-scale atomistic simulations could be used to generate chemically realis-
tic distributions of sol particles, even if gelation cannot be directly observed. Finally, 
atomistic models of all types could be used as reference systems for developing bet-
ter coarse-graining techniques. Multiscale techniques are of considerable interest in 
the wider simulation community at this time, and developments in other areas may 
be expected to help further the goal of realistic simulation and modeling of aerogels.
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ABSTRACT

Polymer films basing on ultra dispersed low density polyethylene powder modified 
by the natural polysaccharide, chitosan have been obtained under the combined ef-
fect of high pressure and shear deformation. Their water-absorbent capacity and 
biodegradability are estimated.

2.1  INTRODUCTION

The problem of biodegradability of well-known tonnage industrial polymers is quite 
urgent for modern studies. It is promising enough to use synthetic and natural poly-
mer mixtures, which can play the roles of both filler and modifier for creating bio-
degradable environmentally safe polymer materials. The macromolecule fragmen-
tation of the synthetic polymer is to be provided for due to its own biodestruction.

The synthetic polymer has been modified by the natural one under the com-
bined effect of high-pressure and shear deformation. The usage of this method for 
obtaining polymer composites is sure to solve several problems at once. Firstly, the 
ultra dispersed powders with a high homogeneity degree of the components can 
be obtained under combined high pressure and shear deformation thus resulting in 
easing the technological process of production [1]. Secondly, the elastic deforma-
tion effects on the polymer material may lead to the chemical modification of the 
synthetic polymer macromolecules by the natural polymer blocks via recombination 
of the formed radicals. Thus, it can provide for the polymer product biodegrada-
tion. Thirdly, the choice of the best exposure conditions of high pressure and shear 
deformation on the polymer mixture (modification degrees, process temperature, 
pressure in the working zone of the dispersant, shear stress values, etc.) may lead 
to creating environmentally safe biodegradable polymer composite materials pro-
cessed into products by conventional methods.

Therefore, the working out of the optimal method for obtaining biodegradable 
polymer films on the basis of ultra-dispersed powders of low-density polyethylene 
(LDPE) modified by the natural polymer in combined conditions of high pressure 
and shear deformation is quite expedient. In the paper given a polysaccharide of 
natural origin, chitosan (CTZ) was used as a polymer.

2.2  EXPERIMENTAL PART

LDPE 10803–020 (90,000 molecular weight, 53% crystallinity degree, and 0.917 
g/sм3 density) and CTZ samples of Bioprogress Ltd. (Russia) obtained by alkaline 
deacetylation of crab chitin (deacetylationdegree ~84%), and Мsd= 115,000 were 
used as components for producing biodegradable polymer films.

The initial highly dispersed powders with different mass ratio of components 
have been obtained by high temperature shearing under simultaneous impact of high 
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pressure and shear deformation in an extrusion type apparatus with a screw diameter 
of 32 mm [2, 3]. Temperatures in kneading, compression and dispersion chambers 
amounted to 150°С, 150°С and 70°С, respectively.

The size of particles in powders of LDPE, CTZ and LDPE/CTZ with various 
mass ratio of the components were determined by “Shimadzu Salid – 7101” particle 
size analyzer. The film formation was carried out by roto-molding [4] at 135°С and 
150°С. The film sample thickness amounted to 100 µm and 800 µm.

The absorption coefficient of the condensed vapors of volatile liquid (water, n-
heptane) Kin static conditions is determined by complete saturation of the sorbent 
by the adsorbent vapors under standard conditions at 20°С [5] and was calculated 
by the formula: 

	 %100
m

m

sample

 waterabsorbed ×=′Ê , 

where mabsorbed water is weight of the saturated condensed vapors of volatile liquid, g; 
msample is weight of dry sample, g.

Film samples were long kept in the aqueous and enzyme media to determine the 
water absorption coefficient, where the absorbed water weight was calculated. The 
water absorption coefficient of film samples of LDPE/CTZ with different weight 
ratio was determined by the formula: 

	 %100
m

m

sample

 waterabsorbed ×=Ê , 

where mabsorbed water is water weight absorbed by the sample whereas msample is the 
sample weight. Sodium azide was added to the enzyme solution to prevent micro-
bial contamination. Each three days both the water medium and the enzyme solution 
were changed. The “Liraza” agent of 1 g/dL concentration was used as an enzyme 
(Immunopreparat SUE, Ufa).

In experiments for determining the absorption of the condensed vapors of vola-
tile liquid and water absorption coefficients at a confidence level of 0.95 and 5 
repeated experiments, the error does not exceed 7%.

The obtained film samples were kept in soil according to the method [6] to es-
timate the ability to biodegradation. The soil humidity was supported on 50–60% 
level. The control of the soil humidity was carried out by the hygrometer ETR-310. 
Acidity of the soil used was close to the neutral with рН = 5.6–6.2 (Ph-meter control 
of 3in1 Ph). At a confidence level 0.95 and 5 repeated experiments the experiment 
error in determining the tensile strength and elongation does not exceed 5%.

Mechanical film properties (tensile strength (σ) and elongation (ε)) were esti-
mated by the tensile testing machine ZWIC Z 005 at 50 mm/min tensile speed. At a 
confidence level 0,95 and 5 repeated experiments the experiment error in determin-
ing the tensile strength and elongation does not exceed 5%.
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2.3  RESULTS AND DISCUSSION

It is well known that amorphous-crystalline polymers are subjected to high tem-
perature grinding due to shearing impact on the polymer. For example, a good result 
is obtained in LDPE at high temperature shearing [2]. Despite CTZ is an infusible 
polymer, ultra dispersed powder with 6–60 µm particles was formed in the output 
of the rotary disperser after LDPE and CTZ convergence under high-pressure and 
shear deformation (Table 2.1). During high temperature shearing the powders of 
LDPE and CTZ with the latter not exceeding 60% mass were obtained. The particle 
distribution of LDPE/CTZ powders does not depend on the ratio of the components 
of the mixture and little differs from the particle distribution of the powder size of 
the CTZ under high temperature shearing.

The speed of the hydrolytic destruction of the polymer materials is closely con-
nected with their ability to water absorption. Values of their absorption capacity 
according to water and heptane vapors were determined for a number of powder 
mixture samples of LDPE/CTZ (Table 2.1). It was established that the absorption 
coefficient of the condensed water vapors is directly proportional to the CTZ con-
tent.
TABLE 2.1  The Absorption Coefficient of the Condensed Water Vapors of Volatile Liquid 
(Water and n-heptane) К’ of LDPE/CTZ Powders at 20°С.

№ LDPE/CTZ 
powder, mass. 
% 

Particle size, µm К’ by water vapors, % К’ by n-heptane, %

1 0 5.5–8.0; 10.0–80.0 1.10±0.08 17±1

2 20 6.5–63.0 12.3±0.8 11.0±0.8

3 40 6.5–50.0 20±1 5.0±0.4

4 50 4.3–63.0 25±2 4.0±0.3

5 60 6.5–63.0 35±2 4.0±0.3

As the initial powders, the films with high chitosan content under rotomolding 
absorb water well (Table 2.2). At the same time thinner films absorb more water for 
a shorter period of time.
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TABLE 2.2  Values of equilibrium water absorption coefficients K (%) of LDPE/CTZ films 
at 20°С.

№ LDPE/CTZ 
powder, mass 
%

К, %
Medium – water Medium – liraza enzyme (1 g/L) 

Film 
thickness 
100 µm

Film thickness 
800 µm

Film thickness 
100 µm

Film thickness 
800 µm

1 20 5.0±0.4 2.0±0.2 5.0±0.4 4.0±0.3
2 40 10.0±0.7 4.0±0.3 13.0±0.9 7.0±0.5
3 50 38±3 14±1 40±3 45±3
4 60 – 31±2 – 95.8±0.7

In case the film samples were placed into the enzyme solution, water absorption 
changes slightly. Firstly, the equilibrium values of the absorption coefficient of films 
in the enzymatic medium are higher than in water (Table 2.2). It is in the enzymatic 
medium usage that a longer film exposure (for more than 30–40 days) was accom-
panied by weight losses of the film samples. Moreover, after 40 days of testing, the 
film with 50%mass of chitosan and 100um thickness lost its integrity. Films of 800 
μm thick and chitosan content of 50 and 60% lost their integrity after 2 months of 
the enzyme agent solution contact. These facts are quite logical as “Liraza” is sub-
jected to a β-glycoside bond break in chitosan. Thus, the destruction of film integrity 
is caused by the biodestruction process. Higher values of the water absorption coef-
ficient may be explained by enzyme destruction of chitosan chains as well due to 
some loosening in the film material structure (Table 2.2).

Tests on holding the samples in soil indicate on biodestruction of the obtained 
film samples either. It is found that the film weight is reduced by 7–8% during 
the first four months. Here the biggest weight losses are observed in samples with 
50–60 mass % of chitosan.

Chitosan introduction into the polyethylene matrix is accompanied by changes 
in the physical and mechanical properties of the film materials (Table 2.3).

TABLE 2.3  Physical and Mechanical Properties of LDPE/CTZ Film Materials

№ Chitosan content 
in LDPE/CTZ, 
mass. %

σ, МPa ε, %
Filmthickness 
100 µm

Film thickness
800 µm

Film thickness 
100 µm

Film thickness
800 µm

1 0 13.30±0.05 40.10±0.05 460.00±0.05 125.00±0.05
2 20 5.40±0.05 22.70±0.05 24.30±0.05 13.20±0.05
3 40 7.50±0.05 25.80±0.05 12.50±0.05 7.60±0.05
4 50 11.10±0.05 29.80±0.05 6.00±0.05 6.20±0.05
5 60 11.60±0.05 30.60±0.05 5.20±0.05 4.80±0.05
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As seen from Table 2.3, the polysaccharide introduction into the LDPE com-
pounds results in slight decrease in the tensile strength of films. Wherein the num-
ber of the chitosan introduced does not affect the composition strength. However, 
LDPE/CTZ films obtain much less elongation values as compared with LDPE films 
under the same conditions. Thus, films which were obtained on the basis of ultra 
dispersed LDPE powders modified by chitosan possess less plasticity while retain 
in other satisfactory strength properties.

A method of obtaining compositions of ultra dispersed LDPE powders modified 
by chitosan under combined high pressure and shear deformation was worked out. 
The samples received obtain suitable strength properties, a good absorption ability 
and capability to biodegradation.
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ABSTRACT

The paper presents a complete conspectus of ethylene-co-vinyl acetate (EVA) nano-
composites based on different types of nanostructured materials incorporated into 
EVA polymers. The three types of nanostructured materials, namely zero-dimension-
al nanostructured materials [(0DNSM) (POSS)], one-dimensional nanostructured 
materials [(1DNSM) (carbon nanotubes or CNTs, sepiolite)] and two-dimensional 
nanostructured materials [(2DNSM) (clay)] with EVA are introduced and a detailed 
discussion is provided on the effect of nanostructured materials on EVA polymer. Si-
multaneously, we discuss the recent approaches in which CNTs, sepiolite, clay and 
POSS nanomaterials play a vital role in EVA polymers, in addition to elucidating 
the influence of composite structures on the thermal, mechanical, and fire retardant 
properties. On the basis of this review we present the varied and versatile current 
research on EVA nanocomposites. The whole range of effects on polymer nanocom-
posite properties is covered. The great progress being made in the preparation of 
EVA nanocomposites offers fascinating new opportunities for materials scientists.

3.1  INTRODUCTION

There is currently immense interest in the development of nanostructured materials 
for a wide variety of applications and these materials offer exciting new challeng-
es and opportunities in all the major branches of science and technology [1]. It is 
widely recognized that reductions in the size of components influence the interfacial 
interactions between them and this can, in turn, enhance the material properties to an 
appreciable extent [2]. Consequently, it is also possible to develop materials that are 
completely discontinuous, that is, that contain both organic and inorganic phases. 
Such materials exhibit nonlinear changes in properties with respect to composites 
that are made up of the same phases. This chapter focuses mainly on the classifica-
tion of nanostructured materials such as zero-dimensional (polyhedral oligomeric 
silsesquioxane or POSS), one-dimensional (CNT, sepiolite) and two-dimensional 
(clay) nanostructure materials and on the recent developments in EVA nanocom-
posites (Fig. 3.1).
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FIGURE 3.1  Overall theme of this review.

3.2  ETHYLENE-CO-VINYL ACETATE (EVA)

EVA copolymers are among the most important and widely used organic polymers, 
with a diversity of industrial applications such as electrical insulation [1], cable 
jacketing, waterproofing, corrosion protection, packaging of components [3], pho-
tovoltaic encapsulation and footwear [4]. EVA is used in paints, adhesives, coatings, 
textiles, wire and cable compounds, laminated safety glass, automotive plastic fuel 
tanks, etc. It is extremely elastomeric and accepts high filler loadings while retain-
ing its flexible properties [5]. However, bulk EVA does not often fulfill the require-
ments in terms of its thermal stability and mechanical properties in some areas. In 
order to improve such properties, nanostructured materials are introduced as a re-
inforcing material. Among several polymeric materials used for polymer nanocom-
posites, EVA, a copolymer containing repeating units of ethylene as a nonpolar and 
vinyl acetate (VA) as a polar, has been newly adopted for its polymer nanostructured 
materials arrangement because of its potential engineering applications in the fields 
of packaging films and adhesives [6].

By changing the vinyl acetate content, EVA copolymers can be tailored for ap-
plications such as rubbers, thermoplastic elastomers and plastics [4]. The combi-
nations of EVA with nanostructured materials have wide marketable applications 
and these applications depend on the VA contained in the main chain. As the VA 
content increases, the copolymer presents increasing polarity but lower crystallin-
ity, and therefore different mechanical, thermal and morphological behaviors. The 
increasing polarity with increasing VA content is apparently useful in imparting a 
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high degree of polymer nanostructured materials surface interaction, and it has been 
reported that there is a rise in the Young’s modulus and yield strength of EVA poly-
meric nanocomposites [7] compared with other polymeric nanocomposites.

3.3  CLASSIFICATION OF NANOSTRUCTURED MATERIALS 
(NSMS)

The commencement of research into nanotechnology can be traced back over 40 
years, but in the past decade hundreds of NSMs have been obtained across a variety 
of disciplines. NSMs are low-dimensional materials comprising building of submi-
cron or nanoscale size in at least one direction and exhibiting size effects [8].

FIGURE 3.2  Chemical structure and shape of nanostructured materials.

The first part of this review can be classified into the three different types ac-
cording to the dimensionality of nanomaterials (Fig 3.2), (a) 0DNSMs, such as poly-
hedral oligomeric silsesquioxane (POSS), which are characterized by three nano-
metric dimensions, (b) 1DNSMs (fibrous materials), such as carbon nanotubes and 
sepiolite, which are characterized by elongated structures with two nanometric di-
mensions, (c) 2DNSMs (layered materials), like clay (e.g., montmorillonite: MMT), 
which are characterized by one nanometric dimension.

3.3.1  ZERO-DIMENSIONAL NANOSTRUCTURED MATERIALS

Zero-dimensional nanostructured materials (0DNSMs) are those in which all the 
dimensions are measured within the nanoscale (no dimensions, or 0-D, are larger 
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than 100 nm). The most common representation of zero-dimensional nanomaterials 
is nanoparticles.

Owing to their large specific surface area and other properties superior to those 
of their bulk counterparts arising from the quantum size effect, 0DNSMs have at-
tracted considerable research interest and many of them have been synthesized in 
the past 10 years [9, 10, 11]. It is well known that the behaviors of NSMs depend 
strongly on their sizes, shapes, dimensionality and morphologies, which are thus the 
key factors giving rise to their ultimate performance and applications. It is therefore 
of great interest to synthesize 0DNSMs with a controlled structure and morphology. 
In addition, 0DNSMs are important materials due to their wide range of applications 
in the areas of catalysis, as magnetic materials and as electrode materials for batter-
ies [12]. Moreover, the 0DNSMs have recently attracted intensive research interest 
because the nanostructures have a larger surface area and supply enough absorption 
sites for all involved molecules in a small space [13]. On the other hand, their having 
porosity in 3 dimensions could lead to better transport of molecules [14].

FIGURE 3.3  Chemical structure of polyhedral oligomeric silsesquioxane.

POSS is a class of organic-inorganic hybrid 0D nanostructure material consti-
tuted of an inorganic silica [15], which consists of a rigid, crystalline silica-like 
core, have the general formula (RSiO1.5)a (H2O)0.5b, where R is a hydrogen atom or 
an organic group and a and b are integers (a = 1, 2, 3, …; b = 1, 2, 3, …), with a 
+ b = 2n, where n is an integer (n= 1, 2, 3, …) and b ≤a + 2. POSS is unique with 
regard to size (0.5 nm in core diameter) when compared with other nanofillers and 
can be functionally tailored to incorporate a wide range of reactive groups [16]. The 
size of a POSS molecule is nearly 1.5 nm in diameter and about 1000 D in mass; 
hence POSS nanostructures are approximately equivalent in size to most polymer 
dimensions and smaller than the polymer radii of gyration. Figure 3.3 shows the 
chemical skeleton of one of the POSS. POSS systems may be viewed as the small-
est chemically discrete particles of silica possible, while the resins in which they are 
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incorporated may be viewed as nanocomposites, which are intermediate between 
polymers and ceramics.

POSS derivatives have two unique features: (a) the chemical composition of 
POSS (RSiO1.5) was found to be intermediate between that of silica (SiO2) and si-
loxane (R2SiO), and (b) POSS compounds can be tailored to have various functional 
groups or solubilizing substituents that can be attached to the POSS skeleton.

One of the most popular branches of silsesquioxanes is polyhedral oligomeric 
silsesquioxanes, including the T8 cage, T10 cage, T12 cage and other partial cage 
structures. Cubic structural compounds (completely and incompletely condensed 
silsesquioxanes) are commonly illustrated as T6, T7, T8, T10 and T12 based on the 
number of silicon atoms present in the cubic structure (Fig. 3.4). The silica core of 
POSS is inert and rigid, whereas the surrounding organic groups provide compat-
ibility with the matrix and processability. However, much more attention has been 
directed to the silsesquioxanes with specific cage structures designated by the ab-
breviation POSS [17]. Kudo et al. [18] explored various stages of the most plausible 
mechanism for the synthesis of POSS, and an entire reaction scheme, including all 
intermediates, was considered.

FIGURE 3.4  Chemical structures of different types of silsesquioxanes.
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Conceptually, POSS may be thought of as an organic-inorganic hybrid (Fig. 3.5). 
Similarly, POSS is sometimes considered to be filler and sometimes a molecule. For 
example, POSS is rigid and inert like inorganic fillers, but unlike those conventional 
fillers, POSS can dissolve molecularly in a polymer.

FIGURE 3.5  Silsesquioxanes Q8 (Q =SiO2/2); R =H, vinyl, epoxy, acetylene and acrylate.

3.3.2  ONE-DIMENSIONAL NANOSTRUCTURED MATERIALS

Within the various branches of nanotechnology, one-dimensional nanostructures 
(1DNSMs) have paved the way for numerous advances in both fundamental and ap-
plied sciences. One-dimensional nanostructured materials have one dimension that 
is outside the nanoscale. This leads to needle-shaped nanomaterials. One-dimen-
sional materials, which include nanotubes, nanorods and nanowires, with at least 
one dimension in nanometer size fall under the category of 1DNSM. Almost all 
classes of materials, that is, metals, semiconductors, ceramics and organic materials, 
have been used to produce 1DNSMs. However, carbon nanotubes (Fig. 3.6) have 
occupied the most significant place and are the most widely studied 1DNSM [19].

It is generally accepted that 1DNSMs are ideal systems for exploring a large 
number of novel phenomena at the nanoscale and investigating the size and dimen-
sionality dependence of functional properties. Certain fields of 1DNSMs, such as 
nanotubes and sepiolite, have received significant attention.
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FIGURE 3.6  Schematic representation of one-dimensional nanostructured CNT.

1DNSMs have had a profound impact on nano-electronics, nanodevices and 
nanocomposite materials. Carbon nanotubes (CNTs) are long, slender fibers formed 
into tubes. The walls of the tubes are hexagonal carbon (as shown in Fig. 3.6) and 
the tubes are often capped at each end [20]. CNTs have been found to be effective re-
inforcing agents for several polymeric materials, apart from their ability to increase 
the electrical and thermal conductivity of these materials [21, 22]. Since Chaud-
hary et al. [23] first reported their existence, they have attracted increasing attention 
because of their high electrical and thermal conductivity, mechanical strength and 
chemical stability [24].

Sepiolite is a family of fibrous hydrated magnesium silicates with the theoretical 
half unit-cell formula Si12O30 Mg8 (OH) 4 (OH2) 4·8H2O [25]. The chemical structure 
of sepiolite shown in Fig. 3.7 is similar to that of the 2:1 layered structure of mont-
morillonite, consisting of two tetrahedral silica sheets enclosing a central sheet of 
octahedral magnesia, except that the layers lack continuous octahedral sheets [26]. 
The discontinuity of the silica sheets gives rise to the presence of silanol groups 
(Si–OH) at the edges of the tunnels, which are the channels opened to the external 
surface of the sepiolite particles [27]. The presence of silanol groups (Si–OH) can 
enhance interfacial interaction between sepiolite and polar polymers [28].
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FIGURE 3.7  Schematic representation of one-dimensional nanostructured sepiolite.

3.3.3  TWO-DIMENSIONAL NANOSTRUCTURED MATERIALS 
WITH ETHYLENE-CO-VINYL ACETATE

Two-dimensional nanomaterials do not have two of the dimensions confined to the 
nanoscale, that is, 2D nanostructures (2DNSMs) have two dimensions outside of the 
nanometric size. 2D nanomaterials exhibit plate-like shapes and include nanolayers 
and nanocoatings.

In recent years, 2DNSMs have become a focus area in materials research, owing 
to their many low-dimensional characteristics, which differ from the bulk properties 
[29]. In the quest for 2DNSMs, considerable research attention has been focused 
over the past few years on the development of 2DNSMs. 2DNSMs with certain ge-
ometries exhibit unique shape-dependent characteristics and they are consequently 
utilized as building blocks and key components of nanodevices [30, 31, 32]. The 
2DNSM of clay is shown in Fig. 3.8.
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FIGURE 3.8  Graphical representation of two-dimensional nanostructured clay platelet 
[33].

3.4  POLYMER NANOCOMPOSITES

Nanoscale fillers, which are considered to be very important, include layered sili-
cates (such as montmorillonite), nanotubes (mainly CNTs), fullerenes, SiO2, metal 
oxides (e.g., TiO2, Fe2O3, Al2O3), nanoparticles of metals (e.g., Au, Ag), POSS, 
semiconductors (e.g., PbS, CdS), carbon black, nanodiamonds, etc. Clay systems 
have been well developed, followed by POSS; little work has been performed us-
ing graphite-polymer and nanotube-polymer nanocomposites. In addition to clays, 
nanocomposites have been prepared using POSS, graphites and CNTs. The inter-
est in such systems (organic-inorganic hybrid materials) is due to the fact that the 
ultrafine or nanodispersion of filler, as well as the local interactions between the 
matrix and the filler, lead to a higher level of properties than for equivalent micro 
and macrocomposites [34]. In a nanocomposite, the clay, or the nanofiller/additive, 
is well dispersed throughout the polymer. Polymer-clay nanocomposites are a new 
class of composite materials consisting of a polymer matrix with dispersed clay 
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nanoparticles. In recent years, more attention has been given to incorporating nano-
materials into polymer matrices to obtain high-performance nanocomposites. Clays 
typically consist of particles with a high aspect ratio, that is, their length is much 
longer than their width. Dispersion of the filler on a nanometer scale generally gives 
the polymer interesting insulation properties.

3.4.1  POSS NANOCOMPOSITES

Due to the great chemical flexibility of POSS molecules, POSS can be in-
corporated into polymers by copolymerization, grafting, or even blending 
using traditional processing methods and it can lead to a successful improve-
ment of the flammability, thermal or polymer mechanical properties [2, 35]. 
Unlike traditional organic compounds, most POSS compounds release no 
volatile organic compounds below 300°C, are odorless, nontoxic, and re-
duce the toxicity of smoke upon combustion. Apart from this, the problems 
associated with polymer immiscibility are reduced. In the polymer-POSS 
nanocomposites, the POSS acts as a nanoscale building block and its inter-
action with the polymers on a molecular level is believed to be helpful for 
efficient reinforcement. Polymer-POSS nanocomposites are defined as polymers 
having small amounts of nanometer-size fillers (POSS), which are homogeneously 
dispersed by only several weight percentages (Fig. 3.9). A polymer-POSS nanocom-
posite with a filler having a small size leads to a dramatic increase in the inter-
facial area as compared with traditional composites. This interfacial area 
creates a significant volume fraction of interfacial polymer with properties 
different from those of bulk polymer even at low loadings [36, 37].

FIGURE 3.9  Systematic representation of polymer-POSS nanocomposites.
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Normal fillers and especially nanofillers suffer from agglomeration. The ag-
glomerates formed when conventional fillers are used lead to weak points in the 
polymer (stress concentrations) and this gives poor impact resistance and poor elon-
gation to break. As a molecule, POSS dissolves in polymers as 1–3 nm cages and 
this gives performance advantages not seen with fillers. POSS increases the modu-
lus of elastomers due to the stiffness of the cage and the high cross-link densities at-
tainable using polyfunctional POSS cross-linkers. These include increased modulus 
and strength, outstanding barrier properties, improved solvent and heat resistance, 
and decreased flammability. This nature allows them to exhibit properties different 
from those of conventional microcomposites.

Organic-inorganic composite materials have been extensively studied for a long 
time. These may consist of two or more organic-inorganic phases in some combined 
form with the constraint that at least one of the phases or features must be nano-
sized. Such materials combine the advantages of the organic polymer (e.g., flexible, 
dielectric, ductile and process able) and those of the inorganic material (e.g., rigid 
and thermally stable). For these reasons nanocomposites promise new applications 
in many fields such as for gas separation [8a, 38], in the aerospace industry [39], 
for electrical applications [40], as mechanically reinforced lightweight components, 
and in nonlinear optics, solid-state ionics, nanowires, sensors, and many others.

FIGURE 3.10  Formation mechanism of polymer/clay/POSS nanocomposites.

Fox et al. [41] prepared a POSS tethered imidazolium surfactant and used it to 
exchange montmorillonite (MMT) for the preparation of polymer nanocomposites 
in poly (ethylene-co-vinyl acetate) using a melt blending technique. Vaia et al. [42] 
have suggested that the extent of exfoliation of clay layers in a melt blended poly-
mer composite is a result of two competing factors: enthalpic loss due to unfavor-
able polymer clay interactions and entropic gain due to increased polymer mobility 
over confinement within an intercalated clay structure. In addition, the presence 
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of POSS interactions adds to the enthalpic barrier to exfoliation, since the POSS 
crystal domains must be melted. Despite these barriers to exfoliation, polymer com-
posites exhibit small increases in exfoliation and smaller tactoids over unmodified 
clay. It is conceivable that the more rigid structure of POSS-imidazolium relative to 
other organic modifiers creates a more permanent barrier between the charged clay 
surface and more hydrophobic polymer chain. The model reaction of POSS/Clay 
composite shown in Fig. 3.10

Fox et al. [43] reported the synthesis and characterization of 1,2-dimethyl-3- 
(benzyl ethyl iso-butyl polyhedral oligomeric silsesquioxane) imidazolium chloride 
(DMIPOSS-Cl) and DMIPOSS modified montmorillonite (DMIP-MT) at several 
loadings of DMIPOSS-Cl. To investigated the ability of these clays to exfoliate in 
poly (ethylene-co-vinyl acetate) systems. In addition, they reported the effects of 
partial clay loading using only the POSS-modified imidazolium surfactant on the 
extent of exfoliation and quality of dispersion in polymer. In addition, Zhao et al. 
[44] have shown that although the organic groups on POSS do lower the polarity 
of clay surface, the surface free energy of clay exchanged with aminopropylisooc-
tyl POSS is reduced by only half, leaving the clay surface still significantly more 
polar than polymer. Since clay is only partially exfoliated upon incorporation of 
polymers, regardless of their polarity, it is likely that the propensity for POSS to 
aggregate and limited space for intercalate polymer chains to move dominate the 
behavior in POSS exchanged clays.

3.4.2  CNT AND SEPIOLITE NANOCOMPOSITES

The one-dimensional nanostructure of CNTs, their low density, their high aspect 
ratio, and extraordinary properties make them particularly attractive as reinforce-
ments in composite materials. These studies have been discussed in some excel-
lent reviews [21, 45]. The variation of many parameters, such as CNT type, growth 
method, chemical pretreatment as well as polymer type and processing strategy has 
given some encouraging results in fabricating relatively strong CNT nanocompos-
ites. Since the early preparation of a CNT/epoxy composite by Ref. [46], more than 
30 polymer matrices have been investigated with respect to reinforcement by CNTs. 
The outstanding potential of CNTs as reinforcements in polymer composites is evi-
dent from the super tough composite fibers fabricated by Ref. [24]. By now, hun-
dreds of publications have reported certain aspects of the mechanical enhancement 
of different polymer systems by CNTs.

CNTs have clearly demonstrated their capability as fillers in diverse multifunc-
tional nanocomposites. The observation of an enhancement of electrical conductiv-
ity by several orders of magnitude at very low percolation thresholds (<0.1 wt.%) 
of CNTs in polymer matrices without compromising other performance aspects of 
the polymers such as their low weight, optical clarity, low melt viscosities, etc., has 
triggered an enormous activity world-wide in this scientific area. Nanotube-filled 
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polymers could potentially, among the others, be used for transparent conductive 
coatings, electrostatic dissipation, electrostatic painting and electromagnetic inter-
ference shielding applications. A wide range of values for conductivity and percola-
tion thresholds of CNT composites have been reported in the literature during the 
last decade, depending on the processing method, polymer matrix and nanotube 
type.

The majority of research in polymer/clay nanocomposites is focused on platelet-
like clays, smectite clays such as MMT. Instead of very few works have been focused 
on fiber-like clays particles (sepiolite) [47]. Because of the peculiar shape, these na-
no-fillers are believed to be good candidates for the preparation of nanocomposites 
materials. In fact the dispersion of needle-like clays, compared to platelet-like clays, 
is favored by the relatively small contact surface area. Moreover, the reinforcement 
capacity of fibers in polymer nanocomposites is higher than that of platelet for uni-
axial composites. These types of special reasons divert and investigate this research 
to sepiolite based polymer nanocomposites with different types of polymer matrices 
have been taken into consideration: polypropylene (PP), polyamide 6 (PA6) [48], 
polyurethane [49], and acrylonitrile–butadiene–styrene (ABS) [50].

3.4.3  CLAY NANOCOMPOSITES

Clays have been widely investigated and used as reinforcing agents for polymer 
matrices [21, 51–53]. They can dramatically enhance the mechanical performance 
and the barrier properties at filler loadings as low as 3–5 wt.%, without significantly 
changing other important characteristics such as transparency or density. In order 
to enhance their compatibility with polymer matrices, clays are usually modified 
with organic compounds (e.g., quaternary ammonium salts) but, even in this case, 
the properties of the polymer matrices are often not significantly improved [51]. 
Various researchers have reported on properties of nanoclay-EVA nanocomposites 
[54, 55].

IUPAC defines a composite as “a multicomponent material comprising multiple 
different (nongaseous) phase domains in which at least one is a continuous phase.” 
Polymer-clay composites can be prepared in three different ways, namely by in situ 
polymerization [56, 57], by solution intercalation and by dispersion through melt 
processing. Three organoclay nanocomposite microstructures are possible, that is, 
phase separated, intercalated and exfoliated. The outcome is determined by which 
one of the interfacial interactions is favored in the system. The three main interac-
tions are polymer-surface, polymer-surfactant and surfactant-surface [58]. The con-
sensus is that, for thorough clay sheet dispersion, highly favorable polymer-surface 
interactions are essential [58]. A greater degree of exfoliation and better dispersion 
of layered double hydroxides (LDHs) were obtained in more polar matrices. Poly-
olefin nanocomposites are difficult to prepare as the low polymer polarity does not 
provide effective interaction with LDHs. Addition of the maleic anhydride grafted 
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polyethylene as compatibilizer improves, to some extent, the dispersion of clays 
in nonpolar matrices during melt compounding [59]. The dispersed form of clay 
platelets is shown in Fig. 3.11.It is well established that the dispersion of particles 
with high aspect ratios, such as fibers and platelets, in polymeric matrices improves 
mechanical stiffness as well as some other properties.

FIGURE 3.11  Schematic representation of clay with different dispersed phases [51].

However, good interfacial adhesion and a homogeneous dispersion are pre-
requisites [60]. Nanostructured clays are ideal for the preparation of polymer-clay 
nanocomposites that possess improved gas barrier properties, better mechanical 
properties [61], enhanced flame retardancy [62], UV stabilization [63] or enhanced 
photodegradation [64], and so forth.

3.5  ETHYLENE-CO-VINYL ACETATE NANOCOMPOSITES

3.5.1  POSS-EVA NANOCOMPOSITES

EVA represents a considerable portion of the polymers currently marketed and has 
a wide range of applications, for example, in nonscratch films, hoses, coatings and 
adhesives [65]. It is commonly used in blends with polyolefins in order to improve 
the mechanical strength, processability, impact strength and insulation properties. 
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The demands for specific polymer properties for new applications have increased, 
including their use at higher temperatures and greater resistance to oxidation. The 
polymer industry has been able to keep abreast of these market demands through the 
use of additives, fillers and polymer blends. More recently, the diverse and entirely 
new chemical technology of POSS nanostructured polymers has been developed 
[16, 66]. This technology affords the possibility of preparing plastics that contain 
nanoscale reinforcements directly bound to the polymer chains.

The incorporation of POSS cages into polymer materials may result in improve-
ments in polymer properties, including increased temperature of usage, oxidative 
resistance and surface hardening, resulting in better mechanical properties as well as 
a reduction in flammability and heat evolution [67]. In nanocomposites the addition 
of POSS nanoparticles can lead to the thermal stabilization of polymers during their 
decomposition [68]. However, in this regard the effect of the nanoparticle content 
is very crucial. In most cases the thermal stability enhancement takes place at a 
low loading (4–5 wt.%) of POSS nanoparticles, while at higher contents thermal 
stabilization becomes progressively lower. This is because at higher concentrations 
nanoparticles can form aggregates and thus the effective area of nanoparticles in 
contact with polymer macromolecules is lower. In this case microcomposites may 
be formed instead of nanocomposites and thus the protective effect of nanoparticles 
becomes lower.

In EVA systems the presence of 1 wt.% of POSS slightly increases the values of 
the stabilized and totalized torque and specific energy. This suggests that the viscos-
ity is higher, probably due to an increase in the extent of entanglement caused by the 
incorporation of POSS into the polymer matrix [69]. A decrease in these values for a 
POSS content of 5 wt.% was also observed, suggesting that, in high concentrations, 
POSS forms aggregates, which are not incorporated into the polymer, leading to a 
decrease in viscosity. However, for EVA systems there is an increase in the stabi-
lized and totalized torque and in the specific energy with an increase in the POSS 
content.

XRD analysis was carried out in order to verify the crystal structure of the POSS 
and of the polymer matrix. The XRD diffractograms of the POSS and the systems 
under study are shown in Fig. 3.1. For pure POSS, Fig. 3.1 shows peaks at 2θ = 8°, 
8.8°, 10.9◦, 11.7°, 18.3° and 19.7°, which are characteristic of its crystalline struc-
ture. The EVA copolymer (Fig. 3.1, 0 wt.% of POSS) shows broad peaks (2θ ranging 
from 21° to 25°) related to the polyethylene structure of the EVA copolymer. For the 
other systems (Fig. 3.1) these peaks appear for POSS concentrations of 1 wt.% and 
above, indicating that the presence of EVA in the composite leads to the appearance 
of POSS aggregates at lower concentrations, probably due to the increase in the 
polarity of the polymer matrix.
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FIGURE 3.1  XRD patterns of POSS and of the composites [70].

The morphology and thermal properties of EVA composites with POSS nano-
structures were analyzed and compared with those of the pure polymers. The POSS 
underwent aggregation at higher concentrations during composite processing, indi-
cating a solubility limit of around 1 wt.%. The presence of EVA in the composite 
favors POSS aggregation due to the increase in the polarity of the polymer. These 
aggregates were observed in Si mapping and were characterized by the presence of 
a melt peak of POSS.

Further, these aggregates indicate that the polarity of the polymeric matrix plays 
a major role in the composite’s morphology, even for immiscible systems. Figures 
3.2 and 3.3 show SEM and Si mapping of 1% and 5% of POSS in EVA nanocom-
posites, respectively.

FIGURE 3.2  SEM (left) and Si mapping (right) of the composites with 1 wt.% of POSS 
[70].
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FIGURE 3.3  SEM (left) and Si mapping (right) of the composites with 5 wt.% of POSS 
[70].

The differential scanning calorimetry (DSC) curves of the second heating for the 
systems are shown in Fig. 3.4. EVA has Tm values of 84°C. The EVA systems with 5 
wt.% of POSS also show a third melt peak, at approximately 56°C, which is charac-
teristic of POSS. In the system with 1 wt.%, the POSS appears to be homogenously 
dispersed in the polymer matrix, minimizing the size of the domains in the samples. 
However, at a concentration of 5 wt.%, aggregation of the POSS takes place, which 
is characterized by the melt peak.

FIGURE 3.4  DSC curve of EVA–POSS nanocomposites [70].
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FIGURE 3.5  TGA curves of EVA-POSS nanocomposites [70].

The thermogravimetric analysis (TGA) curves of the systems are shown in Fig. 
3.5. The first weight loss is observed in the temperature (T1) range of 356 to 374°C, 
which is related to the elimination of the acetic acid in EVA and the degradation of 
POSS. In all systems, as the POSS content increases, the values of the onset tem-
perature for degradation decrease due to the lower POSS thermal degradation tem-
perature (285°C). Fina et al. [66] obtained similar results for the thermal degradation 
of polypropylene/POSS nanocomposites.

3.5.2  CNT-EVA AND SEPIOLITE-EVA NANOCOMPOSITES

The CNT is one of the stiffest materials produced commercially, having excellent 
mechanical, electrical and thermal properties. The reinforcement of rubbery ma-
trices by CNTs was studied for EVA. George et al. [71] investigated the tensile 
strength of EVA-CNT and showed that it increased greatly (to 61%), even for very 
low fiber content (1.0 wt.%). The introduction of even a small number of CNTs can 
lead to improved performance of EVA. At 4 wt.% CNT loading, both the modulus 
and the tensile strength of the nanocomposite increased substantially. However, sim-
ilar improvements were not observed at higher (8 wt.%) nanofiller loading due to 
filler agglomeration. George and Bhowmick [3] explained the effect of nanofillers 
and the VA content on the thermal, mechanical and conductivity properties of nano-
composites. They showed that polymers with high VA content have more affinity 
towards fillers due to the large free volume available, which allows easy dispersion 
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of the nanofillers in amorphous rubbery phase, as confirmed from morphological 
studies. The thermal stability of nanocomposites is influenced by type of nanofiller.

Beyer [72] studied the flame retardant EVA-CNT nanocomposites and was 
synthesized by melt-blending. Fire property measurements by cone calorimeter re-
vealed that the incorporation of CNT into EVA significantly reduced the peak heat 
release rates compared with the virgin EVA. Peak heat release rates of EVA with 
CNT were slightly improved compared with EVA nanocomposites based on modi-
fied layered silicates. There was also a synergistic effect by the combination of car-
bon nanotubes and organoclays resulting in an overall more perfect closed surface 
with improved heat release values. Carbon nanotubes are highly effective flame-
retardants; they can also be more effective than organoclays. There was a synergistic 
effect between organoclays and nanotubes; the char formed during the degradation 
of the compound by a cone calorimeter was much less cracked compared with those 
from the single organoclay or carbon nanotube based compounds.

Huang et al. [56] prepared EVA-sepiolite composites and observed a remarkable 
change in the Young’s modulus when only a small amount of sepiolite was incorpo-
rated. The fact that sepiolite has little effect on the elongation at break of the EVA/
MH/SP composites, but a distinct effect on the Young’s modulus, can probably be 
ascribed to the complex interactions between the polar EVA and the silanol groups 
of the high-aspect-ratio sepiolite. Hydrogen bonding may also be expected to occur 
between the ester groups of EVA and the characteristic silanol groups.

3.5.3  CLAY-EVA NANOCOMPOSITES

Melt intercalated nanocomposites of EVA with layered silicates have been studied 
over the last decade [4, 6, 8b, 23, 57, 73–81]. The method is an alternative to in situ 
polymerization and solution intercalation in the preparation of polymer nanocom-
posites. It is the most environmentally friendly method of all, versatile and compat-
ible with current processing equipment.

Melt intercalation consists of blending molten polymer matrices with silicates. 
Polymer chains may diffuse from the matrix into the silicate interlayer. Convention-
ally, polymer chains should first intercalate into the silicate interlayers. Subsequent-
ly, the chains may push the silicate platelets further apart. Individual silicate par-
ticles may thus exfoliate into the polymer matrix. Sufficient compatibility between 
the surface energy of the silicate layers with that of the polymer chains is required. 
Silicate layers are hydrophilic, tending to be compatible only with polar polymers. 
Non-polar polymers appear to exhibit interfacial adhesion with organosilicates. 
However, compatibility between the polymer matrix and the surfactant chains of 
organosilicates is indispensable. It maximizes the freedom of the organosilicate 
chains in the polymer matrix configurationally. Hence, organosilicate chains gain 
entropy, which balances entropy loss owing to polymer chain confinement. It has 
been shown that only polar polymer chains are attached to silicate platelets, whereas 
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nonpolar chains protrude into the bulk melt. Therefore, the interfacial adhesion with 
organosilicates is insufficient to yield thermodynamically stable nanocomposites.

Delaminating silicate platelets and achieving exfoliation requires strong shear 
forces [82]. These are attained during nanocomposite processing. Exfoliated struc-
tures are those in which the clay platelets are delaminated and individually dispersed 
in the polymer matrix. In exfoliated nanocomposite structures, silicate platelets are 
extensively interspaced. Such extensive interlayer separations disrupt coherent layer 
stacking and the resultant ordering of the clay platelets is not sufficient to produce 
a scattering peak. Hence, a featureless XRD diffraction pattern is recorded. Con-
versely, intercalated nanocomposites are those in which polymer chains and silicate 
layers alternate, in a well-ordered multilayer arrangement, with a well-defined and 
well-preserved interlayer distance.

Exfoliation is a key requirement for improving polymer properties. These in-
clude mechanical, thermal, barrier, flame retardant and optical properties. Exfolia-
tion can lead to a very large surface area for the interaction of stiff silicate particles 
with polymer chains. EVA, –(CH2CH2)n [CH2CH (OCOCH3)]m–, is a somewhat po-
lar copolymer due to its VA units. A higher content of VA, –CH2CH (OCOCH3)–, af-
fords polarity for interaction with (OH groups of) pristine silicates.77a Good surface 
affinity between EVA and silicates alone is not enough to achieve exfoliation – prior 
break-up and expansion of intrinsic silicate stacks is required. This is accomplished 
through organic intercalation, using ion-exchange reactions. The stacks intrinsic to 
silicates are explained as follows: layered silicates comprise particles with thick-
nesses in the nanometer range; their aspect ratio is very large, exceeding two hun-
dred; there is a propensity for aggregation of such particles due to the large packing 
area.

Generally, mechanical shear forces break up intrinsic silicate stacks. Subse-
quently, intercalation of large organic species expands the silicate interlayers. This 
expansion facilitates the diffusion of polymer chains into the layers. This, in turn, 
promotes the exfoliation of silicate platelets in polymer matrices. Ultimately, a large 
interfacial area for interaction between polymer chains and silicate particles is thus 
created. Intercalation may further alter the silicate surface chemistry. The changing 
nature of the silicate layers from hydrophilic to organophilic renders them compat-
ible with hydrophobic polymers. To date, the preparation of fully exfoliated EVA-
layered silicate nanocomposites remains a challenge. The use of different types of 
processing equipment and varying conditions has yielded disparities betweenn ano-
composite structures and properties. This has resulted from the use of EVA with 
diverse features, silicates and organic modifiers of different types, modifiers with 
several chain lengths and different polarities, all intercalated into silicates in dis-
similar amounts. It is therefore necessary to understand the influence of materials, 
instruments and processing conditions on the properties of created composites.

The transmission electron microscopy (TEM) shows the composites structures. 
Structures probed solely by X-ray diffraction analysis (XRD) are not completely 
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certain. When no XRD peak is observed, it could be deduced that exfoliation has 
taken place, whereas the presence of a small number of ordered stacks may also 
yield a featureless XRD diffractogram. Moreover, the presence of a high number of 
nonuniformly dispersed clay stacks likewise yields a featureless pattern or interlayer 
variations. In turn, the presence of any homogeneous distribution of the clay nano-
platelets could be interpreted as intercalation. Further, the presence of few silicate 
stacks could be deemed to indicate conventional microcomposites. Certainly, the 
presence of recalcitrant XRD reflections confirms the occurrence of intercalated 
or unmodified silicate regions. However, exfoliated regions may perhaps coexist 
and even predominate. TEM is critical since it gives direct evidence of composite 
structures. However, it may also fall short when a few samples not representative of 
the whole material are used. The research work reviewed below has probably been 
subject to this dilemma.

3.6  EFFECT OF EQUIPMENT, TYPES OF CLAY AND EVA ON 
NANOCOMPOSITES

3.6.1  EFFECT OF PROCESSING EQUIPMENT AND 
CONDITIONS ON DISPERSION OF EVA NANOCOMPOSITES

A co-rotating twin-screw extruder is considered the most effective shear device for 
the dispersion of silicate platelets. This is because the screws rotate in the same 
direction, intermesh and pass resin over and under one screw to another. The mate-
rial is thus subjected to identical amounts of shear and unlikely to become stagnant. 
Chaudhary et al. [23] and Pistor et al. [79b] reported similar EVA nanocomposite 
structures. Partial intercalation and exfoliation were the predominant characteristics 
reported in both communications. It was further stated that all the samples contained 
small tactoid fractions [23, 79b]. However, the processing equipment and conditions 
employed by these researchers were different.

La Mantia et al. [78a] prepared equivalent samples using two different extrud-
ers. They reported similar EVA nanocomposite structures comprising intercalated 
silicate domains, as detected by XRD. The d001 was slightly increased for samples 
compounded in a twin-screw extruder [78a]. Similarly, Chaudhary et al. [23] and 
Pistor et al. [79b] found that, overall, nanocomposite structures seemed independent 
of processing equipment. In addition, all nanocomposites appeared to be insensitive 
to different processing temperatures and shear forces.

3.6.3  EFFECT OF SILICATE TYPE ON DISPERSION OF EVA 
NANOCOMPOSITES

The effect of the silicate type on the dispersion of EVA composites was investigated 
by Zanetti et al. [73b], Riva et al. [74a] and Peeterbroeck et al. [77b]. EVA matrices 
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were melt blended with hectorite (HT), fluorohectorite (FH), magadiite [80] and 
montmorillonite (MMT), all organically modified. The dispersion of hectorite-type 
clays was found to be better than that of MMT clays. This may be attributed to the 
large interfacial area available for the interaction of polymer chains with hectorite-
like minerals. The interaction of silicates with a high surface area with polymer 
chains yields excellent dispersion.23Hectoritehas an aspect ratio of approximately 
5000, while that of MMT is <1000. Magadiite did not yield nanocomposites, only 
microcomposites.

3.6.4  EFFECT OF ORGANIC MODIFICATION OF SILICATES 
ON DISPERSION OF EVA NANOCOMPOSITES

Nanocomposite creation was found to depend on the type of silicate modification.73 
Suitable modification should render the silicate compatible with the polymer matrix. 
Silicates modified with ammonium cations bearing carboxylic acid moiety yielded 
conventional microcomposites, independent of the co-vinyl acetate content of EVA 
matrices. In contrast, organosilicates with nonfunctionalised alkyl ammonium tails 
(one and two) displayed affinity towards EVA chains. They yielded nanocomposites 
whatever the VA content (12, 19 and 27 wt.%) of the matrix. Exfoliated silicate 
sheets were observed, together with stacks of intercalated and unmodified sili-
cates. The nanocomposite structures were considered to be intercalated/exfoliated.73 
Higher numbers of stacks were observed in EVA12 nanocomposites. These authors 
speculated that such a small extent of exfoliation was due to the low polarity of the 
EVA12 matrix.

Similarly, organosilicates with one long alkyl chain yielded nanocomposites 
with relatively high numbers of stacks. Riva et al. [74a] usedMMT modified with 
(CH2CH2OH) 2N

+CH3 (tallow) and EVA19. The polarity of MMT was increased, 
further improving its affinity towards polar EVA matrices. An exfoliated structure 
was reported for the nanocomposite based on EVA19. In addition, stacks of unmodi-
fied silicates were observed [74a]. Zhang et al. [8b] increased the number of long 
alkyl chains used to modify MMT up to three. They anticipated that such an increase 
would decrease the organo-MMT polarity. Nevertheless, they found it necessary in 
order to yield wider organo-MMT basal spacing. The aim was to obtain a proper 
balance between the two as this would facilitate the migration and penetration of 
EVA chains into the silicate layers. The morphological features of the EVA-MMT 
nanocomposites were then examined. They were found to depend on the basal spac-
ing of the organically modified MMT and the polarity of the EVA. Increasing both 
promoted better dispersions. The chains of EVA diffused more easily into the MMT 
layers. Two long alkyl chains were found sufficient to yield organosilicates with 
wider basal spacing [8b]. These authors recorded further marginal expansion of d001 
for triple-tailed organoclay.
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3.6.5  EFFECT OF VA CONTENT ON DISPERSION OF EVA 
NANOCOMPOSITES

The effect of changing the matrix VA content on the dispersion of the EVA com-
posites was assessed by several authors [4, 6, 23, 73, 74b, 76, 79a]. Increasing the 
EVA polarity lowers the thermodynamic energy barrier for polymer interaction with 
silicates and therefore the polymer chains diffuse more easily into the silicate lay-
ers. Increased matrix amorphousness (with increasing VA units) further facilitates 
the stabilization of polymer chains within the silicate galleries [23]. These authors 
claimed that higher amorphous content prevents recrystallization of polymer chains 
during annealing. Therefore, the chains remain diffused within the silicate layers 
[23].

Whatever the VA content, organosilicates with OH groups along the alkyl N 
substituents appeared to be well dispersed. They may be due to strong intermo-
lecular interactions between the OH groups of the organic modifier and the acetate 
functions of the EVA matrix [77b]. Increasing the VA content improved the degree 
of organosilicate dispersion, independent of the type of silicate modification. When 
the number of long tails was the same, organosilicates with higher chain lengths 
dispersed better. This may be related to the interlayer spacing of the organosilicate. 
Densely packing modifier into the silicate did not aid dispersion. Chaudhary et al. 
[23] claimed that this reduces the number of EVA chains penetrating the interlayer 
spaces.

Zhang and Sundararaj [6] investigated the extent of dispersion of some double-
tailed organosilicates in EVA matrices with five VA contents (6, 9, 12, 18 and 28 
wt.%). It was found that all EVA matrices further expanded organoclay interlayers. 
Increasing the VA content from 6 to 12 wt.% expanded the silicate interlayers con-
siderably. Above such VA contents, no further interlayer expansion was recorded. 
An intercalation-limiting effect of the polarity after a certain critical VA content was 
revealed [6]. This critical VA content was found to be approximately 15 wt.%. The 
degree of intercalation of EVA into double-tailed organoclay increased only at VA 
contents up to about 15 wt.%. Thereafter, the expansion of basal spacing ceased. 
The interlayer expansion was attributed to increased diffusion of EVA. Polymer dif-
fusion depends strongly on how well it flows. The latter is determined by the melt 
flow index (MFI).

3.6.6  EFFECT OF MFI ON DISPERSION OF EVA 
NANOCOMPOSITES

The propensity of EVA with a higher VA content to diffuse into the silicate inter-
layers has been established [8b]. Zhang and Sundararaj [6] examined the influence 
of MFI on the structure of nanocomposites. They used five EVA28 matrices with 
different MFIs (3, 6, 25, 43 and 150 g/10 min). The effect of the MFI on the inter-
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calation-limiting effect of EVA polarity into double-tailed organoclay was inves-
tigated. Lowering the MFI from 150 to 25 did not cause any detectable change in 
the basal spacing. However, further decreasing the MFI to 6 did expand the silicate 
interlayer. Below this MFI, the silicate interlayer collapsed. It was then concluded 
that effective polymer diffusion requires a suitable conjugation between its mobility 
and its shear force [6]. The shear force should (i) create shear tensions during nano-
composite processing; (ii) aid the breaking up of organosilicate agglomerations; 
(iii) disperse silicate platelets or a few tactoids throughout the matrix; and keep 
the silicate platelets or tactoids apart. With regard to polymer mobility, it should be 
sufficient to promote the diffusion and penetration of polymer into the silicate lay-
ers before layer restacking. The existence of an intercalation-limiting effect of EVA 
into double-tailed organoclays was confirmed, although it appears to be dependent 
on the MFI of the matrix rather than on its VA content. Zhang and Sundararaj [6] 
recorded increasing interlayer distances with increasing VA content from 3 to 15 
wt.%. No further expansion was recorded for organo-MMT intercalated by EVA22 
with different MFIs (2 and 3 g/10 min). Zhang and Sundararaj [6] also recorded 
increased interlayer spacing when the MFI of EVA28 was lowered from 25 to 6. 
Thus it is speculated that EVA resins conjugating good mobility and sufficient shear 
force will have an MFI in the range of 3–25. Marini et al. [79a] agreed that matrix 
viscosity is the driving force for polymer chain mobility within clay lamellae. In ad-
dition, imposed shear tension is also responsible for causing lamellae slippage and 
clay dispersion. Adequate affinity between polymer matrix and organosilicate was 
thus confirmed as indispensable.

3.7  EFFECT OF EVA NANOCOMPOSITE STRUCTURE ON ITS 
PHYSICAL PROPERTIES AND PERFORMANCE

3.7.1  INFLUENCE OF COMPOSITE STRUCTURE ON ITS 
MECHANICAL PROPERTIES

The effect of VA content on the mechanical properties of EVA/Mg layered double 
hydroxide nanocomposites has been studied by various groups [8b, 83]. As expect-
ed, various nanocomposites exhibit a much higher storage modulus than pure EVA 
grades, especially at low temperatures, given the reinforcing effect of nanofillers 
on the matrix. In addition, the presence of the fillers enables the matrix to sustain 
high modulus values at high temperatures. Also, various nanocomposites show a 
reduction in tan δ peak height as compared with the heights of the respective neat 
elastomers. This is due to the restriction in polymer chain movements imposed by 
the filler-polymer interactions. The enhancements in dynamic mechanical proper-
ties indicate that the more elastomeric (VA content) matrix is, the more easily the 
nanofillers are dispersed due to the higher free volume.
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Typically, silicate particles have higher tensile moduli than polymer matrices. 
With increasing concentration of nanofiller, there is an increase in the Young’s mod-
ulus (stiffness) of the nanocomposites. Alexandre and DuBois [84], using 5 wt.% 
MMT, prepared nanocomposites with double the Young’s modulus of pure EVA27. 
It was found that EVA19 and EVA12 increased the Young’s modulus by 50%. The 
variation in the modulus of nanocomposites was explained on the basis of their 
different structures. The dispersion of individual clay platelets responsible for the 
large increase in modulus was higher in the EVA27 nanocomposite [84]. Apart from 
polymer polarity, silicate modification with a surfactant having nonfunctionalised 
chains compatible with polymer matrices was similarly critical. The ductility of the 
EVA27 nanocomposite decreased only slightly compared with that of the pure poly-
mer. This was in spite of a large increase in nanocomposite stiffness.

Zhang and Sundararaj [6] recorded ever-increasing Young’s moduli of EVA 
nanocomposites with increasing concentration of nanofiller. In parallel, they pro-
posed the existence of a “platelet saturation effect.” Such an effect reduces the extent 
of platelet dispersion in the polymer matrix. The saturation effect is explained as fol-
lows: layered silicates have a large aspect ratio, exceeding 300; interaction between 
them is quite strong because of the large packing area; exfoliation and dispersion of 
silicate layers depend mainly on two factors: EVA-silicate interaction (εes) and sili-
cate-silicate interaction (εss); when εes> εss, exfoliation of silicate layers is possible; 
conversely, when εes<εss, exfoliation is impossible; an increase in clay content leads 
to a larger εss; this is due to a shorter distance between the silicate aggregates [6]. 
The effect of the interplay between EVA polarity (amorphicity) and silicate concen-
tration (wt.%) on the Young’s modulus has been evaluated. It has been accepted that 
platelet “randomization” characterizes exfoliated nanocomposite structures. Typi-
cally, the effective dispersion of nanosilicates suppresses the ability of the matrix to 
absorb energy at lower VA content in the EVA matrix.23Nanosilicates increase spa-
tial hindrance for polymeric chain movement. They impart rigidity to the polymer 
matrix, creating a “rigid” amorphous phase. Platelet-polymer and platelet-platelet 
interactions tend to create a flexible silicate network structure in the matrix. Owing 
to polymer entanglement, such a network increases the initial resistance of poly-
meric chains moving under stress. The initial deformation energy is then absorbed 
by the silicate network. Simultaneously, the flexible network increases the modulus 
of the nanocomposite. With increasing VA content, the flexibility of the silicate net-
work increases. Consequently, the resistance of the polymeric chains to movement 
is lowered. Thus, a “mobile” amorphous phase develops, and the network’s ability 
to absorb deformation energy decreases. This occurs in spite of platelet-polymer and 
platelet-platelet interactions in the flexible silicate network. Stress is then partially 
transferred to the polymer chains, allowing them to absorb higher deformation en-
ergy. Hence, the modulus appears to be dominated by the extent of matrix crystal-
linity/amorphousness rather than by the silicate network.
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Rigidity may also be imparted without the formation of a silicate network struc-
ture. There will be good interaction between silicate platelets or clusters of tactoids 
with the matrix where they are dispersed and suitably oriented. However, tensile 
strength is likely to be reduced [6]. Favourable interactions at the polymer/silicate 
interface are critical for efficient stress transfer. Tensile strength does not increase 
when polymer-clay interactions are sufficiently developed. The strength of the 
nanocomposite reduces with increasing flexibility of the silicate network structure. 
Increasing matrix polarity tends to maximize extent of diffusion of EVA into silicate 
layers. A higher specific surface area becomes available for polymer-silicate interac-
tions [23].

3.7.2  INFLUENCE OF COMPOSITE STRUCTURE ON ITS 
STEADY SHEAR RHEOLOGICAL PROPERTIES

The degree of dispersion of silicates in a polymer matrix affects the rheological 
behavior of nanocomposites. Measurement of complex viscosity by oscillatory test-
ing is useful to estimate the degree of exfoliation of composites. The viscosity of 
highly dispersed nanocomposites, with an exfoliated structure, increases consider-
ably when the shear rate is changed. Conversely, the viscosity of poorly dispersed 
nanocomposites increases only moderately with the shear rate. At a low shear rate, 
exfoliated nanocomposites have the propensity to display solid-like behavior. This 
has been attributed to the formation of a network structure by dispersed silicate lay-
ers [77a]. Polymer chains are entrapped within the network. Because there are un-
able to flow, the viscosity rises. High zero-shear viscosities indicate that the network 
of dispersed layers remains unaffected by the imposed flow. Interactions between 
silicate layers and polymer chains are more pronounced in exfoliated systems than 
in fully intercalated ones. At the same silicate concentration, the elastic modulus is 
higher for exfoliated structures than for intercalated ones [74a]. Hence, solid-like 
behavior occurs at higher silicate loading in the latter systems. This leads to a slower 
relaxation of polymer chains [77a].

High shear rates breakdown the silicate network and orient the platelets in the 
direction of flow. For this reason nanocomposites exhibit shear-thinning behavior. 
The slope of curves, the so-called “shear thinning exponent,” is used to estimate the 
extent of nanocomposite exfoliation. It has been accepted that higher absolute val-
ues of the exponent indicate higher rates of exfoliation [77a, 78b]. However, Marini 
et al. [79a] suggested that a significant increase in viscosity in the low shear re-
gion indicates strong matrix-organosilicate interactions rather than exfoliation. Both 
well-dispersed intercalated and/or exfoliated silicates can lead to a huge increase in 
zero-shear viscosity [79a].

La Mantia and TzankovaDintcheva [78a] stated that the intensity of matrix-or-
ganosilicate interactions increases with silicate interlayer spacing. When the basal 
spacing increases, the surface area available for contact with the polymeric chains 
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also increases. Moreover, due to the larger interplatelet distances, the volume con-
centration of the silicate increases [78a]. High interactions between the organosili-
cate and the polymer chains are critical for nanocomposite creation. However, they 
are not sufficient on their own to guarantee effective clay dispersion and exfoliation 
[6, 79a]. Strong matrix-organosilicate interactions are indicated by a significant in-
crease in zero-shear viscosity, rather than simply high zero-shear viscosity. Marini 
et al. [79a] recordedlarge rheological differences between EVA nanocomposites, de-
pending on the matrix viscosity. High-viscosity EVA12 (MFI = 0.3 g/10 min) and 
EVA19 (MFI = 2.1 g/10 min) consisted of fairly well dispersed compact tactoids and 
had higher zero-shear viscosity than their respective EVA matrices. However, such 
viscosities were of the same order of magnitude or were only one order of magni-
tude different. Further, pure matrices also displayed pseudoplastic behavior. Abso-
lute values of the “shear thinning exponent” calculated for EVA12 nanocomposite 
and its matrix were high. Similarly, nanocomposites produced with low-viscosity 
EVA18 (MFI = 150 g/10 min) and EVA28 (MFI = 25 g/10 min) exhibited higher 
zero-shear viscosity than their respective EVA matrices. However, such viscosities 
were more than one order of magnitude different. Moreover, pure matrices exhib-
ited Newtonian behavior. It was then concluded that organosilicate dispersion was 
dependent on EVA matrix polarity and viscosity [79a]. On its own, a high “shear 
thinning exponent” does not guarantee a higher rate of exfoliation. Likewise, a high 
zero-shear viscosity of the nanocomposites does not, on its own, guarantee strong 
matrix-organosilicate interactions.

3.7.3  INFLUENCE OF COMPOSITE STRUCTURE ON ITS FIRE 
PROPERTIES

The effect of several parameters (nature of clay and clay loading) on the fire retar-
dancy of the nanocomposite has been investigated. It has been observed that the 
nature of the cations, which compensate for the negative charge of the silicate lay-
ers, affects the fire performance, even though the fire properties were improved for 
both the montmorillonite-type fillers investigated. The clay loading also affects the 
fire properties [75]. The Stanton Redcroft Cone Calorimeter was used to carry out 
measurements. The conventional data, namely time to ignition (TTI, s), heat release 
rate (HRR, kW/m2), peak of heat release (PHRR, kW/m2), that is, maximum of 
HRR, total heat release (THR, MJ/m2) and weight loss (WL, kg) were supplied by 
Polymer Laboratories software.

Huang et al. [56] explained the synergistic flame retardant effects between sepi-
olite and magnesium hydroxide in EVA matrices. In the light of the positive results 
from the loss on ignition (LOI) and UL-94 tests, not only did the cone calorimeter 
test data indicate a reduction in the HRR and MLR, but also a prolonged TTI and a 
depressed smoke release (SR) were observed during combustion. Simultaneously, 
the tensile strength and Young’s modulus of the system were also improved by the 
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further addition of sepiolite due to the hydrogen bonds between silanol attached to 
sepiolite molecules and the ester groups of EVA.

Cárdenas et al. [85] studied the mechanical and fire retardant properties of EVA/
clay/sepiolite nanocomposites. Their results suggest that the synergistic effect is 
greater for bentonite with silica and with sepiolite than for bentonite with ATH. This 
is an expected effect in the case of bentonite with sepiolite taking into account that 
both inorganic fillers are phyllosilicates and have analogous chemical composition. 
However, the differences between the pHRR may also be influenced by the specific 
combustion mechanism of the different inorganic fillers used (silica, sepiolite). It 
is worth noting that EVA-sepiolite showed the lower THR among the other com-
posites, confirming the synergistic effect between bentonite and sepiolite explained 
above. In the EVA-sepiolite composite, a uniform and rigid layer was formed, so 
the contribution of sepiolite to forming a more rigid layer of char was very clear, 
possibly due to the fibril structure of this type of clay. Consequently, it is possible 
to conclude that a nanostructure enables better fire performance to be achieved than 
a microstructure. In fact the presumed “diffusion effect,” which leads to such im-
provements, occurs in a nanostructure but not in a macrostructure.

3.8  CONCLUSIONS

Detailed accounts of the different types of nanostructured materials (NSMs) to en-
hance the novel properties of pristine EVA have been covered in this review. The 
review has been systematically structured to give a clear and detailed insight into the 
materials. In the introduction we reviewed recent papers on the subject and classi-
fied the NSMs into three categories according to their dimensions: 0DNSM (POSS), 
1DNSM (CNT, sepiolite), and 2DNSM (clay) with EVA. Next we presented a de-
tailed discussion on the effects of POSS, various types of silicate structure and vari-
ous organic modifiers on EVA nanocomposites. In the third section we discussed 
recent approaches to NSMs such as CNT, sepiolite, clay and POSS.As NSMs play 
a vital role in EVA nanocomposites, we also elucidated the influence of composite 
structures on their thermal, mechanical, and fire retardant properties.

With great progress being made in the preparation of EVA nanocomposites, 
there are fascinating new opportunities for materials scientists. While considerable 
attention is being paid to particular aspects of nanostructures (for instance, 0DNSM, 
1DNSM and 2DNSM), future progress will hinge on a better understanding of EVA 
nanocomposites, their composition, size and morphology, which affect the activity 
of 0DNSM, 1DNSM and 2DNSM. In addition, as greater knowledge is acquired 
about the physical and chemical properties of 0DNSM, 1DNSM and 2DNSM, there 
will be more opportunities to exploit individual characteristics in thermal, electri-
cal, mechanical and fire retardant-based applications. Moreover, the development of 
0DNSM, 1DNSM and 2DNSM will help to improve our old technologies, and fur-
ther research will produce more impressive results that will benefit various indus-
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tries and society. Finally, it is important to note that new types of cubic silica (POSS) 
nanoparticles have recently been reported and their ability to form nanocomposites 
with enhanced properties has been proposed.
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ABSTRACT

As the nitrogen atoms are likely to be key points of the TPC macrocycle struc-
ture, there was an intention to conduct a sequential aza-substitution of all four CH 
groups in the TBP molecule to form phthalocyanine, with a fairly representative 
group of metal complexes with different degrees of the ligand bond ionicity, and 
explore changing of the photoelectrochemical characteristics of the films of pro-
duced pigments. Thus, the set of considered measurements on films of aza-sub-
stituted metal-derivatives of tetrabenzoporphyrin in combination with the data of 
quantum-chemical calculations of the electron density and energy characteristics 
of the pigments, leads to several conclusions: sequential substitution of carbon at-
oms in meso-position by nitrogen increases the electron density in the area under 
consideration with the corresponding increase of charges in the p-electronic bonds; 
the obvious consequence of the increase of electron density in the important area of 
structural conjugation of macrocycle is a ring currents increase and compression of 
the cycle, which leads to a considerable increase of the intermolecular interaction; 
consequences of the strengthening of the intermolecular interactions are bathochro-
mic red shift of the absorption maxima, the increase in the extinction coefficients 
and the broadening of the absorption bands in the visible part of the spectrum, as 
well as the hypochromic shift of the Soret band; accordingly with the changes in 
the optical characteristics of the pigments it takes place a reduction of the band gap, 
lowering of the energy level of the valence band, increasing of the depth of acceptor 
levels formed by the adsorbed oxygen; from a practical point of view, the redistribu-
tion of electron density in the very structurally similar molecules leads to a signifi-
cant increase in chemo- and light-fastness of pigments and oxidation potentials, to 
an 8–10 fold increase in the photocurrent, 1.6–1.8 fold increase in photopotentials, 
2–5 fold in the quantum yield on a current.

AIM AND BACKGROUND

Primary goal of our study was to provide objective criteria to predict theoretically, at 
least qualitatively, photoelectrochemical properties of the molecules by their struc-
ture. In our opinion, the most important factor in the selection process is the electron 
density distribution in molecules.

4.1  INTRODUCTION

With the improvement of photovoltaic and photoelectrochemical solar energy con-
verters interest in organic semiconductors is becoming increasingly applied nature 
inherent to the transition to industrial development. At this stage it is especially 
important to select correctly the most promising classes of organic semiconductors, 
and even more important to provide objective criteria to predict theoretically, at least 
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qualitatively, photoelectrochemical properties of the molecules by their structure. 
In our opinion, the most important factor in the selection process is the electron 
density distribution in molecules, as it determines both the individual properties 
of the specific compound (organic semiconductor, pigment, dye), and the intermo-
lecular interaction, that is the character of arrangement of molecules in a solid at 
condensation. Good examples of powerful rearrangement of electronic structure and 
corresponding changes of physical and chemical properties of molecules can be 
seen in the well-known tetrapyrrole compounds (TPC), which, of course, belong 
to the group of the most promising pigments. This is largely due to the enormous 
variability of the structure of the TPC, typified by porphyrins and their derivatives, 
which are cyclic aromatic polyamines, conjugated with multi-loop system contain-
ing a 16-membered macrocycle with a closed p-conjugation system including 4–8 
nitrogen atoms. By replacement of hydrogen atoms in the pyrrole rings and meso-
positions for a variety of donor-acceptor groups it has already been produced more 
than 1000 porphyrins. To this is added the variations due to the formation of dif-
ferent metal complexes and the introduction of extraligands. Substitution of CH-
bridges by nitrogen atom (aza-substitution) in tetrabenzoporphyrin (TBP) gives a 
representative group of phthalocyanines (Pc) (otherwise tetrabenzo-porphyrazines / 
tetra- (butadiene-1,3-ylene-1,4) tetraazaporphin) and their derivatives.

To choose the most effective working pigment from that abundance is extremely 
difficult, especially as the theoretical assumptions for this choice are almost none. 
At certain stages one has to use intuitively guided screening to detect certain pat-
terns that will eventually lead to the creation of a more or less acceptable theory. 
Thus, in comparison of the photocatalytic activity (the photovoltaic Becquerel ef-
fect) of thin films of TPC with different macrocycle structure it was noted that the 
maximum photocurrent (Iph) and photopotential (Uph) are given by pigments, which 
macrocycle’s electronic structure modification is caused by exposure to a carbon 
atom in meso-position [1]. For example, in tetraphenyl porphyrin (TPP) substitution 
of <α–, β–, γ–, δ–> hydrogen to phenyl groups leads to a strong donation of electron 
density into the p-conjugation circuit (and hence on the pyrrole rings) and signifi-
cantly increases the photoactivity of TPP. Additional polarization arises due to direct 
dipole interaction of atoms in the b-positions with the phenyl group. Slightly higher 
photocatalytic activity was shown by phthalocyanines [2], but, unlike TPP, in Pc 
nitrogen directly substitutes carbon atoms in meso-position. Furthermore, Pc has 
more substituents – benzene rings conjugated with the pyrrole ones – so, aromaticity 
of this compound is much higher, and it is difficult to determine which substitutions 
(aza- or benzo-) causes an increase in photoactivity.

As the nitrogen atoms are likely to be key points of the TPC macrocycle struc-
ture, there was an intention to conduct a sequential aza-substitution of all four CH 
groups in the TBP molecule to form phthalocyanine, with a fairly representative 
group of metal complexes with different degrees of the ligand bond ionicity, and ex-
plore changing of the photoelectrochemical characteristics of the films of produced 

© 2015 by Apple Academic Press, Inc.

 



128	 Materials Behavior: Research Methodology and Mathematical Models

pigments. Hoping to get a large enough material for reflection, in parallel with the 
experiments there were carried out quantum-chemical calculations of the changes 
in the distribution of electron density, bond order, the energies of the orbitals in 
molecules of TPC. The calculations were performed by the program GAMESS, us-
ing Rutan molecular orbitals, by restricted Hartree-Fock method (not taking into 
account the correlation effects) and by density functional theory method (approxi-
mately takes into account the correlation effects). Both, experimental and calculated 
data have shown a good correlation with phenomenological assumptions.

4.2  EXPERIMENTAL PART

In setting up experiments comparing the PEC properties of various aza-derivatives 
of TBP and their metal complexes we focused on the adequacy of the conditions 
of measurement, reproducibility and statistical significance of the results. For each 
modification of a pigment there were measured parameters of 30 electrodes and 
performed statistical analysis. The mean square variation of parameters in the cited 
experimental data s = 5.6%. Moreover, given the strong dependence of photocur-
rents Iph (pH) and photopotentials Uph (pH) of pigmented electrodes on the pH of 
the electrolyte [3,4], for all kinds of pigments there were determined extreme points 
of the maximum values of these parameters. Figure 4.1 shows the complete depen-
dence of the potentials and currents of Pt-ZnPc electrode plotted from the average 
data for the 30 electrodes. For other pigments there were obtained similar depen-
dences, by which it was compared their photocatalytic activities in the reaction of 
oxygen reduction, wherein the first single-electron step is endothermic:

	 H+ + O2 + e– → HO2, Eo = −0.32 V,

and requires a large activation energy. Excitons, photogenerated in the bulk of the 
film, migrate to the pigment – electrolyte interface. High concentrations of oxygen 
adsorbed on the film (~1015 cm–3) provides necessary conditions for separation of 
electron – hole pairs arising from the collapse of the excitons due to efficient trap-
ping of electrons with formation of the charged form of adsorption O2

–. The increase 
in the concentration of hydrogen ions promotes the completion of the reduction pro-
cess and the transfer of the reaction products in the electrolyte. However, as can be 
seen from Fig. 4.1, there is an optimal pH zone for Iph (pH), Uph (pH), beyond which 
further increase the concentration of H+ leads to a decrease in the photoresponse. 
This is due to the different photoelectrochemical stability of pigments, particularly – 
the possibility of protonation in the acidic environment, which is largely determined 
by the redox potential and ionization potential. In this regard, the comparison was 
performed by photoactive maxima of Iph (pH), Uph (pH).
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FIGURE 4.1  The dependence of currents and potentials of the electrode with Zn-Pc film on 
the Pt substrate on the pH of the electrolyte.

Films of tetrabenzoporphyrin and its metal derivatives with thickness of 50 nm 
were applied to the polished platinum substrates with a diameter of 11 mm by ther-
mal vacuum sublimation in quasi-closed volume [5–7], using a turbo-molecular 
vacuum system Varian Mini-TASK (vacuum up to 10–9 Torr) with original design 
of evaporation chamber. Pigments used were previously purified twice by sublima-
tion in vacuum 10–7 Torr. The amounts of impurities did not exceed 10–4%. The 
film thickness control was carried out by frequency change of a quartz resonator 
located near the substrates in the evaporator system. Calibration curves were ob-
tained by determining the thickness of pigmented films on transparent quartz sub-
strates placed in the pigments deposition zone, with a micro-interferometer MII-11. 
Control of spectral parameters of the films confirmed integrity of the structure of 
pigment molecules. Thanks to the carefully refined method we obtained highly re-
producible parameters of the films on platinum substrates. In particular, in the study 
of PEC parameters variations in the photocurrents did not exceed 15% and the pho-
topotentials – 20%.

Photoactivity of the films were compared by Becquerel effect value, measuring 
Iph, Uph relatively a saturated Ag/AgCl electrode in aerated 1.0 N KCl electrolyte, 
changing the pH from 1 to 14 by titration with 1.0 N KOH or HCl solution. Pig-
mented electrodes were illuminated with an arc xenon lamp DKSSh-120 with a 
stabilized power supply, the light output in the plane of the electrode was 100 mW/
cm2. For measurement of the quantum yield on a current h pigment films with thick-
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ness d from 2 to 300 nm were applied on polished quartz substrates coated with a 
conductive layer of platinum. The h value was determined from a ratio,

	 h = 6.25∙107∙ [hc Iph /Wλ] (%),

where h – Planck constant, Iph – photocurrent in μA, W – absorbed light power W, 
l – wavelength m, c – speed of light in m/s. Measurements were carried out in the 
region of maximum absorption of the pigments, separating from the spectrum of the 
lamp DKSSh-120 band width of 10 nm using interference filters at luminous flux in 
the plane of the electrode 10 mW/cm2.

4.3  RESULTS AND DISCUSSION

The results of measurement of photoelectrochemical activity of the films of 45 
metal complexes of derivatives of tetraazabenzoporphyrin with varying degrees of 
azasubstitution are shown in Table 4.1.

TABLE 4.1  Variations of Photopotentials, Photocurrents, Quantum Yield on a Current of 
Thin Film Electrodes Based on the Azasubstituted Metal Complexes of Tetrabenzo-porphyrin 
Depending on the Degree of Substitution and the Type of Central Atom

# TPC Uph pH Iph pH η
1 Mn-TBP 102 4 0.7 4 2.0
2 Mn-MATBP 145 3 2.8 3 4.0
3 Mn-DATBP 178 3 4.1 3 4.5
4 Mn-TATBP 198 2 5.5 2 5.0
5 Mn-Pc 230 1 6.5 1 6.0
6 Ni-TBP 53 3 0.1 3 1.1
7 Ni-MATBP 67 2 0.2 3 1.3
8 Ni-DATBP 72 1 0.2 2 1.3
9 Ni-TATB 78 1 0.3 1 1.4
10 Ni-Pc 80 0 0.3 0 1.4
11 Co-TBP 71 2 0.1 2 1.2
12 Co-MATBP 92 1 0.2 1 1.5
13 Cu-DATBP 105 1 0.3 1 1.5
14 Co-TATBP 108 1 0.4 1 1.6
15 Co-Pc 110 0 0.4 0 1.6
16 Zn-TBP 308 5 5.2 5 9.0
17 Zn-MATBP 431 4 20.0 4 13.0
18 Zn-DATBP 500 3 32.0 3 15.0

© 2015 by Apple Academic Press, Inc.

 



The Influence of the Electron Density Distribution	 131

19 Zn-TATBP 540 2 46.0 2 17.0
20 Zn-Pc 570 2 54.0 2 18.0
21 Mg-TBP 160 4 4.0 3 4.0
22 Mg-MATBP 280 4 9.0 3 6.0
23 Mg-DATBP 320 3 14.0 2 7.0
24 Mg-TATBP 370 2 17.0 1.5 9.0
25 Mg-Pc 400 2 21.0 1.5 10.0
26 H2-TBP 162 4 1.0 3 2.0
27 H2-MATBP 227 3 4.0 2 4.0
28 H2-DATBP 260 2 6.2 2 5.0
29 H2-TATBP 285 1 7.7 1 6.0
30 H2-Pc 300 1 8.2 0 6.0
31 Fe-TBP 85 3 0.4 2 1.0
32 Fe-MATBP 140 1 1.1 1 3.0
33 Fe-DATBP 155 1 1.2 0 3.2
34 Fe-TATBP 170 0 1.3 0 3.5
35 Fe-Pc 180 0 1.4 0 4.0
36 ClFe-TBP 105 4 1.7 3 2.5
37 ClFe-MATBP 180 3 3.5 2 3.8
38 ClFe-DATBP 210 2 4.6 2 4.5
39 ClFe-TATBP 240 1 5.0 1 5.0
40 ClFe-Pc 250 1 5.4 1 5.0
41 VO-TBP 240 4 11.0 3 5.0
42 VO-MATBP 290 2 17.0 2 9.0
43 VO-DATBP 330 1 21.0 1 13.0
44 VO-TATBP 350 1 26.0 1 15.0
45 VO-Pc 350 1 28.0 0 16.0

Uph – maximum values of the photopotential in  mV; Iph – maximum photocurrent in μA; 
pH – value of pH at which the maximum of Uph, Iph; h – quantum efficiency of a current. 
TBP – tetrabenzoporphyrin, MATBP – mono-tetraazabenzoporphyrin, DATBP – di-
tetraazabenzoporphyrin, TATBP – tri-tetraazabenzoporphyrin, Pc – phthalocyanine (tetra-
tetraazabenzoporphyrin).

For all studied compounds the same type effect of aza-substitution is observed, 
the most dramatic change of photocurrent (2–5 times) and photopotential (1.3–1.7 
times) is the first step – the transition from the TBP to a mono-aza-substituted de-
rivatives. Each subsequent step makes a smaller contribution, but the overall increase 
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in the transition to the structure of phthalocyanine for Uph reaches 185%, and for Iph 
– 1000%. The stability of pigments changes significantly – the pH value, at which 
protonation of the molecules begins, decreases by 4–5 units as the proportion of 
nitrogen atoms in the macrocycle grows, which is associated with the increase of 
redox potential with aza-substitution. Changing in stability of pigments is seen in 
the stability of the electrodes. Photoactivity of the TBP films lost in 10–12 h of light 
saturating light. At the same time an output of dications of the pigments into solu-
tion was spectrally recorded. Phthalocyanine films (regardless of the nature of the 
central atom) did not change their characteristics after hundreds of hours of light in 
the same conditions. Basically, the differences in the photoactivity of pigments are 
caused by three factors – the efficiency of energy (charge) transfer, the band gap, the 
spectral range and extent of light absorption. All three are ultimately determined by 
the distribution of electron density in the molecules. So, for all of aza-derivatives of 
TBP, as a result of the transition from the structure of pure porphyrin to the phtha-
locyanine, there is observed an increase of photochromic properties of molecules 
and molecular interaction. For example, Fig. 4.2 shows the change in absorption 
spectrum of zinc tetrabenzoporphyrin at the sequential aza-substitution: absorption 
bandwidth expansion occurs simultaneously with the increase of the extinction co-
efficient and bathochromic shift, leading to a decrease in gap width.

FIGURE 4.2  The absorption spectra of the films of aza-derivatives of Zn-TBP. (1 – Zn-
TBP, 2 – Zn-MATBP, 3 – Zn-DATBP, 4 – Zn-TATBP, 5 – Zn-Pc).
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Quantitative changes in the quantum yield on a current at sequential aza-substi-
tution are less significant than those for the photocurrent, but nevertheless, the total 
increase of h reaches 300%, the greatest increase in efficiency is observed for the 
first step – a mono-aza-substitution. For the photocurrents that can be explained by 
a sharp increase in the extinction coefficient, that is, photochromic properties at the 
molecular level. In measurements of h this property has less influence on the final 
result, and increased quantum yield can be attributed to the high efficiency of energy 
and charge transfer between the molecules, as well as to a more advantageous ar-
rangement of the band structure energy levels.

Lattice constants in a preferred crystal orientation plane (parallel to the sub-
strate) are 1.98 nm for H2-Pc and 2.19 nm for H2-TBP, which corresponds to the 
axis “a” of the unit cell, connecting centers of molecules lying in one plane. Even 
on electron micrographs of the films pigments thickness of 5 nm (Fig. 4.3), obtained 
with an electron microscope JEM-100B with the ultimate resolution of 0.2 nm at the 
same scale is a clear difference in the interatomic distances and the changes in the 
lattice. This difference in interatomic distances and changes in the lattice constants 
are evident even in electron micrographs of pigment films with thickness of 5 nm 
(Fig. 4.3) received by an electron microscope JEM-100B with maximum resolution 
of 0.2 nm at the same scale.

FIGURE 4.3  The change in the lattice with fourfold azazameschenii in metal-free 
tetrabenzporfirine (1 – tetrabenzporfirin 2 – phthalocyanine. Resolution of 0.2 nm.).

Given the almost identical molecular size (distance between the outer atoms of 
the benzene rings due to compression of the coordination sphere as a result of aza-
substitution in Pc is of 0.13 nm smaller), the minimum distance between the nearest 
atoms for H2-Pc is ~ 0.34 nm, and for H2-TBP ~ 0.42 nm. This increases the elec-
tron affinity, decreases both ionization potential and the energy difference between 
the highest occupied and lowest unoccupied molecular orbitals, leading for Pc to a 
bathochromic shift of the first absorption band. Simultaneously, there are observed 
strengthening of the bond to the metal Me2+ at the ion radii less than 1.4 A, the ap-
pearance of dative p-bonds Me-N, change in the acid-base properties, in particular, 
a considerable reduction of protonation even in a strongly acidic medium. Thus, 
the interatomic distances are reduced by about 20%, which certainly contributes 
to the ring currents in the conjugation macrocycle, respectively, to strengthening 
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of intermolecular interactions and increase of the efficiency of energy and charge 
transfer (tetrapyrrole compounds are characterized by “hopping” charge-transfer 
mechanism in which intermolecular distances are particularly important) and to an 
increase of the quantum yield on a current, a maximum value in the investigated 
group of compounds is 18%. Characteristically, the net effect depends on the nature 
of the central atom, whose interaction with the ligand significantly changes the elec-
tron density distribution in the macrocycle and its inner diameter.

Figure 4.4 shows the position of the energy bands for the limiting cases of sub-
stitution (no substitution – TBP, complete replacement – Pc) and the position of the 
acceptor level of oxygen in accordance with its redox potential.

FIGURE 4.4  Energy band diagram of Me-TBP and Me-Pc.

If the surface layer is filled, that is, oxygen captures an electron to form a charge 
transfer complex:

	 O2→ O2 (a) → [O2
–δ] (a) + p+d,

then the concentration of adsorbed charged molecules is determined by conven-
tional expression [8]:

	 J– = J [1 + 1/2∙exp (w/kT)] = J [1 + 1/2∙exp ((Ea -Fs) /kT)],

where J – total concentration of adsorbed molecules, w – activation energy of the 
transition to the charged form, Fs – the distance from the Fermi level at the surface 
to Ev, Ea – the distance from the surface acceptor level to the Ev (Ev – the ceiling of 
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the valence band). Consequently, the energy diagrams shown are initially determine 
increased population of acceptor levels in the dark and less photoresponse of TBP 
than Pc.

However, arguments based on the general concepts and physicochemical prop-
erties of the molecules do not provide sufficient certainty in assessing the impact of 
the electronic structure of molecules on the properties of their solid agglomerates. In 
connection with this there was attempted mathematical modeling of transformation 
of the structures by means of quantum chemical calculations of the electron density 
distribution and energy characteristics of the orbitals.

The calculation of the spatial and electronic structure of molecules was accom-
plished by the method of molecular orbitals on the program GAUSSIAN 03. In 
finding the molecular orbitals there were used density functional theory and the ap-
proach of Rutan in which the molecular orbitals are defined in the class of functions 
of the form

( )

1 1
( ) ( )

atomN M k
k k

p sp s k
k s

r c r sϕ η
= =

= −∑ ∑  

.

Here 1 2 ( )( ), ( ),..., ( )k k k
M kr r rη η η    – a given set of functions for the k-th atom in the mol-

ecule, the position of which is determined by the vector ks . These functions, called 
atomic orbitals, are not assumed to be linearly independent or orthogonal, but are 
chosen normalized. k

spc - varying coefficients. The index s is a set of three indices (n, 
l, m), and the functions ( )k

s rη   are:

	 ( ) ( ) ( )k k
s n mr R r Yη = Ω

 





.

Accordingly, the sum over s is a triple sum:
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The set of radial parts of all atomic orbitals, used in the construction of the mo-
lecular orbitals, is the atomic basis of calculation. The basis was taken by a linear 
combination of Gaussian orbitals
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1
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q q

Q
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−
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 





,
in the form of a standard correlation consistent basis 6–31G**, which is denoted 
also as 6–31G (1d1pH) or cc-pVDZ. In the calculations we used two forms of the 
exchange-correlation functional: form PBEPBE, described in Refs. [9, 10], and the 
form PBE1PBE, described in Refs. [11, 12]. To determine the value of the spin in 
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the ground state of the molecule there were carried out calculations of molecules 
with different spins and the total energies compared.

The results of calculation by the limited Hartree-Fock method (not taking into 
account correlation effects) and by the density functional theory (approximately tak-
ing into account correlation effects) are shown in Tables 4.2 and 4.3, and the cor-
responding numbering of atoms – in Fig. 4.5.

FIGURE 4.5  The numbering of the atoms in the molecules under study.

TABLE 4.2  Changes in the Distribution of Electron Density in the Molecule of 
Tetrabenzoporphyrin with Sequential Aza-substitution (Hartree-Fock)

Atom 
number

Before 
substi-
tution

0 1 2-orto 2-para 3 4
After 
substi-
tution

1 C 0.321051 0.437988 0.274334 0.305926 0.286533 0.584203 C
2 C –0.08527 –0.04998 –0.03553 –0.0736 –0.06077 –0.10211 C
3 C –0.08527 –0.12067 –0.14554 –0.11234 –0.12495 –0.1021 C
4 C 0.321052 0.750765 0.654557 0.599145 0.610537 0.584205 C
5 C –0.16368 –0.73145 –0.68168 –0.64345 –0.65047 –0.63157 N
6 C 0.297132 0.660397 0.638233 0.592743 0.60889 0.588361 C
7 C –0.01972 –0.12967 –0.06071 –0.05498 –0.04915 –0.04479 C
8 C –0.10452 –0.01325 –0.10769 –0.09229 –0.11678 –0.11989 C
9 C 0.389694 0.316014 0.688339 0.411316 0.677646 0.664767 C
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10 C –0.24887 –0.17681 –0.74176 –0.24582 –0.71878 –0.70297 N
11 C 0.462781 0.336566 0.76172 0.46861 0.756837 0.746162 C
12 C –0.07667 –0.09999 –0.13756 –0.06601 –0.10803 –0.0971 C
13 C –0.07667 –0.07001 –0.03211 –0.10721 –0.0843 –0.0971 C
14 C 0.462781 0.298136 0.397134 0.73886 0.725921 0.746162 C
15 C –0.24887 –0.14239 –0.18628 –0.71159 –0.68705 –0.70297 N
16 C 0.389694 0.27503 0.335136 0.643082 0.630436 0.664767 C
17 C –0.10452 –0.01414 –0.10075 –0.13073 –0.13214 –0.11989 C
18 C –0.01972 –0.10653 –0.0199 –0.01065 –0.00717 –0.04479 C
19 C 0.297132 0.373251 0.247478 0.291599 0.273391 0.588361 C
20 C –0.16368 –0.2212 –0.11956 –0.15497 –0.13735 –0.63157 N
21 N –0.80003 –0.86562 –0.78381 –0.78313 –0.78259 –0.76738 N
22 H 0.392221 0.402829 0.400495 0.397033 0.399423 0.402385 H
23 N –0.77395 –0.77932 –0.80634 –0.78307 –0.78431 –0.77959 N
24 H 0.393755 0.394374 0.409868 0.409103 0.418961 0.425386 H
25 N –0.88939 –0.7999 –0.84798 –0.87062 –0.85203 –0.85387 N
26 N –0.77395 –0.76184 –0.75895 –0.77188 –0.76373 –0.77959 N
27 C –0.0997 –0.12647 –0.12085 –0.10631 –0.11073 –0.09636 C
28 C –0.16758 –0.14571 –0.14872 –0.16291 –0.15832 –0.16731 C
29 C –0.16758 –0.16069 –0.18104 –0.1718 –0.17595 –0.16731 C
30 C –0.0997 –0.09793 –0.08089 –0.09017 –0.08606 –0.09636 C
31 C –0.13039 –0.10677 –0.11961 –0.11728 –0.12169 –0.1229 C
32 C –0.14944 –0.16613 –0.14993 –0.14985 –0.14807 –0.14769 C
33 C –0.16614 –0.1469 –0.15724 –0.15952 –0.15966 –0.16182 C
34 C –0.11626 –0.13576 –0.11295 –0.12166 –0.11153 –0.11097 C
35 C –0.1158 –0.09454 –0.09165 –0.12122 –0.10319 –0.10546 C
36 C –0.1545 –0.17267 –0.16575 –0.14896 –0.15422 –0.15053 C
37 C –0.1545 –0.16223 –0.14114 –0.15581 –0.14808 –0.15053 C
38 C –0.1158 –0.10477 –0.12963 –0.10095 –0.10982 –0.10546 C
39 C –0.11626 –0.13104 –0.1141 –0.10608 –0.10508 –0.11097 C
40 C –0.16614 –0.14869 –0.17055 –0.16857 –0.17003 –0.16182 C
41 C –0.14944 –0.16774 –0.15142 –0.14685 –0.1462 –0.14769 C
42 C –0.13039 –0.11528 –0.12971 –0.13627 –0.1366 –0.1229 C
43 H 0.151604 0.168197 0.151732 0.149808 0.149478 0.167836 H
44 H 0.146236 0.16209 0.148571 0.144667 0.145562 0.143205 H
45 H 0.146236 0.162386 0.14674 0.14434 0.144719 0.143205 H
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46 H 0.151604 0.193695 0.1753 0.16955 0.170926 0.167835 H
47 H 0.156107 0.178144 0.185657 0.185897 0.185685 0.18475 H
48 H 0.152006 0.150813 0.157821 0.158502 0.158321 0.157229 H
49 H 0.150338 0.151751 0.156449 0.155772 0.156378 0.154787 H
50 H 0.155859 0.156186 0.183034 0.160131 0.181867 0.179148 H
51 H 0.168911 0.153006 0.193815 0.170583 0.195648 0.197801 H
52 H 0.160866 0.146531 0.162843 0.164413 0.166934 0.16954 H
53 H 0.160866 0.147148 0.163625 0.165534 0.167665 0.16954 H
54 H 0.168911 0.151038 0.169237 0.196189 0.196229 0.197801 H
55 H 0.155859 0.155679 0.149019 0.174765 0.174001 0.179148 H
56 H 0.150338 0.152402 0.146604 0.148928 0.149169 0.154787 H
57 H 0.152006 0.15058 0.148584 0.150422 0.150828 0.157229 H
58 H 0.156107 0.154874 0.151201 0.154902 0.154583 0.18475 H
59 H 0.16157 0.161812
60 H 0.150037 0.160002
61 H 0.150037 0.165883 0.164818
62 H 0.16157 0.158493 0.168946 0.16471 0.168241

TABLE 4.3  Changes in the Distribution of Electron Density in the Molecule of 
Tetrabenzoporphyr in Sequential Aza-substitution (by Density Functional Theory on the 
Grid)

Atom 
number

Before 
substi-
tution

0 1 2-orto 2-para 3 4 A f t e r 
substi-
tution

1 C 0.318705 0.335082 0.324168 0.322311 0.336346 0.492694 C
2 C 0.079445 0.072616 0.082218 0.080802 0.07099 0.075752 C
3 C 0.064812 0.083751 0.072442 0.075919 0.086511 0.090177 C
4 C 0.34823 0.481363 0.490204 0.489379 0.477113 0.47302 C
5 C –0.17246 –0.57271 –0.56948 –0.56449 –0.56676 –0.56427 N
6 C 0.297463 0.441181 0.443079 0.438523 0.443982 0.442716 C
7 C 0.083174 0.091614 0.100919 0.087589 0.098647 0.105369 C
8 C 0.100962 0.100847 0.100646 0.106798 0.099981 0.094572 C
9 C 0.286769 0.291985 0.443657 0.291054 0.442895 0.443515 C
10 C –0.18365 –0.1751 –0.56978 –0.17955 –0.56456 –0.56052 N
11 C 0.318659 0.335855 0.489895 0.322308 0.488486 0.492695 C
12 C 0.079431 0.069906 0.072524 0.080799 0.079997 0.075719 C
13 C 0.064842 0.075938 0.081677 0.075952 0.087275 0.090224 C
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14 C 0.348227 0.329671 0.324412 0.489344 0.480765 0.472982 C
15 C –0.17247 –0.1744 –0.17218 –0.56452 –0.56436 –0.56428 N
16 C 0.297455 0.289554 0.289232 0.43853 0.439488 0.442713 C
17 C 0.08318 0.093555 0.09381 0.087571 0.092703 0.105405 C
18 C 0.100975 0.093156 0.094067 0.106829 0.100872 0.094569 C
19 C 0.286773 0.288464 0.289497 0.291053 0.293325 0.443511 C
20 C –0.18371 –0.16973 –0.17306 –0.17962 –0.17148 –0.56055 N
21 N –0.65905 –0.62733 –0.62116 –0.62168 –0.6195 –0.59016 N
22 H 0.294134 0.2974 0.300256 0.301075 0.30412 0.310317 H
23 N –0.68786 –0.67021 –0.64064 –0.66216 –0.64477 –0.64205 N
24 H 0.294135 0.297583 0.300498 0.30107 0.304198 0.310326 H
25 N –0.65905 –0.65586 –0.62216 –0.62166 –0.58796 –0.59017 N
26 N –0.68785 –0.68467 –0.68606 –0.66224 –0.66394 –0.64213 N
27 C –0.13023 –0.12928 –0.13376 –0.13117 –0.13039 –0.12134 C
28 C –0.06303 –0.06185 –0.06018 –0.06119 –0.06131 –0.0614 C
29 C –0.06419 –0.06384 –0.06413 –0.06341 –0.0622 –0.0601 C
30 C –0.12825 –0.12248 –0.11767 –0.11866 –0.12307 –0.12376 C
31 C –0.13672 –0.13249 –0.13799 –0.13083 –0.13473 –0.13856 C
32 C –0.0652 –0.06233 –0.06072 –0.06316 –0.06073 –0.05982 C
33 C –0.0628 –0.06243 –0.06059 –0.06106 –0.06048 –0.06057 C
34 C –0.13974 –0.14349 –0.13721 –0.14275 –0.13808 –0.1338 C
35 C –0.13025 –0.12735 –0.11733 –0.13118 –0.12374 –0.12133 C
36 C –0.06303 –0.06337 –0.06442 –0.06118 –0.0611 –0.0614 C
37 C –0.06419 –0.06322 –0.0601 –0.06343 –0.06033 –0.0601 C
38 C –0.12825 –0.12971 –0.13326 –0.11867 –0.12509 –0.12376 C
39 C –0.13672 –0.13633 –0.14028 –0.13082 –0.13341 –0.13856 C
40 C –0.0652 –0.06374 –0.06313 –0.06316 –0.06204 –0.05982 C
41 C –0.0628 –0.06362 –0.06298 –0.06105 –0.0615 –0.06058 C
42 C –0.13974 –0.1404 –0.13993 –0.14276 –0.14191 –0.13379 C
43 H 0.065096 0.063859 0.064969 0.065592 0.066454 0.084349 H
44 H 0.064287 0.064673 0.065905 0.066126 0.067747 0.06954 H
45 H 0.064374 0.065828 0.067117 0.067146 0.06879 0.069374 H
46 H 0.065148 0.081908 0.083745 0.082705 0.084124 0.08418 H
47 H 0.056666 0.073646 0.073892 0.074406 0.07482 0.076813 H
48 H 0.058693 0.059998 0.061032 0.061571 0.062358 0.063934 H
49 H 0.05859 0.058996 0.061 0.060343 0.062486 0.063877 H
50 H 0.056809 0.056007 0.073897 0.05794 0.07516 0.076201 H
51 H 0.065097 0.066542 0.083793 0.065592 0.083283 0.084348 H
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52 H 0.064288 0.066032 0.067165 0.066134 0.068048 0.06954 H
53 H 0.064374 0.066174 0.065889 0.067143 0.068044 0.069375 H
54 H 0.065148 0.066017 0.064993 0.082704 0.082491 0.084174 H
55 H 0.056666 0.056817 0.059009 0.074391 0.076035 0.076817 H
56 H 0.058693 0.059954 0.061288 0.061565 0.063045 0.063933 H
57 H 0.05859 0.060174 0.061263 0.06035 0.061879 0.063876 H
58 H 0.056808 0.058152 0.058946 0.057926 0.058215 0.076205 H
59 H 0.064099 0.067717
60 H 0.065772 0.070909
61 H 0.064098 0.066716 0.070527
62 H 0.065775 0.067212 0.070551 0.070928 0.07273

In addition, there were calculated spectrum of single-particle states and the spa-
tial distribution of electrons in the highest occupied state (HOMO) and the lowest 
free state (LUMO) (Fig. 4.6). The spatial distribution of electron states in the HOMO 
and LUMO is illustrated in Figs. 4.7–4.8. These figures show the surface level of 
functions 2( )rΨ  , that is surfaces satisfying the condition 2( )r constΨ = . Here ( )rΨ   
is the one-particle wave function of the electron in the states HOMO and LUMO of 
the corresponding molecules, constant values are the same for all molecules.

FIGURE 4.6  Spectrum of one-electron energies in the ground state of molecules Mg-
tetrabenzoporphyrin and Mg-phthalocyanine (the spin of the ground state S = 0).
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FIGURE 4.7  Spatial distribution of the electron in the one-particle states of HOMO (a) and 
LUMO (b) for the ground state of Mg-tetrabenzoporphyrin.

FIGURE 4.8  Spatial distribution of the electron in the one-particle states of HOMO (a) and 
LUMO (b) for the ground state of Mg-phthalocyanine.

FIGURE 4.9  Spatial distribution of the electron in the one-particle states of HOMO (a) and 
LUMO (b) for the singlet state of the metal-free tetrabenzoporphyrin
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FIGURE 4.10  Spatial distribution of the electron in the one-particle states of HOMO (a) 
and LUMO (b) for the singlet state of the metal-free phthalocyanine

In addition, changes of the energy in sequential aza-substitution were assessed 
(Figs. 4.11–4.13).

FIGURE 4.11  Dependence of the energy EHOMO on the number of substitutions in the 
molecule of tetrabenzoporphyrin. (1 – molecule shown in Fig. 14 (c), 2 – molecule shown in 
Fig. 14 (d).)

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18259-5&iName=master.img-010.jpg&w=300&h=216


The Influence of the Electron Density Distribution	 143

FIGURE 4.12  Dependence of the energy ELUMO on the number of substitutions in the 
molecule of tetrabenzoporphyrin. (1 – molecule shown in Fig. 14 (c), 2 – molecule shown in 
Fig. 14 (d).)

FIGURE 4.13  Dependence of the energy difference ΔE = ELUMO – EHOMO on the 
number of substitutions in the molecule of tetrabenzoporphyrin. (1 – molecule shown in Fig. 
14 (c), 2 – molecule shown in Fig. 14 (d).)
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FIGURE 4.14  Molecule tetrabenzoporphyrin, arrows mark places of aza-substitution. (a) 
tetrabenzoporphyrin (symmetry D2h), (b) mono-substitution (symmetry C1), (c) disubstituted 
(symmetry D1h), (d) disubstituted (symmetry C2h), (e) triple substitution (symmetry C1), (f) 
phthalocyanine (symmetry D2h).

As can be seen from the above calculations, the most revealing changes oc-
cur, naturally, in the areas of substitution, with the apparent concentration of the 

© 2015 by Apple Academic Press, Inc.

 



The Influence of the Electron Density Distribution	 145

charge in the most likely coordination of potential electron acceptor. Characteristi-
cally, the improved method of density functional on the grid clearer tracks -orto and 
-para substitution options. In similar calculations for other metal derivatives of tet-
rabenzo-porphyrin there was no significant difference, however, it should be noted 
a significant effect of extraligand in the case of Fe-TBP / FeCl-TBP. According to 
Table 4.1, the ratio of their photocurrents (0.4/1.7 = 0.24) after full aza-substitution 
(Fe-Pc/ClFe-Pc) is almost unchanged (1.4/5.4 = 0.26), that is a significant advan-
tage of the pigment having extraligands on the central atom is saved. The quantum 
yield of the chlorinated form is 5 times higher. Therefore, looking more forward to 
the next subject of research, we present some of the data on these compounds (Figs. 
4.15–4.18).

FIGURE 4.15  Spatial distribution of the electron with spin “up” in the one-particle states 
of HOMO (a) and LUMO (b) for the ground state of Fe-phthalocyanine. Ground-state spin 
S = 1.

FIGURE 4.16  Spatial distribution of the electron with spin “down” in the one-particle 
states of HOMO (a) and LUMO (b) for the ground state of Fe-phthalocyanine. Ground-state 
spin S = 1.
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FIGURE 4.17  Spatial distribution of the electron with spin “up” in the one-particle states 
of HOMO (a) and LUMO (b) for the ground state of FeCl-phthalocyanine. Ground-state spin 
S = 3/2.

FIGURE 4.18  Spatial distribution of the electron with spin “down” in the one-particle 
states of HOMO (a) and LUMO (b) for the ground state of FeCl-phthalocyanine. Ground-
state spin S = 3/2.

The picture of changes in the distribution of electron density is so obvious, that 
practically does not require any comment. We note only that the most impressive 
version of Fig. 4.18 is unlikely, since it corresponds to the band gap of about 0.8 
eV, and the experimental values (about 1.5 eV) is more consistent with the spin-up 
states.

4.4  CONCLUSION

Thus, the set of considered measurements on films of aza-substituted metal-deriv-
atives of tetrabenzoporphyrin in combination with the data of quantum-chemical 
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calculations of the electron density and energy characteristics of the pigments, leads 
to several conclusions:

•	 Sequential substitution of carbon atoms in meso-position by nitrogen, that 
leads to a transition from the porphyrin structure to a phthalocyanine struc-
ture, increases the electron density in the area under consideration with the 
corresponding increase of charges in the p-electronic bonds.

•	 The obvious consequence of the increase of electron density in the important 
area of structural conjugation of macrocycle is a ring currents increase and 
compression of the cycle, which leads to a considerable increase of the inter-
molecular interaction.

•	 Consequences of the strengthening of the intermolecular interactions are 
bathochromic red shift of the absorption maxima, the increase in the extinc-
tion coefficients and the broadening of the absorption bands in the visible part 
of the spectrum, as well as the hypsochromic shift of the Soret band.

•	 Accordingly with the changes in the optical characteristics of the pigments it 
takes place a reduction of the band gap, lowering of the energy level of the va-
lence band, increasing of the depth of acceptor levels formed by the adsorbed 
oxygen. In this case, it can be seen as a positive change, since it brings pig-
ments to the value of the band gap of 1.5 eV, which is ideal for the converter 
of solar energy on the ground level.

•	 From a practical point of view, the redistribution of electron density in the 
very structurally similar molecules leads to a significant increase in chemo- 
and light fastness of pigments and oxidation potentials, to an 8–10 fold in-
crease in the photocurrent, 1.6–1.8 fold increase in photopotentials, 2–5 fold 
in the quantum yield on a current.
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ABSTRACT

This article is review about the intercommunication of fractal analysis and poly-
meric cluster medium model. It is shown that close intercommunication exists be-
tween notions of local order and fractality in a glassy polymers case, having key 
physical grounds and expressed by the simple analytical relationship. It has also 
been shown, that the combined usage of these complementing one another concepts 
allows to broaden possibilities of polymeric mediums structure and properties ana-
lytical description. The indicated expressions will be applied repeatedly in further 
interpretation.

5.1  INTRODUCTION

During the last 25 years a fractal analysis methods obtained wide spreading in both 
theoretical physics [1] and material science [2], in particular, in physics-chemistry 
of polymers [3–8]. This tendency can be explained by fractal objects wide spreading 
in nature.

There are two main physical reasons, which define intercommunication of frac-
tal essence and local order for solid-phase polymers: the thermodynamical non-
equilibrium and dimensional periodicity of their structure. In Ref. [9] the simple 
relationship was obtained between thermodynamical nonequilibrium characteristic 
– Gibbs function change at self-assembly (cluster structure formation of polymers 

imG∆   − and clusters relative fraction ϕcl in the form:

	 cl~imG f∆  	  (1)

This relationship graphic interpretation for amorphous glassy polymers − poly-
carbonate (PC) and polyarylate (PAr) – is adduced in Fig. 5.1. Since at T = Tg (Tm) 
(where T, Tg and Tm are testing, glass transition and melting temperatures, accord-
ingly) imG∆   =0 [10, 11], then from the Eq. (1) it follows, that at the indicated 
temperatures cluster structure full decay (ϕcl = 0) should be occurred or transition to 
thermodynamically equilibrium structure.

As for the intercommunication of parameters, characterizing structure fractality 
and medium thermodynamical nonequilibrium, it should exist indisputably, since 
precisely nonequilibium processes formed fractal structures. Solid bodies fracture 
surfaces analysis gives evidence of such rule fulfillment – a large number of ex-
perimental papers shows their fractal structure, irrespective of the analyzed material 
thermodynamical state [12]. Such phenomenon is due to the fact, that the fracture 
process is thermodynamically nonequilibrium one [13]. Polymers structure fractal-
ity is due to the same circumstance. The experimental confirmation can be found in 
papers [14–16]. As for each real (physical) fractal, polymers structure fractal prop-
erties are limited by the defined linear scales. So, in papers [14, 17] these scales 
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were determined within the range of several Ångströms (from below) up to several 
tens Ångströms (from above). The lower limit is connected with medium structural 
elements finite size and the upper one − with structure fractal dimension df limiting 
values [18]. The indicated above scale limits correspond well to cluster nanostruc-
ture specific boundary sizes: the lower – with statistical segment length lst, the upper 
– with distance between clusters Rcl [19].

FIGURE 5.1  The dependence of clusters relative fraction ϕcl on absolute value of specific 
Gibbs function of nonequilibrium phase transition | imG∆  | for amorphous glassy polymers – 
polycarbonate (1) and polyarylate (2) [3].

Polymeric medium’s structure fractality within the indicated above scale limits 
assumes the dependence of their density ρ on dimensional parameter L (see Fig. 5.2) 
as follows [1]:

	 f~ d dLr − ,	 (2)

where d is dimension of Euclidean space, into which a fractal is introduced.
In Fig. 5.3, amorphous polymers nanostructure cluster model is presented. As 

one can see, within the limits of the indicated above dimensional periodicity scales 
Figs. 5.2 and 5.3 correspond each other, that is, the cluster model assumes ρ reduc-
tion as far as possible from the cluster center. Let us note that well-known Flory 
“felt” model [20] does not satisfy this criterion, since for it ρ ≈ const. Since, as it was 
noted above, polymeric mediums structure fractality was confirmed experimentally 
repeatedly [14–16], then it is obvious, that cluster model reflects real solid-phase 
polymers structure quite plausibly, whereas “felt” model is far from reality. It is 
also obvious, that opposite intercommunication is true – for density ρ finite values 
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change of the latter within the definite limits means obligatory availability of struc-
ture periodicity.

FIGURE 5.2  The schematic dependence of density ρ on structure linear scale L for solid 
body in logarithmic coordinates. The fractal structures are formed within the range Lmin – Lmax 
[18].

FIGURE 5.3  The model of cluster structure for amorphous polymeric media [7].

Meanwhile, we must not over look the fact that fractal analysis gives only 
polymers structure general mathematical description only, that is, does not identify 
those concrete structural units (elements), which any real polymer consists. At the 
same time, the physical description of polymers thermodynamically nonequilibrium 
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structure within the frameworks of local order notions is given by the cluster model 
of amorphous polymers structure gives, which is capable of its elements quantitative 
identification [21].

The well described in literature experimental studies was served as premise for 
the cluster model development. As it is known (see, e.g., [22, 23]) high-molecu-
lar amorphous polymeric mediums, which are in glassy state, at their deformation 
above glass transition temperature can display high-elastic behavior (when high-
elasticity plateau is formed), which can be described by the high-elasticity theory 
rules. Personally, Langievene [24, 25] and Gauss [26] equations can be used for 
polymers behavior description large strains. In the latter it is assumed that at defor-
mation in plateau region polymeric chain is not stretched fully and the relationship 
between true stress σtr and drawing ratio λ at uniaxial tension is written as follows:

	 σtr = Gp (Λ
2 − Λ−1),	  (3)

where Gp is the so-called strain hardening modulus.
The value Gp knowledge allows formally to calculate the density νe of macromo-

lecular entanglements network in polymeric medium according to the well-known 
expressions of high-elasticity theory [23]:

	
e

p

RTM
G

r
= ,	  (4)

	 A
e

e

N
M

rν = ,	 (5)

where ρ is polymer density, R is universal gas constant, T is testing temperature, Me 
is molecular weight of chain part between entanglements, NA is Avogadro number.

However, the attempts to estimate the value Me (or νe) according to the deter-
mined from Eq. (3) Gp values result to unlikely low calculated values Me (or unreal 
high values νe), contradicting to Gaussian statistics requirements, which assume 
availability on chain part between entanglements no less than ∼ 13 monomer links 
[27].

As alternative the authors [28] assumed, that besides the indicated above binary 
hooking network in polymers glassy state another entanglements type was avail-
able, nodes of which by their structure were similar to crystallites with stretched 
chains (СSС). Such entanglements node possesses large enough functionality F (un-
der node functionality emerging from it chains number is assumed [29] and it was 
called cluster. Cluster consists of different macromolecules segments and each such 
segment length is postulated equal to statistical segment length lst (“stiffness part” of 
chain [30]). In that case the effective (real) molecular weight of chain part between 
clusters ef

clM  can be calculated as follows [29]:
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	 ef cl
cl 2

M F
M = ,	 (6)

where Mcl is molecular weight of the chain part between cluster, calculated accord-
ing to the Eq. (4).

It is obvious, that at large enough F the reasonable values ef
clM , satisfied to 

Gaussian statistics requirements, can be obtained. Further on for parameters of en-
tanglements cluster network and macromolecular binary hookings network distinc-
tion we will used the indices “cl” and “e,” accordingly. Therefore, the offered in Ref. 
[28] model assumes, that amorphous polymer structure represents itself local order 
regions (domains), consisting of different macromolecules collinear densely packed 
segments (clusters), immersed in loosely packed matrix. Simultaneously clusters 
play the role of physical entanglements network multifunctional nodes. The value F 
(within the frameworks of high-elasticity theory) can be estimated as follows [31]:

	
cl

2
2

G
F

kTν
∞= + ,	 (7)

where G∞ is equilibrium shear modulus, k is Boltzmann constant, νcl is cluster net-
work density.

In Fig. 5.4, the dependences νcl (T) for polycarbonate (PC) and polyarylate (PAr) 
are adduced. These dependences show cl reduction at T growth, that assumes local 
order regions (clusters) thermofluctuational nature. Besides, on the indicated depen-
dences two characteristic temperatures are found easily. The first from them, glass 
transition temperature Tg, defines clusters full decay (see also Fig. 5.1), the second 
T′g, corresponds to the fold on curves νcl (T) and settles down on about 50 K lower Tg.

FIGURE 5.4  The dependences of macromolecular entanglements cluster network density 
νcl on testing temperature T for PC (1) and PAr (2) [28].

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18259-6&iName=master.img-003.jpg&w=199&h=180


On Fractal Analysis and Polymeric Cluster Medium Model	 155

Earlier within the frameworks of local order concepts it has been shown that 
temperature T′g is associated with segmental mobility releasing in polymer loosely 
packed regions. This means, that within the frameworks of cluster model T′g can be 
associated with loosely packed matrix devitrification. The dependences F (T) for the 
same polymers have a similar form (Fig. 5.5).

Two main models, describing local order structure in polymers (with folded [34] 
and stretched [28] chains) allows to make common conclusion: local order regions 
in polymer matrices play role of macromolecular entanglements physical network 
nodes [28, 34]. However, their reaction on mechanical deformation should be dis-
tinguished essentially, it at large strains regions with folded chains (“bundles”) are 
capable to unfolding of folds in straightened conformations, then clusters have no 
such possibility and polymer matrix deformation can occur by “tie” chains (con-
necting only clusters) straightening, that is, by their orientation in the applied stress 
direction.

FIGURE 5.5  The dependence of clusters functionality F on testing temperature T for PC 
(1) and PAr (2) [28].

Turning to analogy about mediums with crystalline morphology of polymer 
matrices, let us note, that semicrystalline polymers (e.g., high-molecular polyeth-
ylenes) large strains, making 1000 ÷ 2000%, are realized owing to crystallites folds 
unfolding [35].
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Proceeding from the said above and analyzing values of polymers limiting 
strains, one can obtain the information about local order regions type in amorphous 
and semicrystalline polymers. The fulfilled by the authors [36] calculations have 
show that the most probable type of local nanostructures in amorphous polymer 
matrix is an analog of crystallite with stretched chains, that is, cluster.

Let us note, completing this topic, that for the local order availability substantia-
tion in amorphous polymer matrix (irrespective to concrete structural model of me-
dium) strict mathematical proofs of the most common character exist. For example, 
according to the proved in numbers theory Ramsey′s theorem any large enough 
quantity Ni > R (i, j) of numbers, points or objects (in the considered case – statisti-
cal segments) contains without fail high-ordered system from Nj ≤ R (i, j) such seg-
ments. Therefore, absolute disordering of large systems (structures) is impossible 
[37, 48].

As it is known [39], structures, which behave themselves as fractal ones on 
small length scales and as homogeneous ones – on large ones, are named homoge-
neous fractals. Percolation clusters near percolation threshold are such fractals [1]. 
As it will be shown lower, cluster structure is a percolation system and in virtue of 
the said above – homogeneous fractal. In other words, local order availability in 
polymers condensed state testifies to there structure fractality [21].

The percolation system fractal dimension df can be expressed as follows [39]

	
p

p
f ν

β
−= dd ,	  (8)

where βp and νp are critical exponents (indices) in percolation theory.
Hence, the condition βp ≠ 0, which follows from the data of table 1.1, also testi-

fies to also polymer matrix structure fractality. It is obvious, that polymer medium 
structure fractality can be determined by the dependence of ϕcl on temperature, that 
is, using analysis of local order thermofluctuational effect (see Fig. 5.4). Let us note 
that structure fractality and “freezing” below Tg local order (φcl = const) from the 
physical point of view are interexepting notions.

TABLE 5.1  A Percolation Clusters Characteristics [5]

Parameter Experimentally determined magnitudes Theoretical “geometrical”
magnitudesEP-1 EP-2

βp 0.54 0.58 0.40
ν 1.20 1.15 0.88
βp/νp 0.45 0.50 0.46
df 2.55 2.50 2.55

*EP-1 and EP-2 are epoxy polymers on the basis of resin ED-22.
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The considered above principles allow to connect by analytical relationship the 
fractal dimension df and local order characteristics ϕcl (or νcl). According to the Ref. 
[18] the value df is connected with Poisson′s ratio ν as follows:

	 df = (d − 1) (1 + ν),	 (9)

and the value ν is connected, in its turn, with νcl according to the relationship [21]:

	 ( )1 210
0 cl0,5 3,22 10 lν ν−= − × 	 (10)

where the following intercommunication between ϕcl exists:

	 ϕcl = Sl0C∞ϕcl,	 (11)

where S is macromolecule cross-sectional area, l0 is main chain skeletal length, C∞ 
is characteristic ratio.

From the Eqs. (9) ÷ (11) the dependence of df on ϕcl or νcl can be obtained for the 
most often used case d = 3 [21]:

	
1 2

10 cl
f 3 6,44 10d

SC
f−

∞

 
= − ×   

	  (12)

or

	 ( )1 210
f 0 cl3 6,44 10d l ν−= − × 	 (13)

Let us note, returning to the Eq. (1), that its substation in Eq. (12) allows to ob-
tain the following relationship:

	 ( )2im
f~ 3G C S d∞∆ − 	 (14)

The value imG∆   (Gibbs specific function of local, for example, supra-molecular 
structures formation) is given for nonequilibrium phase transition “supercooled liq-
uid → solid body” [11]. From the Eq. (14) it follows, that the condition imG∆   = 0 is 
achieved at df = 3, that is, at df = d and at transition to Euclidean behavior. In other 
words, a fractal structures are formed only in nonequilibrium processes course, 
which was noted earlier [12].

Above general reasoning’s about possibility of existence in polymeric media of 
local order regions, based on the Ramsey theorem, were presented in a simplified 
enough form. It can be shown similarly, that any structure, consisting of N elements, 
at N > BN (j) represents it self totality of finite number k ≤ j of put into each other 
self-similar structures, Hausdorff dimension of which in the general case can be dif-
ferent one. Therefore, any structure irrespective of its physical nature, consisting of 
a large enough elements number, can be represented as multifractal (in partial case 
as monofractal) and described by spectrum of Renyi dimensions dq, q = – ∞÷+  [18]. 
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In Ref. [40] it has been shown, that the condensed systems attainment to self-orga-
nization in scale – invariant multifractal forms is the result of key principles of open 
systems thermodynamics and dq is defined by competition of short- and long-range 
interatomic correlations, determining volume compressibility and shear stiffness of 
solid bodies, accordingly.

5.2  CONCLUSION

It can be noted as a brief resume to this chapter, that close intercommunication exists 
between notions of local order and fractality in a glassy polymers case, having key 
physical grounds and expressed by the simple analytical relationship (the Eqs. (12) 
and (13)). It has also been shown, that the combined usage of these complementing 
one another concepts allows to broaden possibilities of polymeric mediums struc-
ture and properties analytical description. The indicated expressions will be applied 
repeatedly in further interpretation.
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ABSTRACT

The stated in the present article results give purely practical aspect of such theoreti-
cal concepts as the cluster model of polymers amorphous state stricture and frac-
tal analysis application for the description of structure and properties of polymers, 
treated as natural nanocomposites. The necessary nanostructure goal-directed mak-
ing will allow to obtain polymers, not yielding (and even exceeding) by their proper-
ties to the composites, produced on their basis. Structureless (defect-free) polymers 
are imagined the most perspective in this respect. Such polymers can be natural re-
placement for a large number of elaborated at present polymer nanocomposites. The 
application of structureless polymers as artificial nanocomposites polymer matrix 
can give much larger effect. Such approach allows to obtain polymeric materials, 
comparable by their characteristics with metals (e.g., with aluminum).

6.1  INTRODUCTION

The idea of different classes polymers representation as composites is not new. Even 
35 years ago Kardos and Raisoni [1] offered to use composite models for the de-
scription of semicrystalline polymers properties number and obtained prediction of 
the indicated polymers stiffness and thermal strains to a precision of ±20%. They 
considered semicrystalline polymer as composite, in which matrix is the amorphous 
and the crystallites are filler. Kardos and Raisoni [1] also supposed that other poly-
mers, for example, hybrid polymer systems, in which two components with differ-
ent mechanical properties were present, obviously can be simulated by a similar 
method.

In Ref. [2] it has been pointed out, that the most important consequence from 
works by supramolecular formation study is the conclusion that physical-mechanical 
properties depend in the first place on molecular structure, but are realized through 
supramolecular formations. At scales interval and studies methods resolving abil-
ity of polymers structure the nanoparticle size can be changed within the limits of 
1÷100 and more nanometers. The polymer crystallites size makes up 10÷20 nm. The 
macromolecule can be included in several crystallites, since at molecular weight of 
order of 6×104 its length makes up more than 400 nm. These reasoning’s point out, 
that macromolecular formations and polymer systems in virtue of their structure 
features are always nanostructural systems.

However, in the cited above works the amorphous glassy polymers consider-
ation as natural composites (nanocomposites) is absent, although they are one of 
the most important classes of polymeric materials. This gap reason is quite enough 
that is, polymers amorphous state quantitative model absence. However, such model 
appearance lately [3–5] allows to consider the amorphous glassy polymers (both lin-
ear and cross-linked ones) as natural nanocomposites, in which local order regions 
(clusters) are nanofiller and surrounded them loosely packed matrix of amorphous 
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polymers structure is matrix of nanocomposite. Proceeding from the said above, in 
the present chapter description of amorphous glassy polymers as natural nanocom-
posites, their limiting characteristics determination and practical recommendation 
by the indicated polymers properties improvement will be given.

6.2  NATURAL NANOCOMPOSITES STRUCTURE

The synergetics principles revealed structure adaptation mechanism to external in-
fluence and are universal ones for self-organization laws of spatial structures in 
dynamical systems of different nature. The structure adaptation is the reformation 
process of structure, which loses stability, with the new more stable structure self-
organization. The fractal (multifractal) structure, which is impossible to describe 
within the framework of Euclidean geometry, are formed in reformation process. 
A wide spectrum of natural and artificial topological forms, the feature of which is 
self-similar hierarchically organized structure, which amorphous glassy polymers 
possessed [6], belongs to fractal structures.

The authors [7, 8] considered the typical amorphous glassy polymer (polycar-
bonate) structure change within the frameworks of solid body synergetics.

The local order region, consisting of several densely packed collinear segments 
of various polymer chains (for more details see previous paper) according to a signs 
number should be attributed to the nanoparticles (nanoclusters) [9]:

1.	 their size makes up 2÷5 nm;
2.	 they are formed by self-assemble method and adapted to the external influ-

ence (e.g., temperature change results to segments number per one nanoclu-
ster change);

3.	 the each statistical segment represents an atoms group and boundaries be-
tween these groups are coherent owing to collinear arrangement of one seg-
ment relative to another.

The main structure parameter of cluster model-nanoclusters relative fraction φcl, 
which is polymers structure order parameter in strict physical sense of this tern, 
can be calculated according to the equation (see Chapter 5). In its turn, the polymer 
structure fractal dimension df value is determined according to the equations (see 
Chapter 5).

In Fig. 6.1, the dependence of φcl on testing temperature T for PC is shown, 
which can be approximated by the broken line, where points of folding (bifurca-
tion points) correspond to energy dissipation mechanism change, coupling with the 
threshold values φcl reaching. So, in Fig, 6.1. T1 corresponds to structure “freezing” 
temperature T0 [4], T2 to loosely packed matrix glass transition temperature T′g [11] 
and T3 to polymer glass transition temperature Tg.
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FIGURE 6.1  The dependence of nanoclusters relative fraction φcl on testing temperature T 
for PC. The critical temperatures of bifurcation points are indicated by arrows (explanations 
are given in the text) [18].

Within the frameworks of solid body synergetics it has been shown [12], that 
at structures self-organization the adaptation universal algorithm [12] is realized at 
transition from previous point of structure instability to subsequent one. The value 
m = 1 corresponds to structure minimum adaptivity and m = m* to maximum one. In 
Ref. [12], the table is adduced, in which values Am, m and ∆i are given, determined 
by the gold proportion rule and corresponding to spectrum of structure stability 
measure invariant magnitudes for the alive and lifeness nature systems. The indi-
cated table usage facilitates determination of the interconnected by the power law 
stability and adaptivity of structure to external influence [12].

Using as the critical magnitudes of governing parameter the values ϕcl in the 
indicated bifurcation points T0, Tg’ and Tg ( clf′  and *

clT , accordingly) together with 
the mentioned above table data [12], values Am, ∆i and for PC can be obtained, which 
are adduced in table 1. As it follows from the data of this table, systematic reduction 
of parameters Am and ∆i at the condition m = 1 = const is observed. Hence, within 
the frameworks of solid body synergetics temperature Tg’ can be characterized as 
bifurcation point ordering-degradation of nanostructure and Tg – as nanostructure 
degradation-chaos [12].

It is easy to see, that ∆i decrease corresponds to bifurcation point critical tem-
perature increase.
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TABLE 6.1  The Critical Parameters of Nanocluster Structure State for PC [8]

The temperature 
range clf′ *

clf Am ∆i m m*

213÷333 K 0.528 0.330 0.623 0.618 1 1
333÷390 K 0.330 0.153 0.465 0.465 1 2
390÷425 K 0.153 0.049 0.324 0.324 1 8

Therefore, critical temperatures Tcr (T0, Tg’ and Tg) values increase should be ex-
pected at nanocluster structure stability measure ∆i reduction. In Fig. 6.2, the depen-
dence of Tcr in ∆i reciprocal value for PC is adduced, on which corresponding values 
for polyarylate (PAr) are also plotted. This correlation proved to be linear one and 
has two characteristic points. At ∆i = 1 the linear dependence Tcr ( 1

i
−∆ ) extrapolates 

to Tcr = 293K, that is, this means, that at the indicated ∆i value glassy polymer turns 
into rubber-like state at the used testing temperature T = 293K. From the data of the 
determined by gold proportion law ∆i = 0.213 at m = 1 follows [12]. In the plot of 
Fig. 6.2 the greatest for polymers critical temperature Tcr = Tll. (Tll is the temperature 
of “liquid 1 to liquid 2” transition), defining the transition to “structureless liquid” 
[13], corresponds to this minimum ∆magnitude. For polymers this means the ab-
sence of even dynamical short-lived local order [13].

FIGURE 6.2  The dependence of critical temperatures Tcr on reciprocal value of nanocluster 
structure stability measure ∆i for PC (1) and PAr (2), 3 – Tll value for PC [19].
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Hence, the stated above results allow giving the following interpretation of criti-

cal temperatures gT ′  and Tg of amorphous glassy polymers structure within the 
frameworks of solid body synergetics. These temperatures correspond to governing 
parameter (nanocluster contents) φcl critical values, at which reaching one of the 
main principles of synergetics is realized-subordination principle, when a variables 
set is controlled by one (or several) variable, which is an order parameter. Let us 
also note reformations number m = 1 corresponds to structure formation mechanism 
particle-cluster [4, 5].

The authors [14, 15] considered synergetics principles application for the de-
scription of behavior of separate nanocluster structure, characterized by the integral 
parameter φcl nanoclusters in the system for the same amorphous glassy polymers. 
This aspect is very important, since, as it will be shown is subsequent sections, just 
separate nanoclusters characteristics define natural nanocomposites properties by 
critical mode. One from the criterions of nanoparticle definition has been obtained 
in Ref. [16]: atoms number Nat in it should not exceed 103 ÷ 104. In Ref. [15] this 
criterion was applied to PC local order regions, having the greatest number of sta-
tistical segments ncl = 20. Since nanocluster is amorphous analog of crystallite with 
the stretched chains and at its functionality F a number of chains emerging from it 
is accepted, then the value ncl is determined as follows [4]:

	 cl 2
Fn = ,	 (1)

where the value F was calculated according to the Eq. (1.7) in previous publication.
The statistical segment volume simulated as a cylinder, is equal to lstS and fur-

ther the volume per one atom of substance (PC) a3 can be calculated according to 
the equation [17]:

	 3

A

Ma
N pr

= ,	 (2)

where M is repeated link molar mass, ρ is polymer density, NA is Avogadro number, 
p is atoms number in a repeated link.

For PC M = 264 g/mol, ρ = 1200 kg/m3 and p = 37. Then a3 = 9,54 Å3 and the 
value Nat can be estimated according to the following simple equation [17]:

	 st cl
at 3

l S n
N

a
⋅ ⋅

= 	 (3)

For PC Nat = 193 atoms per one nanocluster (for ncl = 20) is obtained. It is obvi-
ous that the indicated value Nat corresponds well to the adduced above nanoparticle 
definition criterion (Nat = 103÷104) [9, 17].

Let us consider synergetics of nanoclusters formation in PC and PAr. Using the 
Eq. (3) as governing parameter critical magnitudes ncl values at testing temperature 
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T consecutive change and the indicated above the table of the determined by gold 
proportion law values Am, m and ∆i, the dependence ∆(T) can be obtained, which is 
adduced in Fig. 6.3. As it follows from this figure data, the nanoclusters stability 
within the temperature range of 313 ÷ 393K is approximately constant and small (∆i 
≈ 0.232 at minimum value ∆i ≈ 0.213) and at T > 393K fast growth ∆i (nanoclusters 
stability enhancement) begins for both considered polymers.

This plot can be explained within the frameworks of a cluster model [3–5]. In 
Fig. 6.3, glass transition temperatures of loosely packed matrix gT ′ , which are ap-
proximately 50 K lower than polymer macroscopic glass transition temperature Tg, 
are indicated by vertical shaded lines. At gT ′  instable nanoclusters, that is, having 
small ncl decay occurs. At the same time stable and, hence, more steady nanoclusters 
remain as a structural element, that results to ∆i growth [14].

FIGURE 6.3  The dependence of nanoclusters stability measure ∆i on testing temperature 
T for PC (1) and PAR (2). The vertical shaded lines indicate temperature gT ′  for PC (1’) and 
PAR (2’) [14].
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FIGURE 6.4  The dependences of reformations number m for nanoclusters on testing 
temperature T. The designations are the same as in Fig. 6.3 [14].

In Fig. 6.4 the dependences of reformations number m on testing temperature 
T for PC and PAr are adduced. At relatively low temperatures (T < gT ′) segments 
number in nanoclusters is large and segment joining (separation) to nanoclusters oc-
curs easily enough, that explains large values m. At T → gT ′  reformations number re-
duces sharply and at T > gT ′  m ≈ 4. Since at T > gT ′  in the system only stable clusters 
remain, then it is necessary to assume, that large m at T < gT ′  are due to reformation 
of just instable nanoclusters [15].

In Fig. 6.5, the dependence of ncl on m is adduced. As one can see, even small m 
enhancement within the range of 2÷16 results to sharp increasing in segments num-
ber per one nanocluster. At m ≈ 32 the dependence ncl(m) attains asymptotic branch 
for both studied polymers. This supposes that ncl ≈ 16 is the greatest magnitude for 
nanoclusters and for m ≥ 32 this term belongs equally to both joining and separation 
of such segment from nanocluster.

In Fig. 6.6, the relationship of stability measure ∆i and reformations number m 
for nanoclusters in PC and PAr is adduced. As it follows from the data of this figure, 
at m ≥ 16 (or, according to the data of Fig. 6.5, ncl ≥ 12) ∆i value attains its minimum 
asymptotic magnitude ∆i = 0.213 [12]. This means, that for the indicated ncl values 
nanoclusters in PC and PAr structure are adopted well to the external influence 
change (Am ≥ 0.91).
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FIGURE 6.5  The dependence of segments number per one nanocluster ncl on reformations 
number m for PC (1) and PAR (2) [14].

FIGURE 6.6  The dependence of stability measure ∆i on reformation number m for PC (1) 
and PAR (2) [14].

Nanoclusters formation synergetics is directly connected with the studied poly-
mers structure macroscopic characteristics. As it has been noted above, the fractal 
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structure, characterized by the dimension df, is formed as a result of nanoclusters 
reformations. In Fig. 6.7, the dependence df (∆i) for the considered polymers is ad-
duced, from which df increase at ∆i growth follows. This means, that the increasing 
of possible reformations number m, resulting to ∆i reduction (Fig. 6.6), defines the 
growth of segments number in nanoclusters, the latter relative fraction ϕcl enhance-
ment and, as consequence, df reduction [3–5].

And let us note in conclusion the following aspect, obtaining from the plot ∆i 
(T) (Fig. 6.3) extrapolation to maximum magnitude ∆i ≈ 1.0. The indicated ∆i value 
is reached approximately at T ≈ 458 K that corresponds to mean glass transition 
temperature for PC and Par. Within the frameworks of the cluster model Tg reaching 
means polymer nanocluster structure decay [3–5] and, in its turn, realization at Tg 
of the condition ∆i ≈ 1.0 means, that the “degenerated” nanocluster, consisting of 
one statistical segment or simply statistical segment, possesses the greatest stability 
measure. Several such segments joining up in nanocluster mains its stability reduc-
tion (see Figs. 6.5 and 6.6), that is the cause of glassy polymers structure thermody-
namical nonequilibrium [14].

FIGURE 6.7  The dependence of structure fractal dimension df on stability measure of 
nanoclusters ∆i for PC (1) and PAR (2) [14].

Therefore, the stated above results showed synergetics principles applicability 
for the description of association (dissociation) processes of polymer segments in 
local order domains (nanoclusters) in case of amorphous glassy polymers. Such 
conclusion can be a priori, since a nanoclusters are dissipative structures [6]. Testing 
temperature increase rises nanoclusters stability measure at the expense of possible 
reformations number reduction [14, 15].

As it has been shown lately, the notion “nanoparticle” (nanocluster) gets well 
over the limits of purely dimensional definition and means substance state specific 
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character in sizes nanoscale. The nanoparticles, sizes of which are within the range 
of order of 1 ÷ 100 nm, are already not classical macroscopic objects. They repre-
sent themselves the boundary state between macro and microworld and in virtue of 
this they have specific features number, to which the following ones are attributed:

1.	 nanoparticles are self-organizing nonequilibrium structures, which submit 
to synergetics laws;

2.	 they possess very mature surface;
3.	 nanoparticles possess quantum (wave) properties.
For the nanoworld structures in the form of nanoparticles (nanoclusters) their 

size, defining the surface energy critical level, is the information parameter of feed-
back [19].

The first from the indicated points was considered in detail above. The authors 
[20, 21] showed that nanoclusters surface fractal dimension changes within the 
range of 2.15 ÷ 2.85 that is their well developed surface sign. And at last, let us 
consider quantum (wave) aspect of nanoclusters nature on the example of PC [22]. 
Structural levels hierarchy formation and development “scenario” in this case can 
be presented with the aid of iterated process [23]:

	 ,...2,1,0;; 1 ==λ= +
λλ kBaBal k

k
k

k ,	  (4)

where lk is specific spatial scale of structural changes, λk is length of irradiation 
sequence, which is due to structure reformation, k is structural hierarchy sublevel 
number, Bλ = λb/〈a〉 = 2.61 is discretely wave criterion of microfracture, λb is the 
smallest length of acoustic irradiation sequence.

FIGURE 6.8  The dependences of structural changes specific spatial scale lk at Bλ = 1.06 (1) 
and 1.19 (2) and nanoclusters radius rcl (3) on testing temperature T for PC [22].
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In Fig. 6.8, the dependences of lk and nanoclusters radius rcl on T are adduced, 
where lk was determined according to the Eq. (4) and the value rcl was calculated 
according to the formula (in Chapter 5). As it follows from the data of Fig. 6.8, the 
values lk and rcl agree within the whole studied temperatures range. Let us note, that 
if in Ref. [23] the value Bλ = 2.61, then for PC the indicated above agreement was 
obtained at Bλ = 1.19 and 1.06. This distinction confirms the thesis about distinction 
of synergetics laws in reference to nano-microworld objects (let us remind, that the 
condition Bλ = 2.61 is valid even in the case of earthquakes [14]). It is interesting to 
note, that Bλ change occurs at glass transition temperature of loosely packed matrix, 
that is, approximately at Tg – 50 K [11].

Hence, the stated above results demonstrated that the nanocluster possessed 
all nanoparticles properties, that is, they belonged to substance intermediate state-
nanoworld.

And in completion of the present section let us note one more important feature 
of natural nanocomposites structure. In Refs. [24, 25], the interfacial regions absence 
in amorphous glassy polymers, treated as natural nanocomposites, was shown. This 
means, that such nanocomposites structure represents a nanofiller (nanoclusters), 
immersed in matrix (loosely packed matrix of amorphous polymer structure), that 
is, unlike polymer nanocomposites with inorganic nanofiller (artificial nanocom-
posites) they have only two structural components.

6.3  THE NATURAL NANOCOMPOSITES REINFORCEMENT

As it is well-known [26], very often a filler introduction in polymer matrix is car-
ried out for the last stiffness enhancement. Therefore, the reinforcement degree of 
polymer composites, defined as a composite and matrix polymer elasticity moduli 
ratio, is one of their most important characteristics.

At amorphous glassy polymers as natural nanocomposites treatment the esti-
mation of filling degree or nanoclusters relative fraction ϕcl has an important sig-
nificance. Therefore, the authors [27] carried out the comparison of the indicated 
parameter estimation different methods, one of which is EPR-spectroscopy (the 
method of spin probes). The indicated method allows studying amorphous polymer 
structural heterogeneity, using radicals distribution character. As it is known [28], 
the method, based on the parameter d1/dc – the ratio of spectrum extreme compo-
nents total intensity to central component intensity-measurement is the simplest and 
most suitable method of nitroxil radicals local concentrations determination. The 
value of dipole-dipole interaction ∆Hdd is directly proportional to spin probes con-
centration Cw [29]:

	 ∆Hdd = A⋅Cw,	 (5)

where A = 5×10–20 Ersted⋅cm3 in the case of radicals chaotic distribution.
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On the basis of the Eq. (5) the relationship was obtained, which allows to calcu-
late the average distance r between two paramagnetic probes [29]:

	 ( ) 1/3
dd38r H −= ∆ , Å	 (6)

where ∆Hdd is given in Ersteds.
In Fig. 6.9, the dependence of d1/dc on mean distance r between chaotically dis-

tributed in amorphous PC radicals-probes is adduced. For PC at T = 77K the values 
of d1/dc = 0.38 ÷ 0.40 were obtained. One can make an assumption about volume 
fractions relation for the ordered domains (nanoclusters) and loosely packed matrix 
of amorphous PC. The indicated value d1/dc means, that in PC at probes statistical 
distribution 0.40 of its volume is accessible for radicals and approximately 0.60 of 
volume remains unoccupied by spin probes, that is, the nanoclusters relative frac-
tion ϕcl according to the EPR method makes up approximately 0.60÷0.62.

FIGURE 6.9  The dependence of parameter d1/dc of EPR spectrum on the value of mean 
distance r between radicals for PC [27].

This result corresponds well to the experimental data of Yech [30] and Perepech-
ko [31], who obtained the values 0.60 and 0.63 for densely packed regions relative 
fraction in amorphous polymers.

The authors of Ref. [11] fulfilled ϕcl estimation with the aid of reversed gas 
chromatography and obtained the following magnitudes of this parameter for PC, 
poly (methyl methacrylate) and polysulfone: 0.70, 0.60 and 0.65, accordingly (Table 
6.2).
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Within the frameworks of the cluster model ϕcl estimation can be fulfilled by the 
percolation relationship (in Chapter 5) usage. Let us note, that in the given case the 
temperature of polymers structure quasiequilibrium state attainment, lower of which 
ϕcl value does not change, that is, T0 [32], is accepted as testing temperature T. The 
calculation ϕcl results according to the equation (in Chapter 5) for the mentioned 
above polymers are adduced in Table 6.2, which correspond well to other authors 
estimations.

Proceeding from the circumstance, that radicals-probes are concentrated mainly 
in intercluster regions, the nanocluster size can be estimated, which in amorphous 
PC should be approximately equal to mean distance r between two paramagnetic 
probes, that is, ~50 Å (Fig. 6.9). This value corresponds well to the experimental 
data, obtained by dark-field electron microscopy method (≈ 30 ÷ 100 Å) [33].

Within the frameworks of the cluster model the distance between two neighbor-
ing nanoclusters can be estimated according to the equation (in Chapter 5) as 2Rcl. 
The estimation 2Rcl by this mode gives the value 53.1 Å (at F = 41) that corresponds 
excellently to the method EPR data.

Thus, the Ref. [27] results showed, that the obtained by EPR method natural 
nanocomposites (amorphous glassy polymers) structure characteristics correspond-
ed completely to both the cluster model theoretical calculations and other authors 
estimations. In other words, EPR data are experimental confirmation of the cluster 
model of polymers amorphous state structure.

The treatment of amorphous glassy polymers as natural nanocomposites allows 
to use for their elasticity modulus Ep (and, hence, the reinforcement degree Ep/El.m., 
where El.m. is loosely packed matrix elasticity modulus) description theories, devel-
oped for polymer composites reinforcement degree description [9, 17]. The authors 
[34] showed correctness of particulate-filled polymer nanocomposites reinforce-
ment of two concepts on the example of amorphous PC. For theoretical estimation 
of particulate-filled polymer nanocomposites reinforcement degree En/Em two equa-
tions can be used. The first from them has the look [35]:

	
1,7n
n

m
1

E
E

f= + ,	  (7)

where En and Em are elasticity moduli of nanocomposites and matrix polymer, ac-
cordingly, φn is nanofiller volume contents.

The second equation offered by the authors of Ref. [36] is:

	 n stn
1/2

m p

0,19
1

W lE
E D

= + ,	 (8)

where Wn is nanofiller mass contents in mas.%, Dp is nanofiller particles diameter 
in nm.
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Let us consider included in the Eqs. (7) and (8) parameters estimation methods. 
It is obvious, that in the case of natural nanocomposites one should accept: En = Ep, 
Em = El.m. and ϕn = ϕcl, the value of the latter can be estimated according to the equa-
tion (in Chapter 5).

FIGURE 6.10  The dependence of elasticity modulus Ep on nanoclusters relative fraction 
φcl for PC [34].

The mass fraction of nanoclusters Wcl can be calculated as follows [37]:

	 Wcl = ρϕcl,	  (9)

where ρ is nanofiller (nanoclusters) density which is equal to 1300 kg/m3 for PC.
The value El.m. can be determined by the construction of Ep (ϕcl) plotting, which 

is adduced in Fig. 6.10. As one can see, this plot is approximately linear and its 
extrapolation to ϕcl = 0 gives the value El.m. And at last, as it follows from the nano-
clusters definition (see Chapter 1) one should accept Dp ≈ lst for them and then the 
Eq. (8) accepts the following look [34]:

In Fig. 6.11, the comparison of theoretical calculation according to the Eqs. (7) 
and (10) with experimental values of reinforcement degree Ep/El.m. for PC is ad-
duced. As one can see, both indicated equations give a good enough correspondence 
with the experiment: their average discrepancy makes up 5.6% in the Eq. (7) case 
and 9.6% for the Eq. (10). In other words, in both cases the average discrepancy 
does not exceed an experimental error for mechanical tests. This means, that both 
considered methods can be used for PC elasticity modulus prediction. Besides, it 
necessary to note, that the percolation relationship (7) qualitatively describes the 
dependence Ep/El.m. (ϕcl) better, than the empirical equation (10).
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1/2n

cl st
m

1 0,19
E

l
E

rf= + 	 (10)

The obtained results allowed making another important conclusion. As it is 
known, the percolation relationship (7) assumes, that nanofiller is percolation sys-
tem (polymer composite) solid-body component and in virtue of this circumstance 
defines this system elasticity modulus. However, for artificial polymer particulate-
filled nanocomposites, consisting of polymer matrix and inorganic nanofiller, the 
Eq. (7) in the cited form gives the understated values of reinforcement degree. The 
authors [9, 17] showed, that for such nanocomposites the sum (ϕn+ϕif), where ϕif 
was interfacial regions relative fraction, was a solid-body component. The corre-
spondence of experimental data and calculation according to the Eq. (7) demon-
strates, that amorphous polymer is the specific nanocomposite, in which interfacial 
regions are absent [24, 25]. This important circumstance is necessary to take into 
consideration at amorphous glassy polymers structure and properties description 
while simulating them as natural nanocomposites. Besides, one should note, that 
unlike micromechanical models the Eqs. (7) and (10) do not take into account nano-
filler elasticity modulus, which is substantially differed for PC nanoclusters and 
inorganic nanofillers [34].

FIGURE 6.11  The dependences of reinforcement degree Ep/El.m on nanoclusters relative 
fraction ϕcl for PC. 1 – calculation according to the equation (7); 2 – calculation according to 
the equation (10); 3 – the experimental data [34].

Another mode of natural nanocomposites reinforcement degree description is 
micromechanical models application, developed for polymer composites mechani-
cal behavior description [1, 37–39]. So, Takayanagi and Kerner models are often 
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used for the description of reinforcement degree on composition for the indicated 
materials [38, 39]. The authors [40] used the mentioned models for theoretical treat-
ment of natural nanocomposites reinforcement degree temperature dependence on 
the example of PC.

Takayanagi model belongs to a micromechanical composite models group, al-
lowing empirical description of composite response upon mechanical influence on 
the basis of constituent it elements properties. One of the possible expressions with-
in the frameworks of this model has the following look [38]:

	 ( )
( )

m m f fc

m f m m f1
G GG

G G G
f α f

αf αf
+ +

=
+ +

,	 (11)

where Gc, Gm and Gf are shear moduli of composite, polymer matrix and filler, ac-
cordingly, ϕm and ϕf are polymer matrix and filler relative fractions, respectively, α 
is a fitted parameter.

Kerner equation is identical to the Eq. (11), but for it the parameter α does not 
fit and has the following analytical expression [38]:

	 ( )
( )

m
m

m

2 4 5v
7 5v

α
−

=
−

,	 (12)

where αm and νm are parameter α and Poisson’s ratio for polymer matrix.
Let us consider determination methods of the Eqs. (11) and (12) parameters, 

which are necessary for the indicated equations application in the case of natural 
nanocomposites, Firstly, it is obvious, that in the last case one should accept: Gc = 
Gp, Gm = Gl.m., Gf = Gcl, where Gp, Gl.m. and Gcl are shear moduli of polymer, loosely 
packed matrix and nanoclusters, accordingly, and also ϕf = ϕcl, where ϕcl is deter-
mined according to the percolation relationship (in Chapter 5). Young’s modulus for 
loosely packed matrix and nanoclusters can be received from the data of Fig. 6.10 by 
the dependence Ep (ϕcl) extrapolation to ϕcl = 1.0, respectively. The corresponding 
shear moduli were calculated according to the general equation (in Chapter 5). The 
value of nanoclusters fractal dimension cl

fd  in virtue of their dense package is ac-
cepted equal to the greatest dimension for real solids ( cl

fd  = 2.95 [40]) and loosely 
packed matrix fractal dimension l.m.

fd  can be estimated.
However, the calculation according to the Eqs. (11) and (12) does not give a 

good correspondence to the experiment, especially for the temperature range of T 
= 373÷413 K in PC case. As it is known [38], in empirical modifications of Kerner 
equation it is usually supposed, that nominal concentration scale differs from me-
chanically effective filler fraction ef

ff , which can be written accounting for the 
designations used above for natural nanocomposites as follows [41].
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	 ( )( )
( )( )

p l.m. l.m. l.m. clef
f

cl l.m. l.m. l.m. p

G G G G

G G G G

α
f

α

− +
=

− +
,	  (13)

where αl.m. = αm. The value αl.m. can be determined according to the Eq. (12), es-
timating Poisson’s ratio of loosely packed matrix νl.m. by the known values l.m.

fd  
according to the equation (in Chapter 5).

Besides, one more empirical modification ef
ff  exists, which can be written as 

follows [41]:

	
2

2/3
ef cl
cl cl

cl2
c

r
ff f

 
= +   

,	 (14)

where c is empirical coefficient of order one, rcl is nanocluster radius, determined 
according to the equation (in previous paper).

At the value 2

ef
clf  calculation according to the Eq. (14) magnitude c was accepted 

equal to 1,0 for the temperature range of T = 293÷363 K and equal to 1.2 – for the 
range of T = 373÷413 K and 2rcl is given in nm. In Fig. 12, the comparison of values 

ef
clf , calculated according to the Eqs. (13) and (14) (

1

ef
clf  and 

2

ef
clf , accordingly) is 

adduced. As one can see, a good enough conformity of the values 
1

ef
clf , estimated 

by both methods, is obtained (the average discrepancy of 
1

ef
clf  and 

2

ef
clf  makes up 

slightly larger than 20%). Let us note, that the effective value φcl exceeds essentially 
the nominal one, determined according to the relationship (in Chapter 5): within the 
range of T = 293÷363K by about 70% and within the range of T = 373÷413K – al-
most in three times.

In Fig. 6.13, the comparison of experimental and calculated according to Kerner 
equation (the Eq. (11)) with the Eqs. (13) and (14) using values of reinforcement 
degree by shear modulus Gp/Gl.m. as a function of testing temperature T for PC is 
adduced. As one can see, in this case at the usage of nanoclusters effective concen-
tration scale ( ef

clf  instead of φcl) the good conformity of theory and experiment is 
obtained (their average discrepancy makes up 6%).
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FIGURE 6.12  The comparison of nanoclusters effective concentration scale 
1

ef
clf  and 

2

ef
clf , 

calculated according to the Eqs. (13) and (14), respectively, for PC. A straight line shows the 
relation 1:1 [41].

FIGURE 6.13  The comparison of experimental (points) and calculated according to the 
Eqs. (11), (13) and (14) (solid lines) values of reinforcement degree by shear modulus Gp/Gl.m. 
as a function of testing temperature T for PC [41].

Hence, the stated above results have shown the modified Kerner equation appli-
cation correctness for natural nanocomposites elastic response description. Really 
this fact by itself confirms the possibility of amorphous glassy polymers treatment 
as nanocomposites. Microcomposite models usage gives the clear notion about fac-
tors, influencing polymers stiffness.
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6.4  INTERCOMPONENT ADHESION IN NATURAL 
NANOCOMPOSITES

Amorphous glassy polymers as natural nanocomposites puts forward to the fore-
ground their study intercomponent interactions, that is, interactions nanoclusters 
– loosely packed matrix. This problem plays always one of the main roles at multi-
phase (multicomponent) systems consideration, since the indicated interactions or 
interfacial adhesion level defines to a great extent such systems properties [42]. 
Therefore, the authors [43] studied the physical principles of intercomponent adhe-
sion for natural nanocomposites on the example of PC.

The authors [44] considered three main cases of the dependence of reinforce-
ment degree Ec/Em on ϕf. In this chapter, the authors have shown that there are the 
following main types of the dependences Ec/Em (ϕf) exist:

1.	 the ideal adhesion between filler and polymer matrix, described by Kerner 
equation (perfect adhesion), which can be approximated by the following 
relationship:

	
2 3c

f f f
m

1 11,64 44,4 96,3
E
E

f f f= + − + ;	  (15)

2.	 zero adhesional strength at a large friction coefficient between filler and 
polymer matrix, which is described by the equation:

	
c

f
m

1
E
E

f= + ;	  (16)

3.	 the complete absence of interaction and ideal slippage between filler and 
polymer matrix, when composite elasticity modulus is defined practically 
by polymer cross-section and connected with the filling degree by the equa-
tion:

	 2/3c
f

m
1

E
E

f= − 	 (17)

In Fig. 6.14, the theoretical dependences Ep/El.m. (φcl) plotted according to the 
Eqs. (15) ÷ (17), as well as experimental data (points) for PC are shown. As it fol-
lows from the adduced in Fig. 6.14 comparison at T = 293÷363 K the experimental 
data correspond well to the Eq. (16), that is, in this case zero adhesional strength at a 
large friction coefficient is observed. At T = 373÷413 K the experimental data corre-
spond to the Eq. (15), that is, the perfect adhesion between nanoclusters and loosely 
packed matrix is observed. Thus, the adduced in Fig. 6.14 data demonstrated, that 
depending on testing temperature two types of interactions nanoclusters – loosely 
packed matrix are observed: either perfect adhesion or large friction between them. 
For quantitative estimation of these interactions it is necessary to determine their 
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level, which can be made with the help of the parameter bm, which is determined 
according to the equation [45]:

	 c m
f f s m fK bσ σ f= − ,	  (18)

where c
fσ  and m

fσ  are fracture stress of composite and polymer matrix, respectively, 
Ks is stress concentration coefficient. It is obvious, that since bm increase results to 

c
fσ  reduction, then this means interfacial adhesion level decrease.

FIGURE 6.14  The dependences of reinforcement degree Ep/El.m on nanoclusters relative 
fraction φcl. 1÷3 – the theoretical dependences, corresponding to the Eqs. (15) ÷ (17), 
accordingly; 4, 5 – the experimental data for PC within the temperature ranges: 293÷363K 
(4) and 373÷413K (5) [43].

The true fracture stress tr
fσ  for PC, taking into account sample cross-section 

change in a deformation process, was used as c
fσ  for natural nanocomposites, which 

can be determined according to the known formula:

	 ( )tr n
f f f1σ σ e= + ,	 (19)

where n
fσ  is nominal (engineering) fracture stress, εf is strain at fracture.

The value m
fσ , which is accepted equal to loosely packed matrix strength l.m.

fσ
, was determined by graphic method, namely, by the dependence l.m.

fσ  (φcl) plotting, 
which proves to be linear, and by subsequent extrapolation of it to φcl = 0, that gives 

l.m.
fσ =40 MPa [43].
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And at last, the value Ks can be determined with the help of the following equa-
tion [39]:

	 ( )tr l.m. 2/3
f f cl s1 Kσ σ f= − 	 (20)

The parameter bm calculation according to the stated above technique shows its 
decrease (intercomponent adhesion level enhancement) at testing temperature rais-
ing within the range of bm ≈ 500 ÷ 130.

For interactions nanoclusters – loosely packed matrix estimation within the 
range of T = 293÷373K the authors [48] used the model of Witten-Sander clusters 
friction, stated in Ref. [46]. This model application is due to the circumstance, that 
amorphous glassy polymer structure can be presented as an indicated clusters large 
number set [47]. According to this model, Witten-Sander clusters generalized fric-
tion coefficient t can be written as follows [46]:

	 f = lnc + β⋅lnncl,	 (21)

where c is constant, β is coefficient, ncl is statistical segments number per one nano-
cluster.

The coefficient β value is determined as follows [46]:

	 ( ) 1cl
fdβ

−
= ,	 (22)

where cl
fd  is nanocluster structure fractal dimension, which is equal, as before, to 

2.95 [40].
In Fig. 6.15, the dependence bm (f) is adduced, which is broken down into two 

parts. On the first of them, corresponding to the range of T = 293÷363 K, the in-
tercomponent interaction level is intensified at f decreasing (i.e., bm reduction is 
observed and on the second one, corresponding to the range of T = 373 ÷ 413 K, bm 
= const independent on value f. These results correspond completely to the data of 
Fig. 6.14, where in the first from the indicated temperature ranges the value Ep/El.m. 
is defined by nanoclusters friction and in the second one by adhesion and, hence, it 
does not depend on friction coefficient.

As it has been shown in Ref. [48], the interfacial (or intercomponent) adhesion 
level depends on a number of accessible for the formation interfacial (intercom-
ponent) bond sites (nodes) on the filler (nanocluster) particle surface Nu, which is 
determined as follows [49]:

	 u
u

dN L= ,	 (23)

where L is filler particle size, du is fractal dimension of accessible for contact (“non-
screened”) indicated particle surface.
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FIGURE 6.15  The dependence of parameter bm on generalized friction coefficient f for PC 
[43].

One should choose the nanocluster characteristic size as L for the natural nano-
composite which is equal to statistical segment lst, determined according to the equa-
tion (in Chapter 5), and the dimension du is determined according to the following 
relationship [49]:

	 ( ) surf
u surf

w
1

d d
d d

d
 −

= − +   
,	 (24)

where dsurf is nanocluster surface fractal dimension, dw is dimension of random walk 
on this surface, estimated according to Aarony-Stauffer rule [49]:

	 dw = dsurf. + 1.	 (25)

The following technique was used for the dimension dsurf calculation. First the 
nanocluster diameter Dcl = 2rcl was determined according to the equation (in Chapter 
5) and then its specific surface Su was estimated [35]:

	 u
cl cl

6S
Dr

= ,	 (26)

where ρcl is the nanocluster density, equal to 1300 kg/m3 in the PC case.
And at last, the dimension dsurf was calculated with the help of the equation [20]:
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surf

3 cl
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d dD
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− = ×   
	  (27)

In Fig. 6.16, the dependence bm (Nu) for PC is adduced, which is broken down 
into two parts similarly to the dependence bm (f) (Fig. 6.15). At T = 293 ÷ 363 K the 
value bm is independent on Nu, since nanocluster – loosely packed matrix interac-
tions are defined by their friction coefficient. Within the range of T = 373 ÷ 413 K 
intercomponent adhesion level enhancement (bm reduction) at active sites number 
Nu growth is observed, as was to be expected. Thus, the data of both Figs. 6.15 and 
6.16 correspond to Fig. 6.14 results.

With regard to the data of Figs. 6.15 and 6.16 two remarks should be made. 
Firstly, the transition from one reinforcement mechanism to another corresponds to 
loosely packed matrix glass transition temperature, which is approximately equal to 
Tg − 50K [11]. Secondly, the extrapolation of Fig. 6.16 plot to bm = 0 gives the value 
Nu ≈ 71, that corresponds approximately to polymer structure dimension df = 2.86.

FIGURE 6.16  The dependence of parameter bm on nanocluster surface active 
(“nonscreened”) sites number Nu for PC [43].

In this theme completion an interesting structural aspect of intercomponent ad-
hesion in natural nanocomposites (polymers) should be noted. Despite the consid-
ered above different mechanisms of reinforcement and nanoclusters-loosely packed 
matrix interaction realization the common dependence bm (ϕcl) is obtained for the 
entire studied temperature range of 293÷413K, which is shown in Fig. 6.17. This 
dependence is linear, that allows to determine the limiting values bm ≈ 970 at ϕcl 
= 1.0 and bm = 0 at ϕcl = 0. Besides, let us note, that the shown in Figs. 6.14÷6.16 
structural transition is realized at ϕcl ≈ 0.26 [43].
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Hence, the stated above results have demonstrated, that 
intercomponent adhesion level in natural nanocomposites (polymers) has 
structural origin and is defined by nanoclusters relative fraction. In two 
temperature ranges two different reinforcement mechanisms are realized, 
which are due to large friction between nanoclusters and loosely packed 
matrix and also perfect (by Kerner) adhesion between them. These 
mechanisms can be described successfully within the frameworks of fractal 
analysis.

FIGURE 6.17  The dependence of parameter bm on nanoclusters relative fraction φcl for PC 
[43].

The further study of intercomponent adhesion in natural nanocomposites was 
fulfilled in Ref. [50]. In Fig. 6.18, the dependence bm (T) for PC is shown, from 
which bm reduction or intercomponent adhesion level enhancement at testing tem-
perature growth follows. In the same figure the maximum value bm for nanocom-
posites polypropylene/Na+-montmorillonite [9] was shown by a horizontal shaded 
line. As one can see, bm values for PC within the temperature range of T = 373 ÷ 
413 K by absolute value are close to the corresponding parameter for the indicated 
nanocomposite, that indicates high enough intercomponent adhesion level for PC 
within this temperature range.
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Let us note an important structural aspect of the dependence bm (T), shown in 
Fig. 6.18. According to the cluster model [4], the decay of instable nanoclusters oc-
curs at temperature gT ′  ≈ Tg − 50 K, holding back loosely packed matrix in glassy 
state, owing to which this structural component is devitrificated within the tempera-
ture range of gT ′÷ Tg. Such effect results to rapid reduction of polymer mechanical 
properties within the indicated temperature range [51]. As it follows from the data of 
Fig. 6.18, precisely in this temperature range the highest intercomponent adhesion 
level is observed and its value approaches to the corresponding characteristic for 
nanocomposites polypropylene/Na+-montmorillonite.

FIGURE 6.18  The dependence of parameter bm on testing temperature T for PC. The 
horizontal shaded line shows the maximum value bm for nanocomposites polypropylene/Na+-
montmorillonite [50].

FIGURE 6.19  The dependence of parameter bm on nanoclusters surface fractal dimension 
dsurf for PC [50].
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It can be supposed with a high probability degree that adhesion level depends 
on the structure of nanoclusters surface, coming into contact with loosely packed 
matrix, which is characterized by the dimension dsurf. In Fig. 6.19, the dependence 
bm (dsurf) for PC is adduced, from which rapid reduction bm (or intercomponent adhe-
sion level enhancement) follows at dsurf growth or, roughly speaking, at nanoclusters 
surface roughness enhancement.

The authors [48] showed that the interfacial adhesion level for composites poly-
hydroxyether/graphite was raised at the decrease of polymer matrix and filler par-
ticles surface fractal dimensions difference. The similar approach was used by the 
authors of Ref. [50], who calculated nanoclusters cl

fd  and loosely packed matrix 
l.m.
fd  fractal dimensions difference Δdf:

	 cl l.m.
f f f  d d d∆ = − ,	 (28)

where cl
fd  is accepted equal to real solids maximum dimension ( cl

fd  = 2.95 [40]) 
in virtue of their dense packing and the value l.m.

fd  was calculated according to the 
mixtures rule (the equation from Chapter 5).

FIGURE 6.20  The dependence of parameter bm on nanoclusters cl
fd  and loosely packed 

matrix l.m.
fd  structures fractal dimensions difference ∆df for PC [50].

In Fig. 6.20, the dependence of bm on the difference Δdf is adduced, from which 
bm decrease or intercomponent adhesion level enhancement at Δdf reduction or val-

ues l.m.
fd  and l.m.

fd  growing similarity follows. This dependence demonstrates, that 
the greatest intercomponent adhesion level, corresponding to bm = 0, is reached at 
Δdf = 0.95 and is equal to ~ 780.
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The data of Figs. 6.14 and 6.18 combination shows, that the value bm ≈ 200 cor-
responds to perfect adhesion by Kerner. In its turn, the Figs. 6.16 and 6.17 plots data 
demonstrated, that the value bm ≈ 200 could be obtained either at dsurf > 2.5 or at Δdf 
< 0.3, accordingly. The obtained earlier results showed [24], that the condition dsurf > 
2.5 was reached at rcl < 7.5Å or T > 373 K, that again corresponded well to the stated 
above results. And at last, the Δdf ≈ 0.3 or l.m.

fd  ≈ 2,65 according to the equation (in 
Chapter 5) was also obtained at T ≈ 373K.

Hence, at the indicated above conditions fulfillment within the temperature 
range of T < gT ′  for PC perfect intercomponent adhesion can be obtained, corre-
sponding to Kerner equation, and then the value Ep estimation should be carried out 
according to the Eq. (15). At T = 293 K (ϕcl = 0.56, Em = 0.85GPa) the value Ep will 
be equal to 8.9 GPa, that approximately in 6 times larger, than the value Ep for serial 
industrial PC brands at the indicated temperature.

Let us note the practically important feature of the obtained above results. As it 
was shown, the perfect intercomponent adhesion corresponds to bm ≈ 200, but not 
bm = 0. This means, that the real adhesion in natural nanocomposites can be higher 
than the perfect one by Kerner, that was shown experimentally on the example of 
particulate-filled polymer nanocomposites [17, 52]. This effect was named as nano-
adhesion and its realization gives large possibilities for elasticity modulus increase 
of both natural and artificial nanocomposites. So, the introduction in aromatic poly-
amide (phenylone) of 0.3 mas.% aerosil only at nanoadhesion availability gives the 
same nanocomposite elasticity modulus enhancement effect, as the introduction of 3 
mas.% of organoclay, which at present is assumed as one of the most effective nano-
fillers [9]. This assumes, that the value Ep = 8.9 GPa for PC is not a limiting one, 
at any rate, theoretically. Let us note in addition, that the indicated Ep values can be 
obtained at the natural nanocomposites nanofiller (nanoclusters) elasticity modulus 
magnitude Ecl = 2.0 GPa, that is, at the condition Ecl < Ep. Such result possibility fol-
lows from the polymer composites structure fractal concept [53], namely, the model 
[44], in which the Eqs. (15) ÷ (17) do not contain nanofiller elasticity modulus, and 
reinforcement percolation model [35].

The condition dsurf < 2.5, that is, rcl < 7.5 Å or Ncl < 5, in practice can be realized 
by the nanosystems mechanosynthesis principles using, the grounds of which are 
stated in Ref. [54]. However, another more simple and, hence, more technological 
method of desirable structure attainment realization is possible, one from which will 
be considered in subsequent section.

Hence, the stated above results demonstrated, that the adhesion level between 
natural nanocomposite structural components depended on nanoclusters and loosely 
packed matrix structures closeness. This level change can result to polymer elas-
ticity modulus significant increase. A number of these effect practical realization 
methods were considered [50].

The mentioned above dependence of intercomponent adhesion level on nanoclu-
sters radius rcl assumes more general dependence of parameter bm on nanoclusters 
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geometry. The authors [55] carried out calculation of accessible for contact sites 
of nanoclusters surface and loosely packed matrix number Nu according to the Eq. 
(23) for two cases. the nanocluster is simulated as a cylinder with diameter Dcl and 
length lst, where lst is statistical segment length, therefore, in the first case its butt-
end is contacting with loosely packed matrix nanocluster surface and then L = Dcl 
and in the second case with its side (cylindrical) surface and then L = lst. In Fig. 6.21, 
the dependences of parameter bm on value Nu, corresponding to the two considered 
above cases, are adduced. As one can see, in both cases, for the range of T = 293 
÷ 363 K lst, where interactions nanoclusters − loosely packed matrix are character-
ized by powerful friction between them, the value bm does not depend on Nu, as it 
was expected. For the range of T = 373 ÷ 413 K, where between nanoclusters and 
loosely packed matrix perfect adhesion is observed, the linear dependences bm (Nu) 
are obtained. However, at using value Dcl as Lbm reduction or intercomponent adhe-
sion level enhancement at Nu decreasing is obtained and at Nu = 0 bm value reaches 
its minimum magnitude bm = 0. In other words, in this case the minimum level of in-
tercomponent adhesion is reached at intercomponent bonds formation sites (nodes) 
absence that is physically incorrect [48]. And on the contrary at the condition L = 
lstbm the reduction (intercomponent adhesion level enhancement) at the increase of 
contacts number Nu between nanoclusters and loosely packed matrix is observed, 
that is obvious from the physical point of view. Thus, the data of Fig. 6.21 indicate 
unequivocally, that the intercomponent adhesion is realized over side (cylindrical) 
nanoclusters surface and butt-end surfaces in this effect formation do not participate.

FIGURE 6.21  The dependences of parameter bm on a number of accessible for 
intercomponent bonds formation sizes on nanocluster surface Nu at the condition L = Dcl (1) 
and L = lst (2) for PC [55].
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Let us consider geometrical aspects intercomponent interactions in natural nano-
composites. In Fig. 6.22, the dependence of nanoclusters butt-end Sb and side (cy-
lindrical) Sc surfaces areas on testing temperature T for PC are adduced. As one 
can see, the following criterion corresponds to the transition from strong friction to 
perfect adhesion at T = 373K [55]:

	 Sb ≈ Sc.	  (29)

FIGURE 6.22  The dependences of nanoclusters butt-end Sb (1) and cylindrical Sc (2) 
surfaces areas on testing temperature T for PC [55].

Hence, the intercomponent interaction type transition from the large friction 
nanoclusters − loosely packed matrix to the perfect adhesion between them is de-
fined by nanoclusters geometry: at Sb > Sc the interactions of the first type is realized 
and at Sb < Sc – the second one. Proceeding from this, it is expected that intercompo-
nent interactions level is defined by the ratio Sb/Sc. Actually, the adduced in Fig. 6.23 
data demonstrate bm reduction at the indicated ratio decrease, but at the criterion (29) 
realization or Sb/Sc ≈1 Sb/Sc decreasing does not result to bm reduction and at Sb/Sc < 1 
intercomponent adhesion level remains maximum high and constant [55].

Hence, the stated above results have demonstrated, that interactions nanoclu-
sters-loosely packed matrix type (large friction or perfect adhesion) is defined by 
nanoclusters butt-end and side (cylindrical) surfaces areas ratio or their geometry if 
the first from the mentioned areas is larger that the second one then a large friction 
nanoclusters-loosely packed matrix is realized; if the second one exceeds the first 
one, then between the indicated structural components perfect adhesion is realized. 
In the second from the indicated cases intercomponent adhesion level does not de-
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pend on the mentioned areas ratio and remains maximum high and constant. In other 
words, the adhesion nanoclusters-loosely packed matrix is realized by nanoclusters 
cylindrical surface.

FIGURE 6.23  The dependence of parameter bm on nanoclusters butt-end and cylindrical 
surfaces are ratio Sb/Sc value for PC [55].

The stated above results were experimentally confirmed by the EPR-spectrosco-
py method [56]. The Eqs. (1) and (6) comparison shows, that dipole–dipole interac-
tion energy ∆Hdd has structural origin, namely [56]:

	 cl
dd

cl
H

n
ν 

∆ ≈   
	 (30)

As estimations according to the Eq. (30) showed, within the temperature range 
of T = 293÷413K for PC ∆Hdd increasing from 0.118 up to 0.328 Ersteds was ob-
served.

Let us consider dipole-dipole interaction energy ∆Hdd intercommunication with 
nanoclusters geometry. In Fig. 6.24, the dependence of ∆Hdd on the ratio Sc/Sb for 
PC is adduced. As one can see, the linear growth ∆Hdd at ratio Sc/Sb increasing is 
observed, that is, either at Sc enhancement or at Sb reduction. Such character of the 
adduced in Fig. 6.24 dependence indicates unequivocally, that the contact nanoclus-
ters-loosely packed matrix is realized on nanocluster cylindrical surface. Such effect 
was to be expected, since emerging from the butt-end surface statistically distrib-
uted polymer chains complicated the indicated contact realization unlike relatively 
smooth cylindrical surfaces. It is natural to suppose, that dipole-dipole interactions 
intensification or ∆Hdd increasing results to natural nanocomposites elasticity modu-
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lus Ep enhancement. The second as natural supposition at PC consideration as nano-
composite is the influence on the value Ep of nanoclusters (nanofiller) relative frac-
tion ϕcl, which is determined according to the percolation relationship (in Chapter 
5).

FIGURE 6.24  The dependence of dipole-dipole interaction energy ∆Hdd on nanoclusters 
cylindrical Sc and butt-end Sb surfaces areas ratio for PC [56].

FIGURE 6.25  The dependence of elasticity modulus Ep on complex argument (∆Hddϕcl) 
for PC [56].
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In Fig. 6.25, the dependence of elasticity modulus Ep on complex argument 
(∆Hddϕcl) for PC is presented. As one can see, this dependence is a linear one, passes 
through coordinates origin and is described analytically by the following empirical 
equation [56].

	 Ep = 21 (∆Hddϕcl), GPa,	  (31)

which with the appreciation of the Eq. (30) can be rewritten as follows [56]:

	 26 cl cl
p

cl

v
21 10E

n
f−  

= ×   
, GPa.	 (32)

The Eq. (32) demonstrates clearly, that the value Ep and, hence polymer rein-
forcement degree is a function of its structural characteristics, described within the 
frameworks of the cluster model [3–5]. Let us note, that since parameters νcl and ϕcl 
are a function of testing temperature, then the parameter ncl is the most suitable fac-
tor for the value Ep regulation for practical purposes. In Fig. 6.26, the dependence Ep 
(ncl) for PC at T = 293 K is adduced, calculated according to the Eq. (32), where the 
values νcl and ϕcl were calculated according to the equations (in Chapter 5). As one 
can see, at small ncl (<10) the sharp growth Ep is observed and at the smallest pos-
sible value ncl = 2 the magnitude Ep ≈ 13.5 GPa. Since for PC El.m. = 0.85 GPa, then 
it gives the greatest reinforcement degree Ep/Em ≈ 15.9. Let us note, that the great-
est attainable reinforcement degree for artificial nanocomposites (polymers filled 
with inorganic nanofiller) cannot exceed 12 [9]. It is notable, that the shown in Fig. 
6.26 dependence Ep (ncl) for PC is identical completely by dependence shape to the 
dependence of elasticity modulus of nanofiller particles diameter for elastomeric 
nanocomposites [57].

Hence, the presented above results have shown that elasticity modulus of amor-
phous glassy polycarbonate, considered as natural nanocomposite, are defined com-
pletely by its suprasegmental structure state. This state can be described quanti-
tatively within the frameworks of the cluster model of polymers amorphous state 
structure and characterized by local order level. Natural nanocomposites reinforce-
ment degree can essentially exceed analogous parameter for artificial nanocompos-
ites [56].

As it has been shown above (see the Eqs. (7) and (15)), the nanocluster relative 
fraction increasing results to polymers elasticity modulus enhancement similarly to 
nanofiller contents enhancement in artificial nanocomposites. Therefore, the neces-
sity of quantitative description and subsequent comparison of reinforcement degree 
for the two indicated above nanocomposites classes appears. The authors [58, 59] 
fulfilled the comparative analysis of reinforcement degree by nanoclusters and by 
layered silicate (organoclay) for polyarylate and nanocomposite epoxy polymer/
Na+- montmorillonite [60], accordingly.
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FIGURE 6.26  The dependence of elasticity modulus Ep on segments number ncl per one 
nanocluster, calculated according to the Eq. (32) for PC at T = 293K [56]

In Fig. 6.27, theoretical dependences of reinforcement degree En/Em on nano-
filler contents φn, calculated according to the Eqs. (15) ÷ (17), are adduced. Besides, 
in the same figure the experimental values (En/Em) for nanocomposites epoxy poly-
mer Na+-montmorillonite (EP/MMT) at T < Tg and T > Tg (where T and Tg are testing 
and glass transition temperatures, respectively) are indicated by points. As one can 
see, for glassy epoxy matrix the experimental data correspond to the Eq. (16), that 
is, zero adhesional strength at a large friction coefficient and for devitrificated ma-
trix – to the Eq. (15), that is, the perfect adhesion between nanofiller and polymer 
matrix, described by Kerner equation. Let us note that the authors [17] explained 
the distinction indicated above by a much larger length of epoxy polymer segment 
in the second case.

FIGURE 6.27  The dependences of reinforcement degree En/Em and Ep/El.m. on the contents 
of nanofiller φn and nanoclusters φcl, accordingly. 1÷3 – theoretical dependences (En/Em) (φn), 
corresponding to the Eqs. (15) ÷ (17); 4, 5 – the experimental data (Ep/El.m.) for Par at T = Tg’ 
÷ Tg

 (4) and T < gT ′  (5); 6, 7 – the experimental data (En/Em) (φn) for EP/MMT at T > Tg (6) 
and T <Tg (7) [59].
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To obtain the similar comparison for natural nanocomposite (polymer) is im-
possible, since at T ≥ Tg nanoclusters are disintegrated and polymer ceases to be 
quasi-two-phase system [5]. However, within the frameworks of two-stage glass 
transition concept [11] it has been shown, that at temperature gT ′ , which is approxi-
mately equal to Tg – 50 K, instable (small) nanoclusters decay occurs, that results to 
loosely packed matrix devitrification at the indicated temperature [5]. Thus, within 
the range of temperature gT ′÷Tg natural nanocomposite (polymer) is an analog of 
nanocomposite with glassy matrix [58]. As one can see, for the temperatures within 
the range of T = gT ′  ÷ Tg (φcl = 0.060.19) the value Ep/El.m corresponds to the Eq. 
(15), that is, perfect adhesion nanoclusters-loosely packed matrix and at T < gT ′  
(φcl > 0,24) – to the Eq. (16), that is, to zero adhesional strength at a large friction 
coefficient. Hence, the data of Fig. 6.27 demonstrated clearly the complete simi-
larity, both qualitative and quantitative, of natural (Par) and artificial (EP/MMT) 
nanocomposites reinforcement degree behavior. Another microcomposite model 
(e.g., accounting for the layered silicate particles strong anisotropy) application can 
change the picture quantitatively only. The data of Fig. 6.27 qualitatively give the 
correspondence of reinforcement degree of nanocomposites indicated classes at the 
identical initial conditions.

Hence, the analogy in behavior of reinforcement degree of polyarylate by nano-
clusters and nanocomposite epoxy polymer/Na+-montmorillonite by layered silicate 
gives another reason for the consideration of polymer as natural nanocomposite. 
Again strong influence of interfacial (intercomponent) adhesion level on nanocom-
posites of any class reinforcement degree is confirmed [17].

6.5  THE METHODS OF NATURAL NANOCOMPOSITES 
NANOSTRUCTURE REGULATION

As it has been noted above, at present it is generally acknowledged [2], that macro-
molecular formations and polymer systems are always natural nanostructural sys-
tems in virtue of their structure features. In this connection the question of using this 
feature for polymeric materials properties and operating characteristics improve-
ment arises. It is obvious enough that for structure-properties relationships receiv-
ing the quantitative nanostructural model of the indicated materials is necessary. 
It is also obvious that if the dependence of specific property on material structure 
state is unequivocal, then there will be quite sufficient modes to achieve this state. 
The cluster model of such state [3–5] is the most suitable for polymers amorphous 
state structure description. It has been shown, that this model basic structural ele-
ment (cluster) is nanoparticles (nanocluster) (see Section 6.15.1). The cluster model 
was used successfully for cross-linked polymers structure and properties description 
[61]. Therefore, the authors [62] fulfilled nanostructures regulation modes and the 
latter influence on rarely cross-linked epoxy polymer properties study within the 
frameworks of the indicated model.

© 2015 by Apple Academic Press, Inc.

 



196	 Materials Behavior: Research Methodology and Mathematical Models

In Ref. [62], the studied object was an epoxy polymer on the basis of resin 
UP5–181, cured by iso-methyltetrahydrophthalic anhydride in the ratio by mass 
1:0.56. Testing specimens were obtained by the hydrostatic extrusion method. The 
indicated method choice is due to the fact, that high hydrostatic pressure imposition 
in deformation process prevents the defects formation and growth, resulting to the 
material failure [64]. The extrusion strain εe was calculated and makes up 0.14, 0.25, 
0.36, 0.43 and 0.52. The obtained by hydrostatic extrusion specimens were annealed 
at maximum temperature 353 K during 15 min.

FIGURE 6.28  The stress – strain (σ – ε) diagrams for initial (1), extruded up to εe = 0.52 (2) 
and annealed (3) REP samples [62].

The hydrostatic extrusion and subsequent annealing of rarely cross-linked ep-
oxy polymer (REP) result to very essential changes of its mechanical behavior and 
properties, in addition unexpected ones enough. The qualitative changes of REP 
mechanical behavior can be monitored according to the corresponding changes of 
the stress – strain (σ – ε) diagrams, shown in Fig. 6.28. The initial REP shows the 
expected enough behavior and both its elasticity modulus E and yield stress σY are 
typical for such polymers at testing temperature T being distant from glass transition 
temperature Tg on about 40 K [51]. The small (≈ 3 MPa) stress drop beyond yield 
stress is observed, that is also typical for amorphous polymers [61]. However, REP 
extrusion up to εe = 0.52 results to stress drop ΔσY (“yield tooth”) disappearance and 
to the essential E and σY reduction. Besides, the diagram σ – ε itself is now more like 
the similar diagram for rubber, than for glassy polymer. This specimen annealing at 
maximum temperature Tan = 353 K gives no less strong, but diametrically opposite 
effect – yield stress and elasticity modulus increase sharply (the latter in about twice 
in comparison with the initial REP and more than one order in comparison with the 
extruded specimen). Besides, the strongly pronounced “yield tooth” appears. Let 

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18259-7&iName=master.img-027.jpg&w=200&h=171


Polymers as Natural Composites	 197

us note, that specimen shrinkage at annealing is small (≈10%), that makes up about 
20% of εe [62].

The common picture of parameters E and σY change as a function of εe is pre-
sented in Figs. 6.29 and 6.30 accordingly. As one can see, both indicated parameters 
showed common tendencies at εe change: up to εe ≈ 0.36 inclusive E and σY weak 
increase at εe growth is observed, moreover their absolute values for extruded and 
annealed specimens are close, but at εe > 0.36 the strongly pronounced antibatness of 
these parameters for the indicated specimen types is displayed. The cluster model of 
polymers amorphous state structure and developed within its frameworks polymers 
yielding treatment allows to explain such behavior of the studied samples [35, 65].

FIGURE 6.29  The dependences of elasticity modulus Ep on extrusion strain εe for extrudated 
(1) and annealed (2) REP [62].

FIGURE 6.30  The dependences of yield stress σY on extrusion strain εe for extrudated (1) 
and annealed (2) REP [62].
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The cluster model supposes that polymers amorphous state structure represents 
the local order domains (nanoclusters), surrounded by loosely packed matrix. Nano-
clusters consist of several collinear densely packed statistical segments of different 
macromolecules and in virtue of this they offer the analog of crystallite with stretched 
chains. There are two types of nanoclusters – stable, consisting of a relatively large 
segments number, and instable, consisting of a less number of such segments [65]. 
At temperature increase or mechanical stress application the instable nanoclusters 
disintegrate in the first place, that results to the two well-known effects. The first 
from them is known as two-stage glass transition process [11] and it supposes that 
at gT ′  = Tg – 50 K disintegration of instable nanoclusters, restraining loosely packed 
matrix in glass state, occurs that defines devitrification of the latter [3, 5]. The well-
known rapid polymers mechanical properties reduction at approaching to Tg [51] is 
the consequence of this. The second effect consists of instable nanoclusters decay at 
σY under mechanical stress action, loosely packed matrix mechanical devitrification 
and, as consequence, glassy polymers rubber-like behavior on cold flow plateau 
[65]. The stress drop ∆σY beyond yield stress is due to just instable nanoclusters 
decay and therefore ∆σY value serves as characteristic of these nanoclusters frac-
tion [5]. Proceeding from this brief description, the experimental results, adduced in 
Figs. 28 ÷ 30, can be interpreted.

The rarely cross-linked epoxy polymer on the basis of resin UP5–181 has low 
glass transition temperature Tg, which can be estimated according to shrinkage mea-
surements data as equal ≈ 333K. This means, that the testing temperature T = 293 K 
and gT ′  for it are close, that is confirmed by small ∆σY value for the initial REP. It as-
sumes nanocluster (nanostructures) small relative fraction φcl [3–5] and, since these 
nanoclusters have arbitrary orientation, εe increase results rapidly enough to their 
decay, that induces loosely packed matrix mechanical devitrification at εe > 0.36. 
Devitrificated loosely packed matrix gives insignificant contribution to Ep [66, 67], 
equal practically to zero, that results to sharp (discrete) elasticity modulus decrease. 
Besides, at T > gT ′  φcl rapid decay is observed, that is, segments number decrease 
in both stable and instable nanocluster [5]. Since just these parameters (E and φcl) 
check σY value, then their decrease defines yield stress sharp lessening. Now ex-
truded at εe > 0.36 REP presents as matter of fact rubber with high cross-linking 
degree, that is reflected by its diagram σ – ε (Fig. 6.28, curve 2).

The polymer oriented chains shrinkage occurs at the extruded REP annealing at 
temperature higher than Tg. Since this process is realized within a narrow tempera-
ture range and during a small time interval, then a large number of instable nano-
clusters is formed. This effect is intensified by available molecular orientation, that 
is, by preliminary favorable segments arrangement, and it is reflected by ∆σY strong 
increase (Fig. 6.28, curve 3).

The φcl enhancement results to Ep growth (Fig. 6.29) and φcl and Ep combined 
increase – to σY considerable growth (Fig. 6.30).
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The considered structural changes can be described quantitatively within the 
frameworks of the cluster model. The nanoclusters relative fraction φcl can be calcu-
lated according to the method, stated in Ref. [68].

The shown in Fig. 6.31 dependences φcl (εe) have the character expected from 
the adduced above description and are its quantitative conformation. The adduced in 
Fig. 6.32 dependence of density ρ of REP extruded specimens on εe is similar to the 
dependence φcl (εe), that was to be expected, since densely packed segments fraction 
decrease must be reflected in ρ reduction.

FIGURE 6.31  The dependences of nanoclusters relative fraction φcl on extrusion strain εe 
for extruded (1) and annealed (2) REP [62].

FIGURE 6.32  The dependence of specimens density ρ on extrusion strain εe for extruded 
(1) and annealed (2) REP [62].
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In Ref. [69] the supposition was made that ρ change can be conditioned to mi-
crocracks network formation in specimen that results to ρ reduction at large εe (0.43 
and 0.52), which are close to the limiting ones. The ρ relative change (∆ρ) can be 
estimated according to the equation

	
max min

max
r rr

r
−

∆ = ,	 (33)

where ρmax and ρmin are the greatest and the smallest density values. This estimation 
gives ∆ρ ≈ 0.01. This value can be reasonable for free volume increase, which is 
necessary for loosely matrix devitrification (accounting for closeness of T and gT ′), but 
it is obviously small if to assume as real microcracks formation. As the experiments 
have shown, REP extrusion at εe > 0.52 is impossible owing to specimen cracking 
during extrusion process. This allows to suppose that value εe = 0.52 is close to the 
critical one. Therefore, the critical dilatation ∆δcr value, which is necessary for mi-
crocracks cluster formation, can be estimated as follows [40]:

	
( )( )2 1 2 3

11 19cr
ν ν

δ
ν

+ −
∆ =

−
,	 (34)

where ν is Poisson’s ratio.
Accepting the average value ν ≈ 0.35, we obtain ∆δcr = 0.60, that is essentially 

higher than the estimation ∆ρ made earlier. These calculations assume that ρ de-
crease at εe = 0.43 and 0.52 is due to instable nanoclusters decay and to correspond-
ing REP structure loosening.

The stated above data give a clear example of large possibilities of polymer 
properties operation through its structure change. From the plots of Fig. 6.29, it 
follows that annealing of REP extruded up to εe = 0.52 results to elasticity modulus 
increase in more than 8 times and from the data of Fig. 6.30 yield stress increase in 
6 times follows. From the practical point of view the extrusion and subsequent an-
nealing of rarely cross-linked epoxy polymers allow to obtain materials, which are 
just as good by stiffness and strength as densely cross-linked epoxy polymers, but 
exceeding the latter by plasticity degree. Let us note, that besides extrusion and an-
nealing other modes of polymers nanostructure operation exist: plasticization [70], 
filling [26, 71], films obtaining from different solvents [72] and so on.

Hence, the stated above results demonstrated that neither cross-linking degree 
nor molecular orientation level defined cross-linked polymers final properties. The 
factor, controlling properties is a state of suprasegmental (nanocluster) structure, 
which, in its turn, can be goal-directly regulated by molecular orientation and ther-
mal treatment application [62].

In the stated above treatment not only nanostructure integral characteristics 
(macromolecular entanglements cluster network density νcl or nanocluster relative 
fraction φcl), but also separate nanocluster parameters are important (see Section 
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6.1). In this case of particulate-filled polymer nanocomposites (artificial nanocom-
posites) it is well known that their elasticity modulus sharply increases at nanofiller 
particles size decrease [17]. The similar effect was noted above for REP, subjected 
to different kinds of processing (see Fig. 6.28). Therefore, the authors [73] carried 
out the study of the dependence of elasticity modulus E on nanoclusters size for 
REP.

It has been shown earlier on the example of PC, that the value Ep is defined 
completely by natural nanocomposite (polymer) structure according to the Eq. (32) 
(see Fig. 6.26)

FIGURE 6.33  The dependence of elasticity modulus Ep on nanoclusters diameter Dcl for 
initial (1), extruded (2) and annealed (3) REP. 4 – calculation according to the Eq. (32) [73].

In Fig. 6.33, the dependence of Ep on nanoclusters diameter Dcl, determined ac-
cording to the equation (in Chapter 5), for REP subjected to the indicated processing 
kinds at εe values within the range of 0.16÷0.52 is adduced. As one can see, like in 
the case of artificial nanocomposites, for REP strong (approximately of order of 
magnitude) growth is observed at nanoclusters size decrease from 3 up to 0.9 nm. 
This fact confirms again, that REP elasticity modulus is defined by neither cross-
linking degree nor molecular orientation level, but it depends only on epoxy poly-
mer nanocluster structure state, simulated as natural nanocomposite [73].

Another method of the theoretical dependence Ep (Dcl) calculation for natural 
nanocomposites (polymers) is given in Ref. [74]. The authors [75] have shown, that 
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the elasticity modulus E value for fractal objects, which are polymers [4], is given 
by the following percolation relationship:

	 KT, G ~ (p – pc) 
η,	  (35)

where KT is bulk modulus, G is shear modulus, p is solid-state component volume 
fraction, pc is percolation threshold, η is exponent.

The following equation for the exponent η was obtained at a fractal structure 
simulation as Serpinsky carpet [75]:

	
p

1dη
ν

= − ,	 (36)

where νp is correlation length index in percolation theory, d is dimension of Euclid-
ean space, in which a fractal is considered.

As it is known [4], the polymers nanocluster structure represents itself the perco-
lation system, for which p = φcl, pc = 0.34 [35] and further it can be written:

	 ( ) pícl
cl

st
~ 0,34

R
l

f − ,	 (37)

where Rcl is the distance between nanoclusters, determined according to the 
Eq. (4.63), lst is statistical segment length, νp is correlation length index, 
accepted equal to 0.8 [77].

Since in the considered case the change Ep at ncl variation is interesting 
first of all, then the authors [74] accepted νcl = const = 2.5×1027 m–3, lst = const 
= 0.434 nm. The value Ep calculation according to the Eqs. (35) and (37) 
allows to determine this parameter according to the formula [74]:

	 ( ) p(d-1)í
cl28,9 0,34pE f= − , GPa.	 (38)

In Fig. 6.34, the theoretical dependence (a solid line) of Ep on nanoclusters size 
(diameter) Dcl, calculated according to the Eq. (38) is adduced. As one can see, the 
strong growth Ep at Dcl decreasing is observed, which is identical to the shown one 
in Fig. 6.33. The adduced in Fig. 6.34 experimental data for REP, subjected to hy-
drostatic extrusion and subsequent annealing, correspond well enough to calculation 
according to the Eq. (38). The decrease Dcl from 3.2 up to 0.7 nm results again to Ep 
growth on order of magnitude [74].
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FIGURE 6.34  The dependence of elasticity modulus Ep on nanoclusters diameter Dcl for 
initial (1), extruded (2) and annealed (3) REP. 4 – calculation according to the Eq. (38) [74].

The similar effect can be obtained for linear amorphous polycarbonate (PC) as 
well. Calculation according to the Eq. (38) shows, ncl reduction from 16 (the experi-
mental value ncl at T = 293K for PC [5]) up to 2 results to Ep growth from 1.5 up to 
5.8 GPa and making of structureless (ncl = 1) PC will allow to obtain Ep ≈ 9.2 GPa, 
that is, comparable with obtained one for composites on the basis of PC.

6.6  CONCLUSION

The results give purely practical aspect of such theoretical concepts as the clus-
ter model of polymers amorphous state stricture and fractal analysis application 
for the description of structure and properties of polymers, treated as natural nano-
composites. The necessary nanostructure goal-directed making will allow to obtain 
polymers, not yielding (and even exceeding) by their properties to the composites, 
produced on their basis. Structureless (defect-free) polymers are imagined the most 
perspective in this respect. Such polymers can be natural replacement for a large 
number of elaborated at present polymer nanocomposites. The application of struc-
tureless polymers as artificial nanocomposites polymer matrix can give much larger 
effect. Such approach allows to obtain polymeric materials, comparable by their 
characteristics with metals (e.g., with aluminum).
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7.1  INTRODUCTION

A cluster model of polymers amorphous state structure allows to introduce princi-
pally new treatment of structure defect (in the full sense of this term) for the indi-
cated state [1, 2]. As it is known [3], real solids structure contains a considerable 
number of defects. The given concept is the basis of dislocations theory, widely 
applied for crystalline solids behavior description. Achieved in this field successes 
predetermine the attempts of authors number [4–11] to use the indicated concept in 
reference to amorphous polymers. Additionally used for crystalline lattices notions 
are often transposed to the structure of amorphous polymers. As a rule, the basis 
for this transposition serves formal resemblance of stress – strain (s – e) curves for 
crystalline and amorphous solids.

7.2  THE MODEL

In relation to the structure of amorphous polymers for a long time the most ambigu-
ous point [12–14] was the presence or the absence of the local (short-range) order in 
this connection points of view of various authors on this problem were significantly 
different. The availability of the local order can significantly affect the definition 
of the structure defect in amorphous polymers, if in the general case the order-
disorder transition or vice versa is taken for the defect. For example, any violation 
(interruption) of the long-range order in crystalline solids represents a defect (dis-
location, vacancy, etc.), and a monocrystal with the perfect long-range order is the 
ideal defect-free structure with the perfect long-range order. It is known [15], that 
sufficiently bulky samples of 100% crystalline polymer cannot be obtained, and all 
characteristics of such hypothetical polymers are determined by the extrapolation 
method. That is why the Flory “felt” model [16, 17] can be suggested as the ideal 
defect-free structure for amorphous state of polymers. This model assumes that 
amorphous polymers consist of interpenetrating macromolecular coils personifying 
the full disorder (chaos). Proceeding from this, as the defect in polymers amorphous 
state a violation (interruption) of full disorder must be accepted, that is, formation 
of the local (or long-range) order [1]. It should also be noted that the formal resem-
blance of the curves s – e for crystalline solids and amorphous polymers appears far 
incomplete and the behavior of these classes of materials displays principal differ-
ences, which will be discussed in detail below.

7.3  THE APPROACH

Turning back to the suggested concept of amorphous polymer structural defect, let 
us note that a segment including in the cluster can be considered as the linear defect 
– the analog of dislocation in crystalline solids. Since in the cluster model the length 
of such segment is accepted equal to the length of statistical segment, lst, and their 
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amount per volume unit is equal to the density of entanglements cluster network, 
νcl, then the density of linear defects,ρd, per volume unit of the polymer can be ex-
pressed as follows [1]:

	ρ d = νcl⋅lst.		
		   (1)

The offered treatment allows application of well-developed mathematical appa-
ratus of the dislocation theory for the description of amorphous polymers properties. 
Its confirmation by the X-raying methods was stated in Ref. [18].

Further on, the rightfulness of application of the structural defect concept to 
polymers yielding process description will be considered. As a rule, previously as-
sumed concepts of defects in polymers were primarily used for the description of 
this process or even exclusively for this purpose [4–11]. Theoretical shear strength 
of crystals was first calculated by Frenkel, basing on a simple model of two atoms 
series, displaced in relation to one another by the shear stress (Fig. 7.1a) [3]. Ac-
cording to this model, critical shear stress τ0 is expressed as follows [3]:

	 0 2
Gτ
p

= ,	 (2)

where G is the shear modulus.
Slightly changed, this model was used in the case of polymers yielding [6], from 

where the following equation was obtained:

	 0 3
Gτ

pΥ = ,	 (3)

where τ0Y is a theoretical value of the shear stress at yielding.
Special attention should be paid to the fact that characterizes principally dif-

ferent behavior of crystalline metals compared with polymers. As it is known [3, 
19],τ0Y/τY ratio (where τY is experimentally determined shear stress at yielding) is 
much higher for metals than for polymers. For five metals possessing the face-cen-
tered cubic or hexagonal lattices the following ratios were obtained: τ0Y/τY = 37,400 
¸ 22,720 (according to the data of Ref. [3]), whereas for five polymers this ratio 
makes 2.9 ¸ 6.3 [6]. In essence, sufficient closeness of τ0Y/τY ratio values to one may 
already be the proof for the possibility of realizing of Frenkel mechanism in poly-
mers (in contrast with metals), but it will be shown below that for polymers a small 
modification of the law of shear stress t periodic change used commonly gives τ0Y/
τY values very close to one [20].
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FIGURE 7.1  Schematic representation of deformation of two sequences of atoms according 
to the Frenkel model. Positions before (a) and after (b) deformation [3].

As it has been shown in Ref. [21], dislocation analogies are also true for amor-
phous metals. In essence, the authors [21] consider the atoms construction distortion 
(which induces appearance of elastic stress fields) as a linear defect (dislocation) be-
ing practically immovable. It is clear that such approach correlates completely with 
the offered above structural defect concept. Within the frameworks of this concept, 
Fig. 1a may be considered as a cross-section of a cluster (crystallite) and, hence, the 
shear of segments in the latter according to the Frenkel mechanism – as a mech-
anism limiting yielding process in polymers. This is proved by the experimental 
data [32], which shown that glassy polymers yielding process is realized namely in 
densely packed regions. Other data [23] indicate that these densely packed regions 
are clusters. In other words, one can state that yielding process is associated with 
clusters (crystallites) stability loss in the shear stresses field [24].

In Ref. [25], the asymmetrical periodic function is adduced, showing the de-
pendence of shear stress t on shear strain γsh (Fig. 7.2). As it has been shown before 
[19], asymmetry of this function and corresponding decrease of the energetic barrier 
height overcome by macromolecules segments in the elementary yielding act are 
due to the formation of fluctuation free volume voids during deformation (that is the 
specific feature of polymers [26]). The data in Fig. 7.2 indicate that in the initial part 
of periodic curve from zero up to the maximum dependence of t on displacement x 
can be simulated by a sine-shaped function with a period shorter than in Fig. 7.1. In 
this case, the function t (x) can be presented as follows:

	 6( ) sin
i

xx k
b
pτ

 
=   

,	  (4)
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that is fully corresponds to Frenkel conclusion, except for arbitrarily chosen numeri-
cal coefficient in brackets (6 instead of 2).

FIGURE 7.2  Schematic picture of shear deformation and correspondingstress – strain (t – 
γsh) function [25].

Further calculation of τo by method, described in Ref. [3], and its comparison 
with the experimental values τx indicated their close correspondence for nine amor-
phous and semicrystalline polymers (Fig. 7.3), which proves the possibility of real-
ization of the above-offered yielding mechanism at the segmental level [18].

Inconsistency of τoY and τY values for metals results to a search for another 
mechanism of yielding realization. At present, it is commonly accepted that this 
mechanism is the motion of dislocations by sliding planes of the crystal [3]. This 
implies that interatomic interaction forces, directed transversely to the crystal slid-
ing plane, can be overcome in case ofthe presence of local displacements number, 
determined by stresses periodic field in the lattice. This is strictly different from 
macroscopic shear process, during which all bonds are broken simultaneously (the 
Frenkel model). It seems obvious that with the help of dislocations total shear strain 
will be realized at the applying much lower external stress than for the process in-
cluding simultaneous breakage of all atomic bonds by the sliding plane [3].
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FIGURE 7.3  The relationship between theoretical τo and experimental τY shear stresses at 
yielding for polytetrafluoroethylene (1), HDPE (2), polypropelene (3), polyamide-6 (4), poly 
(vinil chloride) (5), polyhydroxiester (6), PC (7), polysulfone (8) and PAr (9) [20].

Payerls and Nabarro [3] were the first who calculated the shear stress necessary 
for the dislocations motion, τdm. They used a sinusoidal approximation and deduced 
the expression for τdm as follows:

	 2 (1 )2
1

i ia b
dm

G e p ντ
ν

− −=
− ,	 (5)

where n is the Poisson’s ratio and parameters ai and bi are of the same meaning as 
in Fig. 7.2.

By substituting reasonable n value, for example, 0.35 [27], and assuming ai = bi, 
the following value for τdm is obtained: τdm = 2 ´ 10–4G. Though for metals this value 
is higher than the observed τY, it is much closer to them than the stress calculated 
using simple shear model (the Frenkel model, Fig. 7.1).

However, for polymers the situation is opposite: analogous calculation indicates 
that their τdm does not exceed 0.2 MPa, which is by two orders of magnitude, ap-
proximately, lower than the observed τY values.

Let us consider further the free path length of dislocations, λd. As it is known 
for metals [3], in which the main role in plastic deformation belongs to the mobile 
dislocations, λd assesses as ∼104 Å. For polymers, this parameter can be estimated 
as follows [28]:

	 Y
Y

db
eλ
r

= ,	 (6)
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where εY is the yield strain, b is Burgers vector, ρd is the density if linear defects, 
determined according to the Eq. (1).

The value εY assesses as ∼0.10 [29] and the value of Burgers vector b can be 
estimated according to the equation [30]:

	
1/2

60,7b
C∞

 
=   

, Å.	 (7)

The values for different polymers, λd assessed by the Eq. (6) is about 2.5 Å. The 
same distance, which a segment passes at shearing, when it occupies the position, 
shown in Fig. 7.1b, that can be simply calculated from purely geometrical consid-
erations. Hence, this assessment also indicates no reasons for assuming any suffi-
cient free path length of dislocations in polymers rather than transition of a segment 
(or several segments) of macromolecule from one quasiequilibrium state to another 
[31].

It is commonly known [3, 25] that for crystalline materials Baily Hirsh relation-
ship between shear stress, τY, and dislocation density, ρd, is fulfilled:

	 1/2
Y in dGbτ τ α r= + ,	 (8)

where τin is the initial internal stress, a is the efficiency constant.
The Eq. (8) is also true for amorphous metals [21]. In Ref. [20] it was used 

for describing mechanical behavior of polymers on the example of these materials 
main classes representatives. For this purpose, the data for amorphous glassy PAr 
[32], semicrystalline HDPE [33] and cross-linked epoxy polymers of amine and 
anhydride curing types (EP) were used [34]. Different loading schemes were used: 
uniaxial tension of film samples [32], high-speed bending [33] and uniaxial com-
pression [34]. In Fig. 7.4, the relations between calculated and experimental values 
τY for the indicated polymers are adduced, which correspond to the Eq. (8). As one 
can see, they are linear and pass through the coordinates origin (i.e., τin = 0), but a 
values for linear and cross-linked polymers are different. Thus in the frameworks 
of the offered defect concept the Baily Hirsh relationship is also true for polymers. 
This means that dislocation analogs are true for any linear defect, distorting the 
material ideal structure and creating the elastic stresses field [20]. From this point 
of view high defectness degree of polymers will be noted: ρd» 109¸ 1014 cm–2 for 
amorphous metals [21], and ρd» 1014 cm–2 for polymers [28].

Hence, the stated above results indicate that in contrast with metals, for poly-
mers realization of the Frenkel mechanism during yielding is much more probable 
rather than the defects motion (Fig. 7.1). This is due to the above-discussed (even 
diametrically opposed) differences in the structure of crystalline metals and poly-
mers [1].

As it has been shown above using position spectroscopy methods [22], the yield-
ing in polymers is realized in densely packed regions of their structure. Theoretical 
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analysis within the frameworks of the plasticity fractal concept [35] demonstrates 
that the Poisson′s ratio value in the yielding point, νY, can be estimated as follows:

	 νY = νc + 0.5 (1 – c),	 (9)

where n is Poisson’s ratio value in elastic strains field, c is the relative fraction of 
elastically deformed polymer.

FIGURE 7.4  The relation between calculated and shears stress at yielding τY, corresponding 
to the Eq. (8), for PAr (1), HDPE (2) and EP (3) [20].

FIGURE 7.5  The relation between relative fraction of loosely packed matrix ϕl.m and 
probability of elastic state realization c for PC (1) and PAr (2) [23].
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In Fig. 7.5, the comparison of values c and ϕl.m for PC and PAr is adduced, which 
has shown their good correspondence. The data of Fig. 7.5 assume that the loosely 
packed matrix can be identified as the elastic deformation region and clusters are 
identified as the region of inelastic (plastic) deformation [23]. These results prove 
the conclusion made in Ref. [22] about proceeding of inelastic deformation process-
es in dense packing regions of amorphous glassy polymers and indicate correctness 
of the plasticity fractal theory at their description.

FIGURE 7.6  The stress–strain (s – e) diagrams for PAr at testing temperatures 293 (1) and 
453 K (2) [24].

The yielding process of amorphous glassy polymers is often considered as 
their mechanical devitrification [36]. However, if typical stress – strain (s – e) plot 
for such polymers is considered (Fig. 7.6), then one can see, that behind the yield 
stress σY the forced elasticity (cold flow) plateau begins and its stress σp is practi-
cally equal to σY, that is, σp has the value of order of several tens MPa, whereas 
fordevitrificated polymer this value is, at least, on the order of magnitude lower. 
Furthermore, σp is a function of the temperature of tests T, whereas for devitrifi-
cated polymer such dependence must be much weaker what is important, possess 
the opposite tendency (σp enhancement at T increase). This disparity is solved easily 
within the frameworks of the cluster model, where cold flow of polymers is associ-
ated with devitrivicated loosely packed matrix deformation, in which clusters “are 
floating.”However, thermal devitrification of the loosely packed matrix occurs at 
the temperature Tg¢ – which is approximately 50 K lower than Tg. That is why it 
should be expected that amorphous polymer in the temperature range Tg′÷Tg will be 
subjected to yielding under the application of even extremely low stress (of about 1 
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MPa). Nevertheless, as the plots in Fig. 7.6 show, this does not occur and s – e curve 
for PAr in Tg′÷Tg range is qualitatively similar to the plot s – e at T<Tg¢ (Curve 1). 
Thus is should be assumed that devitrification of the loosely packed matrix is the 
consequence of the yielding process realization, but not its criterion. Taking into ac-
count realization of inelastic deformation process in the clusters (Fig. 7.5) one can 
suggest that the sufficient condition of yield in the polymer is the loss of stability 
by the local order regions in the external mechanical stress field, after which the 
deformation process proceeds without increasing the stress s (at least, nominal one), 
contrary to deformation below the yield stress, where a monotonous increase of s is 
observed (Fig. 7.6).

Now using the model suggested by the authors [37] one can demonstrate that the 
clusters lose their stability, when stress in the polymer reaches the macroscopic yield 
stress, σY. Since the clusters are postulated as the set of densely packed collinear 
segments, and arbitrary orientation of cluster axes in relation to the applied tensile 
stress s should be expected, then they can be simulated as “inclined plates” (IP) [37], 
for which the following expression is true [37]:

	 ( ) ( )Y cl 0 2 224 1 2IP Gτ τ e ν ν< = + − ,	  (10)

where τY is the shear stress in the yielding point, tIP is the shear stress in IP (cluster), 
Gcl is the shear modulus, which is due to the clusters availability and determined 
from the plots.

Since the Eq. (10) characterizes inelastic deformation of clusters, the following 
can be accepted: ν2 = 0.5. Further on, under the assumption that τY = tIP, the expres-
sion for the minimal (with regard to inequality in the left part of the Eq. (10)) proper 
strain min

0e  is obtained [24]:

	 min Y
0

cl24G
τe = 	 (11)

The condition for IP (clusters) stability looks as follows [37]:

	 ( )
0 0

Y 0 cl 0 2

3 31
2 8 1

Yq
G

e e τ
τ e e ν

  = ⋅ + − +  



,	  (12)

where q is the parameter, characterizing plastic deformation, 0
~e  is the proper strain 

of the loosely packed matrix.
The cluster stability violation condition is fulfillment of the following inequality 

[37]:

	 q £ 0.	 (13)

Comparison of the Eqs. (12) and (13) gives the following criterion of stability loss 
for IP (clusters) [24]:
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	 ( )
20 Y

0 cl 0 2

31 4
8 1

T
b ac

G
e τ
e e ν

+ = −
+



,	 (14)

from which theoretical stress τY ( T
Yτ ) can be determined, after reaching of which the 

criterion (13) is fulfilled.
To perform quantitative estimations, one should make two simplifying assump-

tions [24]. Firstly, for IP the following condition is fulfilled [37]:

	 ( )2
0 00 sin 1IPq e e≤ ≤ ,	  (15)

where qIP is the angle between the normal to IP and the main axis of proper strain.
Since for arbitrarily oriented IP (clusters) sin2qIP = 0.5, then for fulfillment of the 

condition (15) the assumption is enough. Secondly, the Eq. (11) gives the minimal 
value of εo, and for the sake of convenience of calculations parameters τY and Gcl 
were replaced by σY and E, respectively. E value is greater than the elasticity modu-
lus Ecl due to the availability of clusters. That is why to compensate two mentioned 
effects the strain εo, estimated according to the Eq. (11), was twice increased. The 
final equation looks as follows [24]:

	
Y

0 cl0,64 0,64
E

σe e≈ = ,	 (16)

where εcl is the elastic component of macroscopic yield strain [38], which corre-
sponds to strains εo and 0

~e by the physical significance [37].
Combination of the Eqs. (14) and (16) together with the plots similar to the ones 

shown before (see Chapter 1), where from Ecl (Gcl) can be determined, allows to 
estimate theoretical yield stress T

Yσ  and compare it with experimental values σY. 
Such comparison is adduced in Fig. 7.7, whichdemonstrates satisfactory conformity 
between T

Yσ  and σY that proves the suggestion made in Ref. [24] and justifies the 
above-made assumptions.

Hence, realization of the yielding process in amorphous glassy polymers re-
quires clusters stability loss in the mechanical stress field, after which mechanical 
devitrification of the loosely packed matrix proceeds. Similar criterion was obtained 
for semicrystalline polymers [24].
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FIGURE 7.7  The relation between experimental σY and calculated according to the Eq. (14) 
yield stress values for PAr (1) and PC (2) [24].

As results obtained in Refs. [34, 39] have shown, the behavior of cross-linked 
polymers is just slightly different from the above-described one for linear PC and 
PAr. However, further progress in this field is quite difficult due to, at least, two 
reasons: excessive overestimation of the chemical cross-links role and the quantita-
tive structural model absence. In Ref. [39], the yielding mechanism of cross-linked 
polymer has been offered, based on the application of the cluster model and the lat-
est developments in the deformable solid body synergetics field [40] on the example 
of two already above-mentioned epoxy polymers of amine (EP-1) and anhydrazide 
(EP-2) curing type.

Figure 7.8 shows the plots s – e for EP-2 under uniaxial compression of the 
sample up to failure (curve 1) and at successive loading up to strain e exceeding 
the yield strain εY (curves 2–4). Comparison of these plots indicates consecutive 
lowering of the “yield tooth” under constant cold flow stress, σp. High values of 
σp assume corresponding values of stable clusters network density st

clν , which is 
much higher than the chemical cross-links network density νc [34]. Thus though the 
behavior of a cross-linked polymer on the cold flow plateau is described within the 
frameworks of the rubber high-elasticity theory, the stable clusters network in this 
part of s – e plots is preserved. The only process proceeding is the decay of instable 
clusters, determining the loosely packed matrix devitrification. This process begins 
at the stress equal to proportionality limit that correlates with the data from Ref. 
[41], where the action of this stress and temperature T2 = Tg¢ is assumed analogous. 
The analogy between cold flow and glass transition processes is partial only: the 
only one component, the loosely packed matrix, is devitrivicated. Besides, complete 
decay of instable clusters occurs not in the point of yielding reaching at σY, but at 
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the beginning of cold flow plateau at σp. This can be observed from s – e diagrams 
shown in Fig. 7.8. As a consequence, the yielding is regulated not by the loosely 
packed matrix devitrification, but by other mechanism. As it is shown above, as 
such mechanism the stability loss by clusters in the mechanical stress field can be 
assumed, which also follows from the well-known fact of derivative ds/de turning to 
zero in the yield point [42]. According to the Ref. [40] critical shear strain g* leading 
to the loss of shear stability by a solid is equal to:

	 1
mn

g ∗ = ,	 (17)

where m and n are exponents in the Mie equation [27] setting the interconnection 
between the interaction energy and distance between particles. The value of param-
eter 1/mn can be expressed via the Poisson′s ratio, n [27]:

	
1 1 2

6(1 )mn
ν
ν

−
=

+ 	 (18)

From the Eq. (18) it follows [18]:

	 Y1
mn E

σg ∗= = 	 (19)

FIGURE 7.8  The stress – strain (s – e) diagrams at loading up to failure (1) and at cyclic 
load exertion (2–4) for EP-2: 2 – the first loading cycle; 3 – the second loading cycle; 4 – the 
third loading cycle [39].
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The Eq. (19) gives the strain value with no regard to viscoelastic effect, that is, 
diagram s – e deviation from linearity behind the proportionality limit. Taking into 
account that tensile strain is twice greater, approximately, than the corresponding 
shear strain [42], theoretical yield strain T

Ye , corresponding to the stability loss by a 
solid, can be calculated. In Fig. 9 the comparison of experimental εY and T

Ye  yield 
strain magnitudes is fulfilled. Approximate equality of these parameters is observed 
that assumes association of the yielding with the stability loss by polymers. More 
precisely, we are dealing with the stability loss by clusters, because parameter n 
depends upon the cluster network density νcl and εY value is proportional to νcl [32].

FIGURE 7.9  The relation between experimental εY and theoretical T
Ye  yield strain values 

for epoxy polymers EP-1 (1) and EP-2 (2) [39].

The authors [43] consider the possibility of intercommunication of polymers 
yield strain and these materials suprasegmental structure evolution, which is con-
stituent part of hierarchical systems behavior [44, 45]. It is supposed that within the 
frameworks of this general concept polymer suprasegmental structures occupy their 
temporal and energetic “niches” in general hierarchy of real world structures [46]. 
As a structure quantitative model the authors [43] use a cluster model of polymers 
amorphous state structure [18, 24]. Ten groups of polymers, belonging to different 
deformation schemes in wide range of strain rates and temperatures, were used for 
obtaining possible greater results community. The yield strain εY was chosen as 
the parameter, characterizing suprasegmental structures stability in the mechanical 
stresses field.
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The Gibbs function of suprasegmental (cluster) structure self-assembly at tem-
perature T = Tg – ∆T was calculated as follows [45]:

	 imG S T∆ = ∆ ∆ ,	 (20)

where ∆S is entropy change in this process course, which can be estimated as fol-
lows [47]:

	 ∆S = (3 ¸ 5) ⋅k⋅fg⋅lnfg.	  (21)

In the Eq. (21), the coefficient (3 ¸ 5) takes into account conformational molecular 
changes contribution to ∆S, k is Boltzmann constant, fg is a polymer relative fluctua-
tion free volume.

Let us consider now the results of the concept [44, 45] application to polymers 
yielding process description. The yielding can be considered as polymer structure 
loss of its stability in the mechanical stresses field and the yield strain εY is measure 
of this process resistance. In Ref. [44], it is indicated that specific lifetime of supra-
segmental structures tim is connected with imG∆   as follows:

	 ( )~ expim imt G RT−∆  	 (22)

where R is the universal gas constant.
Assuming that tim∼tY (tY is time, necessary for yield stress σY achievement) and 

taking into account, that εY∼tY, it can be written [43]:

	 ( )Y ~ exp imG RTe −∆  	 (23)

Let us note, that the Eq. (23) correctness in reference to polymers means, that 
yielding process in them is controlled by supra segmental structures thermodynami-
cal stability.

In Fig. 7.10, the dependence of εY on ( )exp imG RT−∆  , corresponding to the Eq. 
(23), for all groups of the considered in Ref. [43] polymers. Despite definite (and ex-
pected) data scattering it is obvious, that all data break down intotwo branches, the 
one of which is approximated by a straight line. Such division reasons are quite obvi-
ous: the data with negative value of imG∆   cover one (right) branch and with positive 
ones − the other (left) one. The last group consists of semicrystalline polymers with 
devitrificated at testing temperature loosely packed matrix (polytetrafluoroethylene, 
polyethylenes, polypropylene). The cluster model [18, 24] postulates thermofluc-
tuation character of clusters formation and their decay at T≥Tg. Therefore, such clus-
ters availability in the indicated semicrystalline polymers devitrificatedamorphous 
phase has quite another origin, namely, it is due to amorphous chains tightness in 
crystallization process [48]. In practice this effect results to the condition imG∆ 
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>0 realization, which in the low-molecular substances case belongs to hypothetical 
nonexistent in reality transitions “an overheated liquid → solid body” [45].

FIGURE 7.10  The correlation of yield strain εY and parameter ( )exp imG RT−∆   for 
polymers with devitrificated (1, 7, 8, 9) and glassy (2, 3, 4, 5, 6, 10) loosely packed matrix 
[43].

Let us note one more feature, confirming existence reality of Fig. 7.10 plot left 
branch. At presentεY increase at T growth for polyethylenenes and εY decreaseat the 
same conditions – for amorphous glassy polymers are well known [18]. One can see 
easily, that this experimental fact is explained completely by two branches availabil-
ity in the plot of Fig. 7.10 that confirms again existence reality of suprasegmental 
structures, which are in quasiequilibrium with “free” segments. This quasiequilib-
rium is characterized by imG∆   so, that in this case imG∆  > 0.

As it was to be expected the value εY = 0 at ( )exp imG RT−∆   or imG∆   = 0. The 
last condition is achieved at T = Tg, where the yield strain is always equal to zero. 
Let us also note, that the data for semicrystalline polymers with vitrificated amor-
phous phase (polyamide-6, poly (ethylene terephthalate)) cover the right branch of 
the Fig. 7.10 plot. This means, that suprasegmental structures existence ( imG∆  > 
0) is due just to devitrificated amorphous phase availability, but no crystallinity. At 
T<Tg amorphous phase viscosity, increases sharply and amorphous chains tightness 
cannot be exercised its action, displacing macromolecules parts, owing to that local 
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order formation has thermofluctuation character. The attention is paid to the ob-
tained plot community, if to remember, that the values tY for impact and quasistatic 
tests are differed by five orders. This circumstance is explained simplyenough, since 
the value εY can be written as follows [43]:

	 Y Yte e=  ,	 (24)

where e  is strain rate and substitution of the Eq. (24) in the Eq. (23) shows that in 
the right part of the latter the factor e –1 appears, which for the considered loading 
schemes changes by about five orders.

The Gibbs specific function notion for nonequilibrium phase transition “over-
cooled liquid → solid body” is connected closely to local order notion (and, hence, 
fractality notion, see Chapter 1), since within the frameworks of the cluster model 
the indicated transition is equivalent to cluster formation start. The dependence of 

clusters relative fraction ϕcl on the value imG∆   for PC and PAr is adduced. As one 

can see, this dependence is linear, ϕcl growth at imG∆   increasing is observed and 

at imG∆   = 0 (i.e., for the selected standard temperature T = Tg) the cluster structure 
complete decay (ϕcl = 0) occurs.

The adduced above results can give one more, at least partial, explanation of 
“cell’s effect.” As it has been shown in Ref. [18], the following approximate rela-
tionship exists between εY and Grüneisen parameter gL:

	 Y
L

1
2

e
g

= 	 (25)

Using this relationship and the plots of Fig. 7.10, it is easy to show, that the de-
crease and, hence,  ϕcl reduction results to gL growth, characterizing intermolecular 
bonds anharmonicity level. This parameter shows, how fast intermolecular interac-
tion weakens at external (e.g., mechanical one [49]) force on polymer and the higher 
gL the faster intermolecular interaction weakening occurs at other equal conditions. 
In other words, the greater imG∆   and ϕcl, the smaller gL and the higher polymer 
resistance to external influence. In Fig. 7.11, the dependence of gL on mean number 
of statistical segments per one cluster ncl, which demonstrates clearly the said above.

Hence, the stated above results shown that polymer yielding process can be 
described within the frameworks of the macrothermodynamical model. This is con-
firmed by the made in Ref. [44] conclusion about thermodynamical factor signifi-
cance in those cases, when quasiequilibrium achievement is reached by mechanical 
stresses action. The existence possibility of structures with imG∆  > 0 (connected 
with transition “overheated liquid → solid body” [45] was shown and, at last, one 
more possible treatment of “cell’s effect” was given within the frameworks of inter-
molecular bonds anharmonicity theory for polymers [49].
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FIGURE 7.11  The dependence of Grüneisen parameter gL on mean number of statistical 
segments per one cluster ncl for PC (1) and PAr (2) [43].

If to consider the yielding process as polymer mechanical devitrification [36], 
then the same increment of fluctuation free volume fg is required for the strain εY 
achievement. This increment ∆fg can be connected with εY as follows [50]:

	 ∆fg = εY (1−2n)	  (26)

Therefore, fg decrease results to ∆fg growth and respectively, εY enhancement.
Let us consider, which processes result to necessary for yielding realization fluc-

tuation free volume increasing. Theoretically (within the frameworks of polymers 
plasticity fractal concept [35] and experimentally (by positrons annihilation method 
[22]) it has been shown, that the yielding process is realized in densely packed re-
gions of polymer. It is obvious, that the clusters will be such regions in amorphous 
glassy polymer and in semicrystalline one – the clusters and crystallites [18]. The 
Eq. (9) allows to estimate relative fraction c of polymer, which remains in the elastic 
state.

In Fig. 7.12, the temperature dependence of c for HDPE is shown, from which 
one can see its decrease at T growth. The absolute values c change within the lim-
its of 0.516 ¸ 0.364 and the determined by polymer density crystallinity degree K 
for the considered HDPE is equal to 0.687 [51]. In other words, the value c in all 
cases exceeds amorphous regions fraction and this means the necessity ofsome part 
crystallites melting for yielding process realization. Thus, the conclusion should be 
made, that a semicrystalline HDPE yielding process includes its crystallites partial 
mechanical melting (disordering). For the first time Kargin and Sogolova [52] made 
such conclusion and it remains up to now prevalent in polymers mechanics [53]. 
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The concept [35] allows to obtain quantitative estimation of crystallites fraction 
χcr, subjecting to partial melting − recrystallization process, subtracting amorphous 
phase fraction in HDPE from c. The temperature dependence of χcr was also shown 
in Fig. 7.12, from which one can see, that χcr value is changed within the limits of 
0.203 ¸ 0.051, decreasing at T growth.

FIGURE 7.12  The dependences of elastically deformed regions fraction c (1, 2) and 
crystallites fraction, subjected to partial melting, χcr (3, 4) on testing temperature T in impact 
(1, 3) and quasistatic (2, 4) tests for HDPE [51].

FIGURE 7.13  The dependence of yield stress σY on crystallites fraction, subjecting to 
partial melting χcr, in impact (1) and quasistatic (2) tests for HDPE [51].
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It is natural to assume, that the yield stress is connected with parameter χcr as 
follows: the greater χcr, the larger the energy, consumed for melting and the higher 
σY. The data of Fig. 7.13 confirm this assumption and the dependence σY (χcr) is ex-
trapolated to finite σY value, since not only crystallites, but also clusters participate 
in yielding process. As it was to be expected [54], the crystalline regions role in 
yielding process realization is much larger, than the amorphous ones.

Within the frameworks of the cluster model [55] it has been assumed, that the 
segment joined to cluster means fluctuation free volume microvoid “shrinkage” and 
vice versa. In this case the microvoids number ∆Nh, forming in polymer dilation 
process, should be approximately equal to segments number ∆Nf, subjected to par-
tial melting process. These parameters can be estimated by following methods. The 
value ∆Nh is equal to [51]:

	 g
h

h

f
N

V
∆

∆ = ,	 (27)

where Vh is free volume microvoid volume, which can be estimated according to the 
kinetic theory of free volume [27].

Macromolecules total length L per polymer volume unit is estimated as follows 
[56]:

	
1L
S

= ,	 (28)

where S is macromolecule cross-sectional area.
The length of macromolecules Lcr, subjected to partial melting process, per poly-

mer volume unit is equal to [51]:

	 Lcr =Lχcr	 (29)

Further the parameter ∆Nc can be calculated [51]:

	
cr cr

st 0

L L
N

l l Cχ
χ

∞
∆ = = 	 (30)

The comparison of ∆Nh and ∆NY values is adduced in Fig. 7.14, from which 
their satisfactorycorrespondence follows. This is confirmed by the conclusion, that 
crystallites partial mechanical melting (disordering) is necessary for fluctuation free 
volume fg growth up to the value, required for polymers mechanical devitrification 
realization [51].

Whenever work is done on a solid, there is also a flow of heat necessitated by the 
deformation. The first law of thermodynamics:
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dU = dQ + dW			    (31)
where Eq. (31) states that the internal energy change dU of a sample is equal to the 
sum of the work dW performed on the sample and the heat flow dQ into the sample. 
This relation is valid for any deformation, whether reversible or irreversible. There 
are twothermodynamically irreversible cases for which dQ and dW are equal by 
absolute value and opposite by sign: uniaxial deformation of a Newtonian fluid and 
ideal elastic-plastic deformation. For amorphous glassy polymers deformation has 
essentially different character: the ratio dQ/dW¹ 1 and changes within the limits of 
0.36 ¸ 0.75 depending on testing condition [57]. In other words, the thermodynami-
cally ideal plasticity is not realized for these materials. The reason of this effect is 
thermodynamical nonequilibrium of polymers structure. Within the frameworks of 
the fractal analysis it has been shown that it results to polymers yielding process 
realization not only in entire samplevolume, but also in its part [see Eq. (9)] [35]. 
Besides, it has been demonstrated experimentally and theoretically that amorphous 
glassy polymer structural component, in which the yielding is realized, is densely 
packed local order regions (clusters) [22, 23].

FIGURE 7.14  The relation between increment of segments number ∆NY in crystallites, 
subjecting to partial melting, and increment of free volume microvoids number ∆Nh, which is 
necessary for yielding process realization, for HDPE [51].

Lately the mathematical apparatus of fractional integration and differentiation 
[58, 59] was used for fractal objects description, which is amorphous glassy poly-
mers structure. It has been shown [60] that Kantor′s set fractal dimension coin-
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cides with an integral fractional exponent, which indicates system states fraction, 
remaining during its entire evolution (in our case deformation). As it is known [61], 
Kantor’s set (“dust”) is considered in one-dimensional Euclidean space (d = 1) and 
therefore its fractal dimension obey the condition df£ 1. This means, that for fractals, 
which are considered in Euclidean spaces with d> 2 (d = 2, 3,…) the fractional part 
of fractal dimension should be taken as fractional exponent νfr [62, 63]:

	 νfr =df – (d – 1)	  (32)

FIGURE 7.15  The dependence of relative fraction of latent energy dU on fractional 
exponent νfr =df – (d – 1) value for PC (1) and PMMA (2) [64].

The value νfr characterizes that states (structure) part of system (polymer), which 
remains during its entire evolution (deformation). In Fig. 7.15, the dependence of 
latent energy fraction dU at PC and poly (methyl methacrylate) (PMMA) deforma-
tion on νfr =df – (d – 1) [64] is shown. The value dU was estimated as (W – Q)/W. In 
Fig. 7.15, the theoretical dependence dU (νfr) is adducted, plotted according to the 
conditions dU = 0 at νfr = 0 or df = 2 and dU = 1 at νfr = 1 or df = 3 (d = 3), that is, at 
νfr or df limiting values [64]. The experimental data correspond well to this theoreti-
cal dependence, from which it follows [64]:

	 dU = νfr =df – (d – 1).	  (33)

Let us consider two limiting cases of the adduced in Fig. 7.15 dependence at νfr 
= 0 and 1.0, both at d = 3. In the first case (df = 2) the value dU = 0 or, as it follows 
from dU definition (the Eq. (31)), dW = dQ and polymer possesses an ideal elastic-
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plastic deformation. Within the frameworks of the fractal analysis df = 2means, that 
ϕcl = 1.0, that is, amorphous glassy polymer structure represents itself one gigantic 
cluster. However, as it has been shown above, the condition df = 2 achievement for 
polymers is impossible in virtue of entropic tightness of chains, joining clusters, and 
therefore df> 2 for real amorphous glassy polymers. This explains the experimental 
observation for the indicated polymers: dU¹ 0 or dW¹dQê [57]. At νfr = 1.0 or 
df = d = 3 polymers structure loses its fractal properties and becomes Euclidean 
object (true rubber). In this case from the plot of Fig. 7.15 dU = 1.0 follows. How-
ever, it has been shown experimentally, that for true rubbers, which are deformed 
by thermodynamically reversible deformation dU = 0. This apparent discrepancy 
is explained as follows [64]. Fig. 7.15 was plotted for the conditions of inelastic 
deformation, whereas at df = d only elastic deformation is possible. Hence, at νfr = 
1.0 or df = d = 3 deformation typediscrete (jump – like) change occurs from dU® 
1 up to dU = 0. This point becomes an initial one for fractal object deformation in 
Euclidean space with the next according to the custom dimension d = 4, where 3 
≤df£ 4 and all said above can be repeated in reference to this space: at d = 4 and df = 
3 the value νfr = 0 and dU = 0. Let us note in conclusion that exactly the exponent νfr 
controls the value of deformation (fracture) energy of fractal objects as a function of 
processlength scale. Let us note that the equality dU = ϕl.m. was shown, from which 
structural sense of fractional exponent in polymers inelastic deformation process 
follows: νfr =ϕl.m. [64].

Mittag-Lefelvre function [59] usage is one more method of a diagrams s − e de-
scription within the frameworks of the fractional derivatives mathematical calculus. 
A nonlinear dependences, similar to a diagrams s − e for polymers, are described 
with the aid of the following equation [65]:

	 ( ) ( )fr
fr0 ,11 E ν

νσ e σ e = − −  ,	 (34)

where σo is the greatest stress for polymer in case of linear dependence s(e) (of ideal 
plasticity), is the Mittag-Lefelvre function [65]:

	 ( ) ( )
fr

fr
fr ,1

fr0

k

k

E
Ã k

ν
ν

ν
ee

ν β

∞

=

− =
+∑ , νfr> 0, b> 0,	 (35)

where Г is Eiler gamma-function.
As it follows from the Eq. (34), in the considered case b = 1 and gamma-function 

is calculated as follows [40]:

	 ( ) ( ) ( )fr frfr frfr
fr fr1

2
k kkÃ k k e

ν νν e ν eνpν ν e
−− − −

+ = − 	  (36)
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FIGURE 7.16  The experimental (1 ÷ 3) and calculated according to the equations (4.34) ¸ 
(4.36) (4 ÷ 6) diagrams s – e for PAr at T = 293 (1, 4), 353 (2, 5) and 433 K (3, 6). The shaded 
lines indicate calculated diagrams s – e for forced high-elasticity part without νfr change [66].

In Fig. 7.16, the comparison of experimental and calculated according to the 
equations (34) ¸ (36) diagrams s − e for PAr at three testing temperatures is adduced. 
The values σo were determined as the product EεY [66]. As it follows from the data 
of Fig. 7.16, the diagrams s − e on the part from proportionality limit up to yield 
stress are well described well within the frameworks of the Mittag-Lefelvre func-
tion. Let us note that two necessary for these parameters (σo and νfr) are the function 
of polymers structural state, but not filled parameters. This is a principal question, 
since the usage in this case of empirical fitted constants, as, for example, in Ref. 
[67], reduces significantly using method value [60, 65].

In the initial linear part (elastic deformation) calculation according to the Eq. 
(34) was not fulfilled, since in it deformation is submitted to Hooke law and, hence, 
is not nonlinear. At stresses greater than yield stress (high-elasticity part) calculation 
according to the Eq. (34) gives stronger stress growth (stronger strain hardening), 
than experimentally observed (that it has been shown by shaded lines in Fig. 7.16). 
The experimental and theoretical dependences s − e matching on cold flow part 
within the frameworks of the Eq. (34) can be obtained at supposition νfr = 0.88 for 
T = 293 K and νfr = 1.0 for the two remaining testing temperatures. This effect ex-
planation was given within the frameworks of the cluster model of polymers amor-
phous state structure [39], where it has been shown that in a yielding point small 
(instable) clusters, restraining loosely packed matrix in glassy state, break down. As 
a result of such mechanical devitrification glassy polymers behavior on the forced 
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high-elasticity (cold flow) plateau is submitted to rubber high-elasticity laws and, 
hence, df→d = 3 [68]. The stress decay behind yield stress, so-called “yield tooth”, 
can be described similarly [66]. An instable clusters decay in yielding point results 
to clusters relative fraction ϕcl reduction, corresponding to df growthand νfr enhance-
ment (the Eq. (33)) and, as it follows from the Eq. (34), to stress reduction. Let us 
note in conclusion that the offered in Ref. [69] techniques allow to predict param-
eters, which are necessary for diagrams s – e description within the frameworks of 
the considered method, that is, E, εY and df.

In Ref. [70], it has been shown that rigid-chain polymers can be have a several 
sub-states within the limits of glassy state. For polypiromellithimide three such sub-
states are observed on the dependences of modulus ds/de, determined according to 
the slope of tangents to diagram s − e, on strain e [70]. However, such dependences 
of ds/de on e have much more general character: in Fig. 7.17 three similar depen-
dences for PC are adduced, which were plotted according to the data of Ref. [49]. If 
in Ref. [70] the transition from part I to part II corresponds to polypiromellithimide 
structure phase change with axial crystalline structure formation [71], then for the 
adduced in Fig. 7.17 similar dependences for PC this transition corresponds to de-
formation type change from elastic to inelastic one (proportionality limit [72]). The 
dependences (ds/de) (e) community deserves more intent consideration that was 
fulfilled by the authors [73] within the frameworks of fractal analysis.

FIGURE 7.17  The dependences of modulus ds/de, determined according to the slope of 
tangents to diagram s – e, on strain e in double logarithmic coordinates for PC at T = 293 (1), 
343 (2) and 373 K (3) [73].
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The dependence of physical fractal density r on measurement scale L in double 
logarithmic coordinates was shown. For L<Lmin and L>Lmax Euclidean behavior is 
observed and within the range of L = Lmin ̧ Lmax – fractal one [40]. Let us pay attention 
to the complete analogy of the plots of Fig. 7.17.

There is one more theoretical model allowing nonstandard treatment of the 
shown in Fig. 7.17 dependences ds/de (e). Kopelman was offered the fractal descrip-
tions of chemical reactions kinetics, using the following simple relationship [74]:

	 ~ hk t− ,	 (37)

where k is reaction rate, t is its duration, h is reactionary medium nonhomogeneity 
(heterogeneity) exponent (0<h<1), which turns into zero only for Euclidean (homo-
geneous) mediums and the Eq. (37) becomes classical one: k = const.

From the Eq. (37) it follows, that in case h¹ 0, that is, for heterogeneous (fractal) 
mediums the reaction rate k reduces at reaction proceeding. One should attention 
to qualitative analogy of curves s − e and the dependences of conversion degree on 
reaction duration Q (t) for a large number of polymers synthesis reactions [75]. Still 
greater interest for subsequent theoretical developments presents complete qualita-
tive analogy of diagrams s – e and strange attractor trajectories, which can be have 
“yield tooth,” strain hardening and so on [76].

If to consider deformation process as polymer structure reaction with supplied, 
from outside mechanical energy to consider, then the modulus ds/de will be kanalog 
(Fig 7.17). The said above allows to assume, that deformation on parts I and III 
(elasticity and cold flow) proceeds in Euclidean space and on part II (yielding) – in 
fractal one.

The fractal analysis main rules usage for polymers structure and properties de-
scription [68, 77] allows to make quantitative estimation of measurement scale L 
change at polymer deformation. There are a several methods of such estimation and 
the authors [73] use the simplest from them as ensuring the greatest clearness. As 
it was noted in Chapter 1, the self-similarity (fractality) range of amorphous glassy 
polymers structure coincides with cluster structure existence range: the lower scale 
of self-similarity corresponds to statistical segment length lst and the upper one – to 
distance between clusters Rcl. The simplest method of measurement scale L estima-
tion is the usage of well-known Richardson equation.

In the case of affine deformation the value Rcl will be changed proportionally 
to drawing ratio l [70]. This change value can be estimated from the equation [79]:

	
2(1 )
(1 2 )cl stR l νλ

ν
−

=
− 	 (38)

From the Eq. (38) n increase follows – the df increase at drawing ratio l growth. 
In its turn, the value l is connected with the strain e by a simple relationship (in the 
case of affine deformation) [80]:
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	 l = 1 + e	  (39)

FIGURE 7.18  The dependence of measurement scale L on structure fractal dimension df for 
PC at T = 293 K. horizontal shaded lines indicate nondeformed PC structure self-similarity 
boundaries (lst and Rcl) and the shaded region – deformation fractal behavior range [73].

In Fig. 7.18, the dependence of L on df is adduced, which is calculated according 
to the Eqs. (38) and (39) combination and at the condition, that the parameters C∞df 
are connected with each other as follows [18]:

	 ( )( )
f

f

2 4
31

d
C

d d d d∞ = +
− − 	 (40)

As it follows from the data of Fig. 7.18, L growth at df increase is observed and with-
in the range of df » 2.80 ¸ 2.89 polymer deformation proceeds in fractal space. At 
df>2.90 the deformation space transition from fractal to Euclidean one is observed 
(PC yielding is achieved at df = 2.85 [23]) and structure PC approaching to true 
rubber state (df = d = 3) induces very fast L growth. Let us consider the conditions 
of transition from part II to part III (Fig. 7.17). The value Rcl by Rcll according to 
the indicated above reasons it assumption Dch = 1.0, that is, part of chain, stretched 
completely between clusters, let us obtain [73]:

	 cl cl

st st

L R
l l

λ
= ,	 (41)
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That is, drawing ratio critical value λcr, corresponding to the transition from part 
II to part III (from fractal behavior to Euclidean one) or the transition from yielding 
to cold flow, is equal to [73]:

	 cl
cr

cl st

L
R l

λ = ,	 (42)

that corresponds to the greatest attainable molecular draw [81].
For PC at T = 293 K and the indicated above values Lcl and Rclλcr will be equal to 

2.54. Taking into account, that drawing ratio at uniaxial deformation λ″cr = 1/3
crλ , let 

us obtain λ″cr = 1.364or critical value of strain of transition. Let us note that within 
the frameworks of the cluster model of polymers amorphous state structure [18] 
chains deformation in loosely packed matrix only is assumed and since the Eq. (42) 
gives molecular drawing ratio, which is determined in the experiment according to 
the relationship [81]:

	 ( )cr cr c1 le e f= −′′ 	 (43)

Let us obtain εcr = 0.117 according to the Eq. (43). The experimental value of 
yield strain εY for PC at T = 293 K is equal to 0.106. This means, that the transition 
to PC cold flow begins immediately beyond yield stress, which is observed experi-
mentally [23].

Therefore, the stated above results show, that the assumed earlier substates with-
in the limits of glassy state are due to transitions from deformation in Euclidean 
space to deformation in fractal space and vice versa. These transitions are controlled 
by deformation scale change, induced by external load (mechanical energy) applica-
tion. From the physical point of view this postulate has very simple explanation: if 
size of structural element, deforming deformation proceeding, hits in the range of 
sizes Lmin – Lmax (Fig. 7.2), then deformation proceeds in fractal space, if it does not 
hit – in Euclidean one. In part I intermolecular bonds are deformed elastically on 
scales of 3 ¸ 4Å (L<Lmin), in part II – cluster structure elements with sizes of order 
of 6 ¸ 30Å [18, 24] (Lmin<L<Lmax) and in part III chains fragments with length of Lcl 
or of order of several tens of Ånströms (L>Lmax). In Euclidean space the dependence  
s − e will be linear (ds/de = const) and in fractal one – curvilinear, since fractal space 
requires deformation deceleration with time. The yielding process realization is pos-
sible only in fractal space. The stated model of deformation mechanisms is correct 
only in the case of polymers structure presentation as physical fractal.

In the general case polymers structure is multifractal, for behavior description 
of which in deformation process in principle its three dimensions knowledge is 
enough: fractal (Hausdorff) dimension df, informational one dIand correlation one 
dc [82]. Each from the indicated dimension describes multifractal definite properties 
change and these dimensions combined application allows to obtain more or less 
complete picture of yielding process [73].
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As it is known [83], a glassy polymers behavior on cold flow plateau (part III 
in Fig. 7.17) is well described within the frameworks of the rubber high-elasticity 
theory. In Ref. [39] it has been shown that this is due to mechanical devitrification of 
an amorphous polymers loosely packed matrix. Besides, it has been shown [82, 84] 
that behavior of polymers in rubber-like state is described correctly under assump-
tion, that their structure is a regular fractal, for which the identity is valid:

	 dI = dc = df.	  (44)

A glassy polymers structure in the general case is multifractal [85], for which the 
inequality is true [82, 84]:

	 dc<dI<df.	  (45)

Proceeding from the said above and also with appreciation of the known fact, 
that rubbers do not have to some extent clearly expressed yielding point the authors 
[73] proposed hypothesis, that glassy polymer structural state changed from multi-
fractal up to regular fractal, that is, criterion (44) fulfillment, was the condition of its 
yielding state achievement. In other words, yielding in polymers is realized only in 
the case, if their structure is multifractal, that is, if it submits to the inequality (45).

Let us consider now this hypothesis experimental confirmations and dimensions 
dI and dc estimation methods in reference to amorphous glassy polymers multifractal 
structure. As it is known [82], the informational dimension dI characterizes behavior 
Shennone informational entropy I (e):

	 ( ) ln
M

i i
i

I P Pe = ∑ ,	 (46)

where M is the minimum number of d-dimensional cubes with side e, necessary for 
all elements of structure coverage, Pi is the event probability, that structure point 
belongs to i-th element of coverage with volume εd.

In its turn, polymer structure entropy change ∆S, which is due to fluctuation 
free volume fg, can be determined according to the Eq. (21). Comparison of the Eqs. 
(21) and (46) shows that entropy change in the first from them is due tofg change 
probability and to an approximation of constant the values I (e) and ∆S correspond 
to each other. Further polymer behavior at deformation can be described by the fol-
lowing relationship [84]:

	 I

1

1
d

d
i

j

S c λ
=

 
∆ = − − 

  
∑ ,	  (47)

where c is constant, lI is drawing ratio.
Hence, the comparison of the Eqs. (21), (46) and (47) shows that polymer be-

havior at deformation is defined by change fg exactly, if this parameter is considered 
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as probabilistic measure. Let us remind, that fc such definition exists actually within 
the frameworks of lattice models, where this parameter is connected with the ratio 
of free volume microvoids number Nh and lattice nodes number N (Nh/N) [49]. The 
similar definition is given and for Pi in the Eq. (46) [86].

The value dI can be determined according to the following equation [82]:

	 1
I 0

( ) ln ( )

lim
ln

M

i i
i

P P
d

e

e e

e
=

→

 
 
 
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 
 
 

∑
	 (48)

Since polymer structure is a physical fractal (multifractal), then for it fractal 
behavior is observed only in a some finite range of scalesand the statistical segment 
length lst is accepted as lower scale. Hence, assuming Pi (e) = fg andε→lst the Eq. (48) 
can be transformed into the following one [73]:

	 g g
I 1

st

ln
ln

Rf f
d c

l
= ,	  (49)

where c1 is constant.
As it is known [23], in yielding point for PC df = 2.82 (or n = 0.41), that allows 

to determine the value fg according to the previous equationsand constant c1 – from 
the condition (44). Then, using the known equality lI = 1 + eI, similar to the Eq. (39), 
the yield strain εY theoretical value can be calculated, determining constant c by 
matching method and the value ∆fg for ∆S calculation – as values fg difference for 
nondeformed polymer and polymer in yielding point. Since in Ref. [73] thin films 
are subjected to deformation, then as the first approximation d = 1 is assumed in 
the Eq. (47) sum sign. In Fig. 7.19,comparison of the temperature dependences of 
experimental and calculated by the indicated method values εY for PC is adduced. 
As one can see, the good correspondence of theory and experiment is obtained by 
both the dependences εY (T) course and εY absolute values and discrepancy of ex-
perimental and theoretical values εY at large T is due to the fact, that for calculation 
simplicity the authors [73] did not take into consideration transverse strains influ-
ence onvalue εY in the Eq. (47).
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FIGURE 7.19  The comparison of experimental (1) and calculated according to the equation 
(47) temperature dependences of yield strain εY for PC [73].

Williford [87] proposed, that the value dI of multifractal corresponded to its surface 
dimension (the first subfractal) – either sample surface or fracture surface. For this 
supposition checking the authors [73] calculate a fracture surface fractal dimension 
for brittle ( br

frd ) and ductile ( duc
frd ) failure types according to the equations [40]:

	
br
fr

10(1 )
7 3

d ν
ν

+
=

− 	  (50)

and

	 duc
fr

2(1 4 )
1 2

d ν
ν

+
=

+ 	 (51)

In Fig. 7.20, comparison of the temperature dependences of dI, 
br
frd  and duc

frd  for 
PC is adduced. As one can see, at low T (T<373 K) the value dI corresponds to br

frd  
well enough and at higher temperatures (T>383 K) it is close to duc

frd . In Fig. 7.20, 
the shaded region shows the temperature range corresponding to the brittle-ductile 
transition for PC [73]. It is significant that this interval beginning (T = 373 K) coin-
cides with loosely packed matrix devitrification temperature T′g, which is approxi-
mately 50 K lower than polymer glass transition temperature Tg [18], for PC equal 
to ~ 423 K [88].
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FIGURE 7.20  Comparison of the temperature dependences of informational dimension dI 
(1), fractal dimensions of fracture surface at brittle br

frd  (2) and ductile duc
frd  (3) failure for 

PC. The temperature range of brittle-ductile transition is shown by shaded region [73].

The correlation dimension dc is connected with multifractal structure internal 
energy U [61] and it can be estimated according to the equation [82]:

	 ( )c
F2

ddcU −λ−=∆ ,	  (52)

where ∆U is internal energy change in deformation process, c2 is constant, lF is mac-
roscopic drawing ratio, which in the case of uniaxial deformation is equal to λ1. The 
value lF is determined as follows [82]:

	 lF = λ1λ2λ3,	  (53)

where λ2 and λ3 are transverse drawing rations, connected with λ1 by the simple 
relationships [82]:

	 λ2 = 1 + ε2,	  (54)

	 λ3 = 1 + ε3,	  (55)

	ε 2 = ε3 = νε1.	  (56)

The temperature dependence of dc can be calculated, as and earlier, assuming 
from the condition (44) that at yielding dc = df = 2,82, estimating ∆U as one half of 
product σYεY (with appreciation of practically triangular form of curve s – e up to 
yield stress) and determining the constant c2 by the indicated above mode. Compari-
son of the temperature dependences of multifractal three characteristic dimensions 
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dc, dI and df, calculated according to the Eqs. (47) and (52), is adduced in Fig. 7.21. 
As it follows from the plots of this figure, for PC the inequality (45) is confirmed, 
which as a matter of fact is multifractal definition. The dependences dc (T) and dI 
(T) are similar and their absolute values are close, that is explained by the indicated 
above intercommunication of fg and U change [89]. Let us note, that dimension dI 
controls only yield strain εY and dimension dc – bothεY and yield stress σY. At ap-
proaching to glass transition temperature, that is, at T→Tg, the values dc, dI and df 
become approximately equal, that is, rubber is a regular fractal. Thus, with multi-
fractal formalism positions the glass transition can be considered as the transition of 
structure from multifractal to the regular fractal. Additionally it is easy to show the 
fulfillment of the structure thermodynamical stability condition [90]:

	 df (d – dI) = dc (d – dc).	  (57)

Hence, the authors [73] considered the multifractal concept of amorphous glassy 
polymers yielding process. It is based on the hypothesis, that the yielding process 
presents itself structural transition from multifractal to regular fractal. In a amor-
phous glassy polymers Shennone informational entropy to an approximation of 
constant coincides with entropy, which is due to polymer fluctuation free volume 
change. The approximate quantitative estimations confirm the offered hypothesis 
correctness. The postulate about yielding process realization possibility only for 
polymers fractal structure, presented as a physical fractal within the definite range 
of linear scales, is the main key conclusion from the stated above results. What 
is more, the fulfilled estimations strengthen this definition – yielding is possible 
for polymer multifractal structure only and represents itself the structural transition 
multifractal – regular fractal [73].

FIGURE 7.21  The temperature dependences of correlation dc (1), informational dI (2) and 
Hausdorff df (3) dimensions of PC multifractal structure [73].

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18259-8&iName=master.img-020.jpg&w=179&h=167


242	 Materials Behavior: Research Methodology and Mathematical Models

Let us consider in the present chapter conclusion the treatment of dependences 
of yield stress on strain rate and crystalline phase structure for semicrystalline poly-
mers [77]. As it known [91], the clusters relative fraction ϕcl is an order parameter 
of polymers structure in strict physical significance of this term and since the local 
order was postulated as having thermofluctuation origin, then ϕcl should be a func-
tion of testing temporal scale in virtue of super-position temperature-time.

Having determined value t as duration of linear part of diagram load – time (P 
– t) in impact tests and accepting is equal to clusters relative fraction in quasistatic 
tensile tests [92], the values ϕcl (t) can be estimated. In Fig. 7.22, the dependences ϕcl 
(t) on strain rate for HDPE and polypropylene (PP) are shown, whichdemonstrate ϕcl 
increase at strain rate growth, that is, tests temporal scale decrease.

The elasticity modulus E value decreases at e  growth (Fig. 7.23). This effect 
cause (intermolecular bonds strong anharmonicity) is described in detail in Refs. 
[49, 94, 95]. In Fig. 7.24, the dependences of elasticity modulus E on structure frac-
tal dimension df are adduced for HDPE and PP, which turned out to be linear and 
passing through coordinates origin. As it is known [84], the relation between E and 
df is given by the equation:

	 E = Gdf,	  (58)

where G is a shear modulus.

FIGURE 7.22  The dependences of clusters relative fraction ϕcl (t) on strain rate e  in 
logarithmic coordinates for HDPE (1) and PP (2) [93].

From the Eq. (58) and Fig. 7.24 it follows, that for both HDPE and PP G is const. 
This fact is very important for further interpretation [77].
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Let us estimate now determination methods of crystalline cr
Yσ  and noncrystal-

line 
nc
Yσ  regions contribution to yield stress σY of semicrystalline polymers. The 

value cr
Yσ  can be determined as follows [96]:

	
1/2

cr
Y 2

Gb K
S

σ
p

 =    ,	  (59)

where b is Burgers vector, determined according to the Eq. (7), K is crystallinity 
degree, S is cross-sectional area, which is equal to 14.35 and 26.90 Å2 for HDPE 
and PP, accordingly [97].

FIGURE 7.23  The dependence of elasticity modulus E on strain rate e  in logarithmic 
coordinates for HDPE (1) and PP (2) [93].

FIGURE 7.24  The dependences of elasticity modulus E on fractal dimension of structure 
df for HDPE (1) and PP (2) [93].
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As one can see, all included in the Eq. (59) parameters for each polymer 
are constant, from which it follows, that cr

Yσ =const. The value cr
Yσ  = 16.3 

MPa for HDPE and 17.6 MPa – for PP. Thus, the change, namely, increase 
σY at e  growth is defined by polymers noncrystalline regions contribution 

nc
Yσ  [77].

The Grist dislocation model [98] assumes the formation in polymers crystalline 
regions of screw dislocation (or such dislocation pair) with Burgers vector b and 
the yield process is realized at the formation of critical nucleus domain with size u*:

	 *

Y2
Bbu
pτ

= ,	 (60)

where B is an elastic constant, τY shear yield stress.
In its turn, the domain with size U* is formed at energetic barrier DG* overcom-

ing [98]:

	
2 *

* d

0
ln 1

2
Bl l uG

rp
  

∆ = −     
,	 (61)

where ld is dislocation length, which is equal to crystalline thickness, ro is disloca-
tion core radius.

In the model [98], it has been assumed, that nucleus domain with size u* is 
formed in defect-free part of semicrystalline polymer, that is, in crystallite. Within 
the frameworks of model [1] and in respect to these polymers amorphous phase 
structure such region is loosely packed matrix, surrounding a local order region 
(cluster), whose structure is close enough to defect-free polymer structure, postu-
lated by the Flory “felt” model [16, 17]. In such treatment the value u* can be deter-
mined as follows [43]:

	 u* = Rcl – rcl,	  (62)

where Rcl is one half of distance between neighboring clusters centers, rcl is actually 
cluster radius.

The value Rcl is determined according to the equation [18]:

	

1/3

cl
2

18 ,eR
F
ν − =    Å,	 (63)

where νe is macromolecular binary hooking network density, values of which for 
HDPE and PP are adduced in Ref. [99], F = 4.

The value rcl can be determined as follows [77]:
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	 st
cl

pac

n S
r

pη
 

=  
 

,	  (64)

where nst is statistical segments number per one cluster (nst = 12 for HDPE and 15 – 
for PP [77]), ηpac is packing coefficient, for the case of dense packing equal to 0.868 
[100].

FIGURE 7.25  The dependences of crystalline 
cr
Yσ  (1) and noncrystalline 

nc
Yσ  (2) regions 

contributions in yield stress value σY on strain rate in logarithmic coordinates for HDPE [93].

The shear modulus G, which, has been noted above, is independent on 
e , is accepted as B. Now the value nc

Yσ  can be determined according to the 
Eq. (60), assuming, that nst changes proportionally to ϕcl (Fig. 7.22). In Fig. 
25, the dependences of cr

Yσ  and nc
Yσ  on strain rate e  are adduced for HDPE 

(the similar picture was obtained for PP). As it follows from the data of this 
figure, at the condition cr

Yσ  = const the value nc
Yσ  grows at e  increase and 

at e » 150 s–1 nc
Yσ > cr

Yσ , that is, a noncrystalline regions contribution in σY 
begins to prevail [93].

In Fig. 7.26, the comparison of the experimental σY and calculated theo-
retically T

Yσ  as sum ( cr
Yσ  + nc

Yσ ) dependences of yield stress on e  for HDPE 
and PP are adduced. As one can see, a good correspondence of theory and 
experiment is obtained, confirming the offered above model of yielding pro-
cess for semicrystalline polymers.
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FIGURE 7.26  Comparison of the experimental (1, 2) and theoretical (3, 4) dependences of 
yield stress σY on strain rate e  in logarithmic coordinates for HDPE (1, 3) and PP (2, 4) [93].

Let us note in conclusion the following. As it follows from the comparison of 
the data of Figs. 7.23, 7.24 and 7.26, σY increase occurs at E reduction and G con-
stancy, that contradicts to the assumed earlier σY and E proportionality [101]. The 
postulated in Ref. [101] σY and E proportionality is only an individual case, which 
is valid either at invariable structural state or at the indicated state, changing by 
definite monotonous mode [77].

Hence, the stated above results demonstrate nonzero contribution of noncrys-
talline regions in yield stress even for such semicrystalline polymers, which have 
devitrificated amorphous phase in testing conditions. At definite conditions non-
crystalline regions contribution can be prevailed. Polymers yield stress and elastic 
constants proportionality is not a general rule and is fulfilled only at definite condi-
tions.

The authors [102] use the considered above model [93] for branched polyeth-
ylenes (BPE) yielding process description. As it is known [103], the crystallinity 
degree K, determined by samples density, can be expressed as follows:

	 K = αc + αif,	 (65)

Where αc and αif are chains units fractions in perfect crystallites and anisotropic 
interfacial regions, accordingly.

The Eq. (59) with replacement of K by αc was used for the value cr
Yσ  estimation. 

Such estimations have shown that the value cr
Yσ  is always smaller than macroscopic 

yield stress σY. In Fig. 7.27, the dependence of crystalline phase relative contribu-
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tion in yield stress cr
Yσ /σY on αc is adduced. This dependence is linear and at αc = 

0 the trivial result cr
Yσ  = 0 is obtained. Let us note that this extrapolation assumes 

σY¹ 0 at αc = 0. At large αc the crystalline phase contribution is prevailed and at αc = 
0.75 cr

Yσ /σY = 1 (Fig. 7.27).

FIGURE 7.27  The dependence of crystalline regions relative contribution cr
Yσ /σY in yield 

stress on perfect crystallites fraction αc for series of BPE [102].

The dependence αif (αc) showed αif linear reduction at αc growth. Such 
αif change and simultaneous cr

Yσ /σY increasing (Fig. 7.27) at αc growth as-
sume local order degree reduction, determining noncrystalline regions con-
tribution in σY, at crystallinity degree enhancement. Besides, the correlation 
αif (αc) shows that local order regions of BPE noncrystalline regions are con-
centrated mainly in anisotropic interfacial regions, as it has been assumed 
earlier [18]. At αc = 0.82 αif = 0, that corresponds to the data of Fig. 7.27.

The common fraction of the ordered regions (clusters and crystallites) ϕord can 
be determined according to the percolation relationship [91]:

	 ϕord = 0.03 (Tm – T)0.55,	  (66)

where Tm and T are melting and testing temperatures, respectively.
Then clusters relative fraction ϕcl is estimated from the obvious relationship 

[102]:

	 ϕcl = ϕord – αc.	  (67)
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The comparison of the experimental and estimated as a sum of crystalline and 
noncrystalline regions contributions in yield stress theoretical values αY shows their 
good correspondence for considered BPE.

It has been noted earlier [104, 105], that stress decay beyond stress (“yield 
tooth”) for polyethylenes is expressed the stronger the greatervalue αc is. For amor-
phous polymers it has been shown that the indicated “yield tooth” is due to instable 
clusters decay in yielding process and this decay is expressed the clearer the higher 
instable clusters relative fraction [39]. By analogy with the indicated mechanism the 
authors [102] assume that “yield tooth” will be the stronger the larger crystallites 
fraction is subjected to mechanical disordering (partial melting) in yielding process. 
The indicated fraction of crystallites χcr is determined as difference [102]:

	 χcr =c – αam,	  (68)

where c is polymer fraction, subjecting to elastic deformation, αam is fraction of 
amorphous phase.

The value c can be determined within the frameworks of polymers plasticity 
fractal concept [35] according to the Eq. (9). The dependence of χcr on αc shows 
χcr increasing at αc growth [102]. At small αc values all crystallites are subjected 
to disordering owing to that “yield tooth” in BPE curves stress–strain is absent and 
these curves are acquired the form, which is typical for rubbers. Hence, stress decay 
beyond yield stress intensification is due to χcr growth [103].
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ABSTRACT

Epoxy resin compositions modified by compounds containing isocyanate fragments 
are recently of considerable scientific and practical interest. However, only some of 
them are widely used. Urethane fragments in the molecular structure of epoxy units 
of oligomeric molecules cause the improvement of the deformation-strength prop-
erties of polymer materials. The aim of this work is the development and study of 
film-forming composites with improved physical, mechanical and chemical proper-
ties by modifying the epoxy oligomers by the polyisocyanates.

8.1  INTRODUCTION

Epoxy and polyurethane materials have superior performance properties, so they are 
used for the production of high quality coatings [1]. Each of the mentioned types of 
polymers has its advantages and disadvantages: epoxies have low shrinkage during 
hardening, high chemical resistance, hardness, adhesion to polar surfaces and high 
dielectric performance, but they are inferior to polyurethane materials in resistance 
to aromatized fuel, abrasion resistance, adhesion to aluminum and nonferrous met-
als. On the other hand, polyurethanes have limited resistance to alkalis and acids and 
they are inferior to epoxy resin in strength and hardness.

There are different ways of mutual modification of both types of polymers, which 
are nowadays presented in numerous publications, mostly in the patents, the number 
of which is progressively increasing. Analyzing the available references on the sub-
ject, we can identify the following ways of obtaining epoxy-urethane coatings: coatings 
obtained with the use of epoxy-urethane oligomers; coatings produced by hydroxyl-
containing epoxy oligomers, isocyanates and their adducts, coatings produced by oligo-
epoxides, polyisocyanates and other reactivity compounds, coatings produced without 
the use of isocyanates. In order to improve chemical resistance as well as the elasticity 
of epoxy resin composition blocked isocyanates were used on the basis of the epoxy 
resin ED-20 as a modifier [2]. As shown by the authors, the reaction of an epoxy resin 
with an isocyanate at a high temperature results in forming heat resistant poly oxa-
zolidones. This gives hardness to the coating, improves its mechanical and electrical 
properties, and urethane linkage of the polymer coating, formed alongside with poly 
oxazolidones, makes it elastic.

It is known that by varying the chemical structure of hydroxyl component and poly-
isocyanate, we can alter significantly the hardening process conditions (temperature, rate 
of drying) as well as performance characteristics of the coatings. Due to the diversity of 
the chemical structure of the raw materials, the properties of anticorrosion coatings of 
paints and lacquers can vary widely. In order to properties of the resulting composite 
film-forming systems on the basis of epoxides and polyisocyanates it is necessary to study 
the effect of the quantitative and qualitative structure of the film-forming epoxy-isocya-
nate compositions on the physical and mechanical properties of coatings.
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8.2  EXPERIMENTAL PART

This chapter presents the results of complex study of performance characteristics of 
coatings on the basis of epoxy resin modified by aliphatic polyisocyanate promising 
to protect steel constructions from corrosion in a humid atmosphere. It is known that 
an intense destruction of the polymer coating and corrosion of protected metal occur 
during the use under various atmospheric conditions.

In this connection the evaluation of the coatings resistance under atmospheric 
conditions and the prediction of their service life is an important task.

SCHEME 8.1

Epoxy brand ED-20 was used as the object of study (Scheme 8.1), the character-
istics of which are presented in Table 8.1.

TABLE 8.1  Properties of Epoxy Resin ED-20
Index Value 
The average molecular weight 390–430
Epoxy group content, % 19.9–22.0
Hydroxyl content, %, not more 1.7
Density at 20 ° C, kg/m3 1166
Viscosity at 20 °C, Pa • s 13–28
Volatile substances content, %, not more 1.0

It is known that aliphatic isocyanates are less prone to yellowing under UV light, 
that’s why they are preferred in varnish compositions. In this context, commercially 
produced aliphatic polyisocyanate 2K 100 was chosen as a modifier. Polyethylene 
polyamine was used as a hardener (TU 6–02–594–85).

Film-forming composites were obtained by adding a modifier in the amount of 
1–5% by weight of dry matter to epoxy ED-20 resin and hardener (PEPA), followed 
by stirring the mixture to obtain a homogeneous mass. Films on the metal (copper, 
steel) and glass substrates were cast from the obtained lacquer solutions. The coat-
ings were made with the help of hydraulic spraying. Plates with formed coatings 
were stored for 7 days at a temperature of 20–26°С before testing.

Impact resistance of coating samples was evaluated using the device U1 accord-
ing to the standard ISO 6272 and State Standard 4765–73. The method of determin-
ing the strength of films being hit is based on the instantaneous deformation of the 
metal plate with a varnished coating during the load free fall on the specimen.
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Hardness of a varnished coating was determined with the use of a pendulum 
device (ISO 1522). The essence of the method is to determine the decay time (the 
number of oscillations) of the pendulum in contact with its varnished coating.

Adhesive strength of the formed coating was determined in accordance with the 
standard method as well as ISO 2409 and State Standard 15140–78 using the cross-
cut method. The essence of the method is to apply cross-cut of the finished coating, 
followed by a visual assessment of the state of the lattice coating.

Flexural strength of the coatings was determined using the device SHG1 (ISO 
1519, State Standard 6806–73). To perform the determination a coated sample is 
bending slowly around the test cylinder, starting with a larger diameter at an angle 
of 180°. At one of the diameters of the cylinder a coating either cracks or breaks. In 
this case, we assume that the coating has an elasticity of the previous diameter of the 
test cylinder device in which it is not destroyed.

In epoxy-isocyanate catalyst systems without a catalyst, the main reaction at 
temperatures below 60 °C is the reaction of urethane formation through the inter-
action of isocyanate and secondary hydroxyl groups of epoxy-oligomers (Scheme 
8.2).

	

SCHEME 8.2

In cases when the coating formation occurs in vivo (without heat), the formation 
of cross-linked polymer is complicated by the fact that the reactivity system can 
go into the glassy state, so that the hardening reaction practically stops. Thus, low 
temperature hardening of epoxy composites does not enable us to produce coatings 
with high performance. Another significant drawback of such hardening is its dura-
tion. Therefore, the formation of coatings was performed not only under natural 
conditions, but also at elevated temperatures. To do this, we have chosen two heat 
settings: 7 days without heat (temperature I) and 2 h at 100 °C (temperature II).

To determine the optimal ratio of epoxy oligomer – modifier to perform a com-
plex physical and mechanical tests of coatings with different contents of the modi-
fier a number of physical and mechanical tests of coatings with different contents of 
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the modifier was performed. The results are given in Table 8.2. As seen from Table 
8.2, the bending strength reaches a maximum when the content of the modifier is 
2–3%. Impact strength also increases with the increasing of the modifier content in 
the composition of the selected concentration range modifier. In this case, the hard-
ness of the coating remained at an acceptable level for the operating conditions used 
in lacquer coatings.

Physical and mechanical properties of the coatings formed at different tempera-
tures of hardening differ significantly. Increasing hardening temperature affects the 
concentration dependences of physical and mechanical characteristics of the coat-
ings over the whole range of the investigated ratios of components. Thus, the coating 
containing the same amount of modifier and cured at an elevated temperature, have 
higher relative hardness, impact strength and elasticity of less than coatings formed 
without heat. Thus, the coatings containing the same amount of modifier and hard-
ened at an elevated temperature, possess higher relative hardness, impact strength 
and less elasticity than those formed without heat. Such changes in the behavior of 
the physical and mechanical properties of the composites can be explained by a sig-
nificant change in the level of molecular mobility and packing density in their tran-
sition to more “hard” conditions of hardening. However, increasing the hardening 
temperature does not change the general character of the modifying effect, but only 
determines its value.

According to the adsorption theory, the adhesive strength of the coatings is 
caused by the formation of physical and chemical bonds between the macromol-
ecules and the active sites of the solid surface. The observed increase in the adhesive 
strength of the film-forming compositions developed by us, apparently is connected 
with the flexibility of the emerging polymer grid, which contributes to a more favor-
able arrangement of the polymer chains with respect to adhesion-active sites of the 
substrate. We should also note the contribution to the improvement of the adhesive 
strength of urethane groups capable of forming bonds of the coordination type with 
a metal surface.

Internal strains occurring in the process of coatings formation and resulting in 
appearance of local connections between structural elements and adsorption inter-
action of a film-forming substrate with the service, affect the adhesion strength of 
the film to the metal. With the introduction of the modifier the flow of relaxation 
processes is facilitated in a grid formed by reducing the cross-linking density of the 
polymer due to its lateral flexible urethane branches.

The increased content of the modifier in the epoxy resin leads to higher impact 
resistance of coatings. This effect is probably associated with an increase in molecular 
mobility due to the introduction of flexible urethane units in the spatial structure of 
the polymer matrix, which contributes to the dissipation of mechanical energy input 
stroke [3].
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It should be noted that the content of the modifier in the epoxy resin over 5 wt. 
% led to a marked gas release in the mixture and, consequently, to the defectiveness 
of the produced film.

TABLE 8.2  Physical and Mechanical Properties of the Coatings, Modified by Polyisocyanate

Temperature 
range

Modifier content, 
%

Hardness, 
rel. u.

Bending 
strength, 
mm

Impact 
strength, 
cm

Adhesion, 
score

I range 0.0 0.95 20 30 1 
1.0 0.74 12 30 1 
2.0 0.59 3 35 1 
3.0 0.49 1 45 1 
4.0 0.42 1 50 1 
5.0 0.37 1 50 1 

II range 0.0 0.96 15 35 1 
1.0 0.89 3 45 1 
2.0 0.72 1 50 1 
3.0 0.60 1 50 1 
4.0 0.52 1 50 1 
5.0 0.48 1 50 1 

It was also determined that the increase in the polyisocyanate to 5 wt.% causes 
significant deterioration of the protective characteristics of the coating due to their 
high water absorption, that can be explained by the increased porosity and lower 
density of the protective film, probably due to a significant plasticizing effect of the 
modifier. Due to the fact that the steel constructions and devices are used not only 
indoors, but also outdoors, in the water environment often aggressively affecting 
the surface of the metal, it seemed reasonable to evaluate the water absorption of 
protective layers of the formed coatings from the developed film-forming epoxy 
compositions.

Water absorption was determined by assessing the sorption capacity of varnish 
to water (see Fig. 8.1).

It is known that epoxy film formers possess high chemical resistance to concen-
trated acids and alkalis, and are widely used in chemical industry, for this reason it is 
useful to study the effect of the modifier on the chemical resistance of the coatings.

The effect of the modifier on the protective properties of the coatings formed at 
different temperatures has been studied. Relative evaluation of protective character-
istics after exposure of samples in hostile environments for a month, performed with 
the use of the method [4], is shown in Table 8.3.
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FIGURE 8.1  Water absorption of modified epoxy coatings.

As seen from Table 8.3, the obtained composites exhibit improved protective 
properties with respect to water, 3% NaCl, 10% NaOH, 25% H2SO4. These coat-
ings can be recommended for use in the chemical industry to protect tanks, reactors, 
pipelines working in direct contact with hostile environments from corrosion.

TABLE 8.3  The Results of Testing Coatings Exposed in Various Environments For a Month

Modifier content, %
Relative value, %

Н2О 3% NaCl 10% 
NaOH

25% 
H2SO4

Petroleum 
solvent C2

0 60 40 50 20 100
3 (I drying mode) 80 70 70 50 100
3 (II drying mode) 80 70 70 50 100

Quantitative testing of the modifier content of more than 5 wt. % of isocyanate in 
epoxy compositions were not conducted, for the films are defective with a large num-
ber of pores due to gas release, however, a visual tendency of films to turbidity was 
seen, which may indicate a significant increase in water absorption with increasing 
modifier content in the film-forming composition.

8.3  CONCLUSION

New film-forming compositions on the basis of epoxy resin ED-20 and industrially 
produced isocyanate were synthesized.
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Protective coatings with improved adhesion, high impact resistance, moisture-
and water-resistance, and high resistance to other hostiler environments were ob-
tained on their basis.

Optimal modifier content at which lacquer composition possesses the highest 
strain-strength and protective characteristics has been determined.

It has been determined that the polyisocyanate modifier catalyzes the hardening 
process of epoxy oligomers and increases their resistance to corrosion.
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ABSTRACT

Obtaining a good atomistic description of diffusion dynamics in materials has been 
a daunting task owing to the time-scale limitations of the molecular dynamics meth-
od. Modern models are optimized to reproduce experimental values and electronic 
structure estimates for the forces and energies of representative atomic configura-
tions. However, no standardized approach exists for estimating the accuracy of in-
teratomic models. In this chapter different views of this simulation are investigated 
in detail.

9.1  WHY ARE ATOMISTIC SIMULATIONS OF MATERIALS 
APPLICABLE AND USEFUL?

Advances in computer power, memory and storage cause the popularity of computer 
simulations. However, the corresponding increase in experimental prowess has been 
no less striking.

Experiments now have the capability to probe materials at the finest length 
scales, and even achieving femtosecond resolution in the timescale. It remains 
much easier, and will probably always stay so, to measure through experiments 
than through simulations the tensile strength of an iron rod, or the freezing point of 
a bucket of water [1].

Now, the question may be asked: Why are atomistic simulations of materials 
applicable useful? The answer is multifold. While it might be easy to measure the 
freezing point at atmosphere pressure, it becomes prohibitively expensive to do so 
at high pressures. In contrast, a computer does not self-destruct if one asks it to 
measure the freezing point at 1000 atmospheres. Thus, simulations are useful when 
the conditions of interest are difficult to achieve in laboratory. Secondly, in atomistic 
simulations, one has essentially infinite control over the specific configuration and 
geometry of the material [2, 3].

Within a relatively short time, one can synthesize and study an endless number 
of materials with precisely tailored geometries and atomic arrangements that would 
be difficult and expensive to make in the laboratory. Thirdly, simulations provide an 
easier and more direct way to study atomic mechanisms – in spite of the afore men-
tioned advance in resolution in length and time scales in experiments, observing in-
dividual atoms still remains by definition a trivial task in atomistic simulations [3].

To paraphrase Robert Cahn, atomistic simulations are specifically suited for the 
intermediate scale between the territory of the classical mechanic (few atoms) and 
the statistical mechanic (on the order of Avogadro’s number of atoms). By repeat-
edly solving classical equations of motion between each pair of particles, one stud-
ies the evolution of the system under an imposed set of conditions. One can observe 
individual atoms, yet make predictions about the collective behavior of a million 
or more atoms. Increasingly powerful parallel computers are allowing one to push 
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the limit of system sizes that can be considered by breaking down the material into 
individual chunks that are treated on separate computers [4].

All that remains to be done is to keep track of the interface atoms between these 
chunks – a task that is not trivial by any means but nevertheless achievable through 
raw computing power.

With the size of nanoscale devices coming down further and further, there is 
thus scope for much optimism – one can hope to do experiments and fully atomistic 
simulations on materials with same number of atoms.

9.2  LIMITATIONS OF ATOMISTIC SIMULATIONS

In spite of this development, two features (or requirements) of atomistic simula-
tions severely restrict their usefulness: (i) need for reliable and accurate interatomic 
potentials and (ii) small time-steps, leading to very short accessible time scales. 
Atomistic simulations involve solving Newton’s law of motions for pairs of par-
ticles interacting under a given force field. Ideally, they require no other parametric 
input. If the given interatomic potential or force-field is inaccurate, the accuracy of 
the entire simulation becomes highly questionable. This calls for developing robust, 
transferable and accurate potentials that capture the Physics or Chemistry of interest 
accurately [5].

The time scale problem arises because a typical atomistic simulation uses time 
steps on the order of 10–15 sec, needed to (a) correctly capture the highest frequency 
atomic vibrations and (b) preserve the accuracy of the numerical integration schemes 
in such algorithms. Unlike in the length scale problem, time is essentially sequential 
in nature and thus not as easily amenable to brute-force parallelization. Due to such 
small time-steps, atomistic simulations of even a few thousand atoms are limited to 
at best a few nanoseconds of total simulation time. This means, for instance, that 
for 10% deformation in a tensile test, the slowest strain-rate achievable in simula-
tions is around 107–108/s, while experiments rarely go faster than 103/s. Similarly, 
if one is interested in studying glasses, the slowest quench rate achievable through 
simulations is around 1012 K/s, while experiments rarely go faster than quench rates 
of 106K/s [5, 6].

9.3  ATOMISTIC SIMULATIONS AND CONTINUUM 
DESCRIPTION

For the atomic level, a continuum description of the matter is inadequate, and each 
atom must be considered as a definite entity, in the so-called atomistic approach. 
Also, quantum mechanics should be considered, and simulations done with first 
principles methods for example, allowing a very accurate description of the matter 
properties. However, only nanoscopic systems with less than about thousand atoms 
can be currently considered, even using the most powerful supercomputers, because 
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of the tremendous difficulty to solve the Schrödinger equation for large systems. 
Obviously, there is a need for an intermediate description between the classical con-
tinuum and the quantum atomistic approaches, able to deal with systems whose 
characteristic dimensions are up to few tens of nanometers (about 106 atoms). This 
class of techniques exists and is commonly called “classical potential” or “atom-
istic” methods. They combine a classical mechanics approach with an atomistic 
description of the system [2, 7].

These methods cannot model explicit quantum properties. However, the quan-
tum contributions responsible for the atomic cohesion are implicitly included in 
the interatomic potentials. Therefore, typical applications in materials science focus 
on the atomic structure of specific systems: extended (dislocations) or localized 
(vacancies, interstitials) defects, surfaces, interfaces, etc. This approach allows the 
description of the atomic properties in a large number of physical problems, as well 
as a very good scalability of the needed computational power with the system size.

9.4  EMPIRICAL MODELS FOR FORCES BETWEEN ATOMS

The use of empirical models for the interactions between atoms depends critically 
on there being a set of simple equations that give a reasonable description of the 
dependence on interatomic separation or other details of local atomic coordination, 
and there being the possibility to tune the parameters in the equation. One model 
that has worked well for ionic materials is to use long-range Coulomb interactions 
with short-range repulsive interactions of the form:

	 ( )  exp ( / )E r A r r= − 	  (1)

where A and r are parameters whose values are to be tuned against some 
data. This specific function was introduced by Born and Mayer as long ago 
as 1932 [8]. This model has worked well for many minerals, as reviewed 
by researchers and appears to have some justification when compared with 
the results of quantum mechanical calculations. However, there are cases 
where this is an oversimplification to an extent that renders it inappropriate. 
One example is where there are important angular forces such as might be 
expected for ions that favor certain atomic coordination. One example of 
the use of bond-bending terms is to model the tetrahedral SiO4 coordination 
found in many silicates, and the use of a simple harmonic function of bond 
angle often suffices [9]:

	 ( ) 2
0

1   ( ) 
2

E Kq q q= − 	  (2)

The nominal equilibrium angle is 90° for an octahedral coordination and 109.47° 
for a tetrahedral coordination. Other functions, such as more complicated distance 
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dependent pair terms, or multiatom terms, can be incorporated into a model, pro-
vided that there might be some physical or chemical justification. Terms that merely 
represent the first few terms in a Taylor expansion, such as the harmonic bond-
bending term, are clearly justified because they are little more than a numerical 
approximation. Terms of the form –Cr–6 can be justified as representing the known 
dispersive interactions. A wide range of models has been developed, and are incor-
porated within most standard modeling codes: e.g. GULP [10, 11] and DLfPOLY 
[12, 13].

The models outlined above assume that ions are rigid in the sense that they 
cannot be deformed (although clearly the models allow some degree of spatial over-
lap of the spatial extent of individual ions and do not treat ions as perfectly hard 
spheres). This means that the models do not allow for ionic polarization in response 
to local electrical fields, whether static or dynamic. In turn, this means that such 
models are unable to be used to calculate the refractive index, and it follows that 
it will not be possible to obtain the correct differences between the frequencies of 
longitudinal and transverse optic phonons. The simplest solution to this problem is 
to introduce the shell model, in which the ion is represented by an inner charged core 
with the full mass of the ion, and an outer mass-less shell. The simplest version of 
the shell model has a harmonic force between the centers of the core and shell that 
opposes their separation, and does not allow for any deformation of either core or 
shell; this is illustrated in Fig. 9.1.

FIGURE 9.1  Representation of the shell model, showing the inner cores containing the 
whole of the ionic mass and the outer mass-less shells.

9.5  NUCLEATION THEORY

Phase transformations play an important role in a wide variety of physical process 
occurring in nature. Their better understanding helps us to predict behavior and 
kinetic development of materials especially in solid-state conditions. Gibbs [14] 
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published on the equilibrium of heterogeneous substances, where he proposed that 
growth of a new phase from an existing phase is commenced by a formation of 
a smallest stable cluster of the new phase, which then spontaneously grows. The 
formation of these smallest stable cluster or critical nuclei is known as nucleation. 
Phase transition from an initial system in thermodynamic equilibrium is destabilized 
by change in state variables like temperature, pressure, magnetic field and etc. The 
system rather than becoming unstable stays metastable if that perturbation is small 
enough. In the nucleation theory there is distinguish between homogeneous and het-
erogeneous nucleation. Homogeneous nucleation is the spontaneous formation of 
critical nuclei from individual atoms of the parent phase. Heterogeneous nucleation 
is the formation of nuclei of the new phase on impurities or other preexisting sur-
faces in order to reduce the free energy barrier. The Gibbs free energy of a solution 
in the differential form is defined as:

	 , , , , ( / )  ( / )  ( / ) 
i i j ip n T n i T p n i

i

dG G T dT G p dp G n dn
≠

= ∂ ∂ + ∂ ∂ + ∂ ∂∑ 	 (3)

If T and p are constant, the Eq. (3) can be written as:

	 , , ( / ) 
j ii T p n i

i

dG G n dn
≠

= ∂ ∂∑ 	 (4)

The partial molar quantity , , ( / ) 
j ii T p n i

i

dG G n dn
≠

= ∂ ∂∑  is known as a chemical 
potential mi

9.5.1  CLASSICAL NUCLEATION THEORY

Under the framework of the classical nucleation theory (CNT) one is able to yield 
the incubation time and the nucleation rate of precipitates. Combined with diffusion 
equations, modeling of the concentration time evolution and field of various com-
ponents of the alloy is possible.

In diffusive transformations a second phase occurs either by nucleation or spi-
nodal decomposition, followed by growth and coarsening. Observations and theo-
retical interpretation of experimental results on the phase transformations are de-
spite number of modern developments [15], still carried out widely based on the 
classical nucleation theory, formulated in 1926 and its extensions and modifications 
in 1935, 1942 and 1984 [16, 17]. The idea behind classical nucleation theory is very 
simple and is based on the properties of the critical cluster. It was first formulated for 
the condensation of a vapor to form liquid, which is the simplest nucleation process. 
Later theory became convenient for more complex problems of nucleation in liquid 
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and solid phases. In an ordinary nucleation process, within another phase a small 
amount of new phase is formed. The main driving force behind that is the difference 
in the free energies of initial and final configurations. Furthermore, when a small 
amount of new phase is formed, the free energy rises initially. With the creation of 
an embryo of the new phase, the associated event is formation of boundary, which 
separates two phases.

Observation and defining of the boundary is very difficult when there are only 
few particles in the embryo. However, there is a critical particle size when these 
clusters become stable. Before particle clusters reach critical size they are called 
embryos, and above it they are known as nuclei. The embryos or small clusters are 
unstable initially due to their high surface-to-volume ratio. After they grow beyond 
the critical size they are biased toward further growth. It is important to note, that 
formation of a solid crystal from a vapor or liquid is much more complicated com-
pared to the formation of a liquid droplet from a vapor. Complexity increases due 
to the shape of crystal when it is growing, since its surface energy is function of the 
orientation. Considering this, the crystal nucleus of a minimum surface energy can 
have very complicated shape.

Furthermore, in a solid crystals, atoms need to fit into the fixed pattern of the 
crystal lattice [18]. Under the nucleation theory two basic ways of nucleation are 
known.

New phase can form on preexisting interface (particle, grain boundary, 
dislocation, …), which is known as heterogeneous nucleation and occurs 
more easily. The other way of forming a new phase is known as homoge-
neous nucleation, where new phase is result of a concentration fluctuation of 
atoms. In Fig. 9.2, nucleation of b phase precipitate in a matrix is depicted 
in phase diagram of binary alloy. Nucleation of b in a matrix occurs after 
sufficient amount of B-atoms diffuse through it together to form small vol-
ume. After the nucleation, the growth of new phase can commence. From an 
atomistic point of view that happens by two successive processes. First, long 
range transport by diffusion over distances of the most of the atomic spacing 
is known as diffusion process. Secondly, atomic transport across the inter-
face that is, normally a thermally activated short range diffusional process, 
known as interface process [19].
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FIGURE 9.2  Phase diagram for binary AB alloy and nucleation of b phase inside a matrix.

The nucleation and growth depends on some important characteristics. The ve-
locity of nucleation and growth is dependent on rate at which stable nuclei form, 
and on their subsequent growth rate. While in some transformations only important 
and limiting factor for nucleation is activation energy for nucleation, in condensed 
phases equally important is the activation energy for atom migration or diffusion. 
The general characteristics of the nucleation can be summarized as follows [18]:

•	 dependence on time;
•	 dependence on temperature;
•	 effect of stresses;
•	 composition, atomic volume, and shape of the new phase;
•	 orientation relations;
•	 and stabilization.
The basic kinetic mechanism assumed under the framework of CNT is that small 

clusters grow and decay by the absorption or emission of single atoms. In this theory 
the clusters are treated as spherical droplets due to simplification of theory deriva-
tion.

9.5.2  HOMOGENEOUS NUCLEATION

Homogeneous nucleation happens in the interior of a uniform phase. When 
nuclei of the new phase (b) is formed, the interface at the boundaries (a/b) 
is created. The free energy change (DG) associated with the homogeneous 
nucleation process has several contributions and is given as:

	 V sG V G A V Gg∆ = − ∆ + + ∆ 	 (5)
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where VDGV is reduction of volume free energy due to the creation of a vol-
ume V of new phase b, AY is increase of the free energy due to the creation of 
an area A on interface a/b with specific interfacial energy and VDGS is rise 
of the strain energy as newly created volume does not fit perfectly into the 
space previously occupied by the matrix. If we assume that the nucleus is 
spherical with radius, the Eq. (5) becomes:

	 ( ) ( )3 24 4
3 V sG r r G G r αβp p g−∆ = − ∆ ∆ + 	 (6)

The main difference between nucleation in solids and nucleation in va-
pors or liquids (solidification) is the role of an elastic energy, estimated as 
[20]: 26sG Uαµ e∆ =  where Ɛ is misfit strain arising from the difference in 
lattice parameters and 3 / (3 4 ),  U E E Eβ β α βµ≡ +  is the bulk modulus and ma is 
shear modulus, denoted for the corresponding phase. Precipitated new solid 
phases from supersaturated solid solution are classified either as coherent, 
incoherent or something in-between (semi coherent).

FIGURE 9.3  Schematic representation of solid-solid precipitates; (a) an incoherent 
precipitate, (b) a semicoherent precipitate, (c) a coherent particle, and (d) a fully coherent 
particle, [49].

Figure 9.3 depicts all possible types of precipitates [21]. An incoherent 
precipitate is shown in Fig. 9.3a, where crystal structure of precipitating 
-phase has different crystal structure than parent phase. Figure 9.3b shows 
semicoherent precipitate, where dislocations array acts as relief of the elastic 
strain due to lattice mismatch.

This type of interference is intermediate between coherent and incoherent. Fig-
ure 9.3c illustrates coherent precipitate, where its lattice planes are continuous with 
the matrix.
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No structural discontinuity is between two phases, although they have different 
composition and lattice parameters. Figure 9.3d depicts fully coherent precipitate 
with same lattice parameters and different composition.

The free energy change as a function of radius is depicted in Fig. 9.4 [22]. The 
critical nucleus size is determined from the first derivative of the function in Eq. (6). 
This criterion yields the critical nucleus radius

	
*

d G 0
dr r r=

∆
= 	 (7)

	

* 2
( )V s

r
G G

αβg
=

∆ − ∆ 	

Nuclei smaller than the critical size tend to decay because the free energy hill 
goes down toward smaller cluster sizes. However, after clusters reach critical size 
they tend to grow since downhill is now toward larger sizes.

FIGURE 9.4  The activation energy barrier DG* and the critical nucleus size r* according 
to classical nucleation theory based on heterophase fluctuations.

After nuclei reaches critical point their growth is afterwards governed by diffu-
sion or by reaction kinetics. The free energy needed to form critical nucleus is:
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3
*

2

16

3( )V s
G

G G
αβpg

∆ =
∆ − ∆ 	 (8)

The formation of critical clusters is nucleation and the formation rate is the nu-
cleation rate, which describes how many clusters per unit time and volume grow 
over the hill top.

9.5.3  HETEROGENEOUS NUCLEATION

Heterogeneous nucleation can occur on imperfections when nucleating par-
ticle effectively replaces some energetic feature of the original configura-
tion. For instance, nucleation on a grain boundary removes grain boundary 
area, and replaces it with an interphase boundary area, that would have been 
created anyway by formation of the new phase. Thus, preexisting imperfec-
tions effectively “catalyze” nucleation process. Compared to the homoge-
neous nucleation, the heterogeneous nucleation is usually favored. However, 
it is believed that homogeneous nucleation of Guinier-Preston zones is pos-
sible, as long as vacancy concentration exists [21]. Nucleation in solids is 
preferentially heterogeneous. It occurs on preexisting imperfections, which 
are suitable nucleation sites and are nonequilibrium defects, e.g. vacancies, 
dislocations, grain boundaries, inclusions, stacking faults or free surfaces. 
At these preferential sites, the effective surface energy is lower. Therefore, 
the free energy barrier is diminished and facilitates nucleation process. The 
free energy change (DGhet) associated with the heterogeneous nucleation is 
given as:

	 ( )het V s dG V G G A Gαβg∆ = − ∆ − ∆ + − ∆ 	 (9)

The reduction of the free energy is due to destruction of defect where nucleation 
occurs.

FIGURE 9.5  The critical nucleus size for heterogeneous nucleation.

© 2015 by Apple Academic Press, Inc.

 



274	 Materials Behavior: Research Methodology and Mathematical Models

Preferential sites are favored because of wetting. Figure 9.5, where contact or 
wetting angle is given by:

	 cos
2

αα

αβ

gq
g

= 	 (10)

If it is assumed that gab is isotropic, then the free energy changes for het-
erogeneous nucleation:

	 ( )het V sG V G G A Aαβ αβ αα ααg g∆ = − ∆ − ∆ + − 	 (11)

The area of a/a interface is annihilated during process.
The heterogeneous nucleation free energy is equal to the homogeneous nucle-

ation free energy scaled with a function of the wetting angle:

	  ( )het homG G f q∆ = ∆ 	 (12)

where f(q) is given by:

	 ( ) ( ) 21 2 (1 )
2

f cos cosq q q= + − 	 (13)

The Eq. (12) also holds for free energy needed for critical nucleus.
Function of wetting angle is not dependent on the radius, meaning that critical 

size radius is the same for both types of nucleation. The only change is the differ-
ence in the free energy, needed for nucleation. In Fig. 9.6 difference in the free ener-
gies needed for both types of nucleation is shown.

FIGURE 9.6  The free energy change needed for homogeneous (DGhom) and heterogeneous 
(DGhet) nucleation.
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Heterogeneous nucleation can occur on various heterogeneous sites, 
such as grain boundaries, grain edges or grain corners. In Fig. 9.7, the effect 
of ∆Ghom /∆Ghet on the cos q for various nucleation sites is depicted 
[23]. It is clearly shown that nucleation on the grain corners is preferred site, 
since the activation energy for nucleation here is reduced.

FIGURE 9.7  Dependence of ∆Ghom /∆Ghet on cos q for various heterogeneous nucleation 
sites.

9.5.4  RATE OF NUCLEATION

In previous sections, the critical values needed for an embryo to become a nucleus 
were derived. The key insight into the nucleation process was presented. However, 
the very important feature not addressed, was the rate at which nuclei of a new phase 
appear in the system. The nucleation rate is critical in the prediction of the phase 
transformation behavior. Hereafter, critical nuclei and clusters will be described by 
the number of particles (atoms or molecules) in them and not by their radii.
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FIGURE 9.8  Flow of monomers to form dimers, trimers, tetramers, 
pentamers and finally critical sized clusters consisting of n particles, where 
fn is attachment frequency and gn is detachment frequency of monomers to n 
sized cluster.

In the Fig. 9.8, atomistic view of formation of the critical cluster is depicted. 
Basic idea for cluster formation is as a series of consecutive attachments and de-
tachments of single atoms [24, 25]. Clusters consisting of n atoms are formed by 
the growth of clusters consisting of n–1 atoms and the decay of clusters of n+1 
atoms and disappear by the growth and decay into clusters of n + 1 and n–1 atoms, 
respectively. The change with time of the concentration Xn(t) of clusters consisting 
of n atoms is given by:

	 ( ) ( )1
( )n

n n
dX t

J t J t
dt += − 	 (14)

where Jn(t) is given by:

	 ( ) ( ) ( ) ( ) ( )1 1 1 1n n n n n n n n nJ t f X t g X t f X t g X t− − + += + − − 	 (15)

Attachment and detachment rates are connected with:

	 1
1

n
n n

n

X
g f

X+
+

= 	 (16)

The cluster concentration is the concentration that would develop when equilib-
rium between these cluster concentrations would be achieved. When attachment and 
detachment rates are equal, a steady-state concentration of the clusters in the system 
can be assumed, and holds:

	 ( ) ( )1 0n nJ t J t J+= = 	 (17)

Hence, J0  is equal to the frequency of formation of the clusters with the critical 
size n* and thus is equal to the steady-state nucleation rate. After employing some 
simple mathematics on the Szilard scheme for J0 can be obtained as [26]:

	
1

12 3
0 1

1 2 11

1 
( )

..

N
n

n nn

g g g
J X

f f f f

−
−

−=

…
=

…∑ 	 (18)
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Attachment and detachment rates are connected to the cluster formation energy 
by:

	
( )2 3

1 2 1

1 
exp( )

..
n

n n B

G ng g g
f f f f k T−

∆…
=

… 	 (19)

Comparison of Eqs. (16) and (17) leads to the expression for nucleation rate. A 
long time ago, Volmer and Weber proposed the celebrated expression for nucleation 
rate, given with [27]:

	
*

exp( )
B

GJ
k T
∆

∝ − 	 (20)

To estimate the nucleation rate, population density of the critical nuclei 
is needed. According to the Volmer and Weber, the density of critical sized 
nuclei N is given by the Boltzmann distribution as:

	
*

0exp( )
B

GN N
k T
∆

= − 	 (21)

Under Volmer and Weber theory, formation of clusters is governed by monomer 
actuations. The problem arises here due to possibility of critical sized cluster to lose 
monomers and thus be reduced to subcritical. Important improvement of Eq. (18), 
especially insight into the kinetic pre-factor has been studied [28] and the nucleation 
rate is expressed as:

	
*

*
0  ( )

B

GJ N Z exp
k T

β ∆
= − 	 (22)

where *β  is the rate of the reaction of solute atoms to form a critical cluster 
(n–1 *n→ ) and the Zeldovich factor is given by:

	
2

2
1

2 B

Gz
k T np

∂
= −

∂ 	 (23)

Zeldovich factor accounts for the possibility that critical cluster nucleus with 
N* particles, can with equal probability either grow or shrink. It also accounts that 
larger nuclei have probability of shrinking. Further improvement introduced the in-
cubation time. The incubation time is approximately the time, elapsing from the 
moment of supersaturating the old phase until the moment of appearance of a de-
tectable amount of the new phase, or simply put the amount of time before particles 
begin reaching the critical size [29].
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FIGURE 9.9  Schematic representation of the radius *
kBTr , at which stable precipitates 

nucleate in the graph of the free energy change needed associated with nucleation.

After introduction of incubation time, the following expression for the nucle-
ation rate is given by:

	
*

*
0 exp( )exp( )nuc

B

dN GN Z
dt k T t

τβ ∆
= − − 	 (24)

where, * 24 / 2 Zτ pβ= . Here the critical nuclei size is given with Eq. (23) and is 
show in Fig. 9.9.

	 * * 1
Bk Tr r

Zp
= + 	 (25)

9.6  PERFECT LATTICE

Ionic crystal theory can be traced back to the work of Madelung [30] and Born [31, 
32]. All of the compounds considered in this section form ionic crystals, which is 
to say that they have a regular arrangement of positively charged metal atoms and 
negatively charged (in this case) oxygen atoms. The lattice of these materials can be 
described in the classical manner, which assumes all ions are formally charged and 
spherical and interactions between these ions obey simple central force laws.

The lattice energy is therefore:

	 0

1 ( ) 1/ 2
8

i j
lattice s r

iji j i

q q
E

rp −
≠

= + ∅∑∑ò 	 (26)
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The first term of Eq. (26), the Coulombic energy, is the main interaction between 
ions and attracts the unlike charged ions, accounting for the major portion of the 
cohesive energy of ionic materials. The second term in Eq. (26) is the total short-
range interaction energy. Short-range forces serve to keep the unlike charged ions 
from collapsing upon one another and like charged ions from becoming unbound.

The calculations carried out in this work are referred to as “static,” which is to 
say that they do not account for lattice vibration explicitly or configurational en-
tropy at all. Rather, the lattice energy as it appears in Eq. (26) is calculated with the 
Coulombic interactions summed using a mathematical construction and the short-
range interactions initially summed but then neglected after a few lattice spacing.

9.7  DEFECTIVE LATTICE

To paraphrase Frank [33], “materials are like people, it is their defects that make 
them interesting.” Certainly the importance of defects controlling and modifying 
materials is clear and is the central theme of this thesis. Therefore, the model de-
veloped in the previous section to describe the perfect lattice will be expanded to 
account for defective systems. In this study, the method accounting for the defec-
tive lattice is based on a minimization of the total energy of a system by relaxing 
ions around a defect [34]. The effect is confined to a short distance from the defect, 
which is facilitated by the use of a two-region approach when calculating defect 
energies (see Fig. 9.10). The response of the ions in the inner Region I is evaluated 
explicitly while the response of the ions in the outer Region II is treated as a con-
tinuum and is therefore more approximate.

FIGURE 9.10  The two-region approach to calculating defect energies, where the inner 
black sphere represents a defect, the orange sphere represents the boundary of Region I, the 
gray sphere Region IIa, while Region IIb tends to infinity.

Region I is a sphere of ions including the defect. The total energy of these ions 
is calculated explicitly as defined by the Coulombic interaction and short-range po-
tential discussed previously. The size of Region I is a very important consideration 
in these types of calculations. Therefore, Region I must be chosen large enough such 
that the defect energy converges appropriately, but computational efficiency must 
also be taken in to account. The Region I sizes in this thesis have been chosen to err 
on the side of defect energy convergence, and are found in Table 9.1.
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TABLE 9.1  Region I and IIa Radii

System Region I (A°) Region IIa (A°) 

UO2 13.67 24.06

Pyrochlores 10.0≈ 30.0≈

Region II is subdivided into Region IIa and Region IIb. Region IIa serves as an 
interface between Region I and Region IIb (which extends to infinity). The changes 
in energy of the ions in Region IIa due to the defect and the relaxation of ions in Re-
gion I are calculated explicitly. However, the displacements of Region IIa ions are 
determined in a single step by calculating the forces on these ions using the Mott-
Littleton approximation [35–37]. This approximation is applicable since the defect 
is assumed to have only a small effect on the ions in Region IIb. Therefore, the entire 
response of Region IIb is approximated by the Mott-Littleton method.

The complication the Mott-Littleton method addresses is that the forces on any 
ion are not only due to the charged defect, but also to the dipoles, which have been 
induced in the region of the lattice around the defect. This polarization can be ap-
proximately given by [37, 38]:

	 2
1(1 )

4
qP
rp

= −
∈ 	 (27)

and 0s∈=∈ ∈ .
According to the conventional treatment of the defective lattice (as developed by 

Lidiard and Norgett [37] and Norgett [39]), the total energy of the solid containing 
a defect can be expressed as:

	 1 2 3,E E x E x Eζ ζ
    = + +         

	 (28)

The two independent vectors ( )x  and ( )ζ  are the coordinates of ions in 
Region I and Region II, respectively. As ( )3E ζ  involves an infinite number of 
displacements, it cannot be solved explicitly. However, if the displacements 
are assumed to be quasi-harmonic, it can then be defined as:

	 ( ) ( )3 1/ 2 . . E Aζ ζ ζ= 	 (29)

This expression can be substituted into Eq. (26) and at the equilibrium condition:

	
2 ( , )

. 0
E x

E A
ζ

ζ
ζ ζ

∂
∂

= + =
∂ ∂ 	 (30)
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Thus leading to an alternate expression for ( )3E ζ :

	 ( )
2

3

( , )
1/ 2 .

E x
E

ζ
ζ ζ

ζ

∂
=

∂
	 (31)

This also leads to an alternate expression for the total energy:

	 ( ) ( )
2

1 2 3

( , )
, 1/ 2 .

E x
E E E x Ex

ζ
ζ ζ ζ

ζ

∂
 

= + + −  ∂ 
	 (32)

where ζ  are the equilibrium coordinates of ζ  The total defect energy can 
then be calculated by minimizing with respect to ( )x  and ζ .

9.8  SHORT RANGE POTENTIAL

The Ewald sum accounts for the long range, attractive Coulomb interaction, but 
is unable to describe what occurs when two charged atoms are brought near one 
another. The Eq. (26) accounts for this short-range interaction with the term s r−∅ .

It is important to understand how this term originates and what different forms 
can be adopted to describe it, as the success of this study is largely a function of the 
quality and moreso the accuracy with which these potentials describe this interac-
tion.

The charge distributions of two adjacent atoms are able to overlap if they are 
brought near enough to one another. This causes two repulsive interactions, which if 
the distance between these atoms become sufficiently small causes the overall force 
between them to become repulsive, even if the ions are oppositely charged. The two 
terms are (a) the Pauli term, which is a result of the Pauli exclusion principle and 
(b) the nuclear – nuclear repulsion. The generalized statement of the Pauli exclusion 
principle is that no two fermions can occupy the same quantum state [40].

When electron clouds overlap (shown as charge distributions in Fig. 9.11), for 
the Pauli exclusion principle to be satisfied, the ground state charge distribution of 
an electron is forced to occupy a higher energy state, thus creating an increase in 
electronic energy. This increase in energy gives rise to the repulsion [41].

At small internuclear distances (but larger than required for the aforementioned 
repulsion) there also exists an attractive force, the van der Waals – London interac-
tion. This is a relatively weak force which arises from the generation of a spon-
taneously induced dipole on each of the interacting species, as was postulated by 
Debye. With the aid of quantum mechanics, London was able to determine a general 
expression for this attraction, where the dipole arises due to the correlated motion of 
electrons [42]. In the case of two identical atoms, this force varies proportionally to 
r−6. Although this is a quantum mechanical effect, the r−6 dependency can be derived 
from classical electrostatics. A complete derivation for the van der Waals – London 
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force between two hydrogen atoms can be found elsewhere [43]. However, it should 
be noted that this force is related to the polarizability of ions. As such, it is generally 
not considered for cation faction interactions, where the cations tend to be small and 
unpolarizable [44].

FIGURE 9.11  The electronic charge distribution as atoms near one another, where the 
orange circles denote nuclei.

Given this broad description of the short-range repulsive energy, the 
functional forms, which can be used to describe various terms can now be 
explained. The Eq. (26) denotes the short-range interaction as s r−∅ . This 
term can be expanded and expressed as:

	 s r ij ijk ijkl
ij ijk ijkl

−∅ = ∅ + ∅ + ∅ +…∑ ∑ ∑ 	 (33)

where i and j refers to all pair interactions, I, j, and k refers to all three body interac-
tions, and so on. Fortunately, the work in this thesis considers only cubic, strongly 
ionic materials. These types of materials are relatively isotropic, thereby warrant-
ing the consideration of only pair interactions (the first term of Eq. (33)). With that 
established, it is now useful to discuss the various forms of the pair short range 
potential that have been used in other studies.

The combination of a Coulomb term with a short-range repulsive term was first 
introduced by Born and Land’s [45]:

	 ij n
b
r

∅ = 	 (34)

The constants are chosen to reproduce the equilibrium interionic dis-
tance. Early work using this model took 9n ≈ . This model was later expand-
ed when it was discovered through quantum mechanical calculations that it 
could not be rigorously correct (though a surprisingly good approximation, 
especially for very ionic materials such as the alkali halides).

In an attempt to update Eq. (33) such that it accounted for the new quantum me-
chanical revelations, Born and Mayer [46] introduced a short-range repulsive poten-
tial of the form. Here A and r are adjustable parameters. The Eq. (33) now differed 
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from the Eq. (34) in that Eq. (35) contains an exponential repulsive term. At this 
point, Born and Mayer also added an attractive term to account for the van der Waals 
interaction, which, as previously mentioned, had recently been calculated [47]. This 
term took the form of C/r6, in accord with the work by van der Waals, London and 
Margenau, where C is an adjustable parameter. Mayer [48] later altered this attrac-
tive term for dipole quadropole interactions, such that it took the form of D/r8.

A combination of the repulsive term in Eq. (33) and the C/r6 attractive van der 
Waals term results in the so called Lennard-Jones potential [49]:

	 6ij n
c b
r r

∅ = − + 	 (35)

where the first term represents the attractive van der Waals potential. Lennard-Jones 
solved for b and C for several different values for n, ranging from 9 to 14.

In modern calculations, the value for n is usually 12, though the Lennard-Jones 
potential is best suited to calculations concerning liquids and gases. In this work, 
only solids are considered, thus necessitating an alternative to the Lennard-Jones 
potential. If the short-range repulsive term from Eq. (34) is combined with the van 
der Waals attractive term, one arrives at the so-called Buckingham potential (though 
Born and Mayer certainly deserve at least some recognition for their effort):

	 6

r

ij
cAe
r

r
−

∅ = − 	 (36)

where A, r and C are the adjustable parameters whose description of the short range 
interaction largely determine the success of the calculations. Figure 9.12 depicts the 
influence of the short range potential on the overall ionic interaction.

FIGURE 9.12  The overall potential for Sr2+ – O 2−, and its relation to the long-range 
Coulomb interaction and short range Buckingham potential.
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9.9  STATISTICAL MECHANICS

Statistical mechanics was initiated by Ludwig Eduard Boltzmann in 1870 [50] and 
deals with interpretation of the measurable macroscopic properties of matter, in 
terms of the properties of their constituent particles and interactions between them. 
In the middle of the nineteenth century a question of burning importance was the 
proposed existence of the atom. This was related to use of the steam power, which 
was rapidly changing the world. Steam powered the factories, trains and ships of 
the Industrial Revolution. How to use it more effectively was of crucial significance 
and became the key question of the nineteenth century science. The demand to build 
more powerful and efficient steam engines, in turn created an urgent need to under-
stand and predict the behavior of water and steam at high temperatures and pres-
sures. Physicists believed that matter cannot be infinitely divisible into ever-smaller 
pieces and argued that ultimately everything is made of the basic building blocks 
– atoms. Boltzmann showed that if you imagined steam as being made of millions 
of tiny rigid spheres or atoms, then you could create some powerful mathematical 
equations.

Statistical mechanics provides a connection between the microscopic properties 
of individual atoms and bulk macroscopic properties of matter. Properties of every 
atomic/molecular system can be described at two levels, either by classical thermo-
dynamics which is in macroscopic quantities like ,  , ,  , , vp V n c H G , etc., or at micro-
scopic level. At microscopic level, the state of each atom/molecule is specified by 
using classical or quantum mechanics and is therefore very detailed. For example, 
in classical mechanics descriptions, 1 mole of matter contains approximately 1023 
particles and their positions have to be updated every 10–15 s. This shows that both 
approaches are impractical. When we are performing computer simulations at an 
atomistic or molecular level in materials science, the bridge is needed between the 
microscopic properties of individual particles and the macroscopic properties of 
simulated material. Bridge between the overelaborate details of mechanics, and ob-
scure generalities of the thermodynamics is statistical mechanics, which describes 
macroscopic quantities in the statistical terms. These statistical terms are averages 
or the most probable results. The name ‘statistical mechanics’ comes from dealing 
with the probabilities of the systems being in one or another state, instead of cal-
culating exact solutions. Statistical mechanics provides an atomistic or molecular 
level interpretation of the macroscopic thermodynamics quantities, for example, en-
tropy, free energy, work and heat. Its main advantage compared to the classical ther-
modynamics is ability to predict macroscopic quantities based on the microscopic 
properties. Furthermore, entropy is a distribution function of the systems microstate 
in statistical mechanics, whereas in the classical thermodynamics is known only 
empirically, as a function of the state of a system associated with the second law of 
thermodynamics [51, 52]. In the late nineteenth century L. Boltzmann initiated the 
kinetic theory of gases [50], following earlier work by D. Bernoulli, J. Herapath, J. 
P. Joule, A. K. Kronig, R. Clausius, and J. C. Maxwell. In the early twentieth century 
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this was turned into what is known today as ‘statistical mechanics’ through the work 
of Gibbs [53].

Due to an inherently probabilistic description of the system in the statistical 
mechanics, where the probabilities play central role of importance, the following 
conditions must be satisfied:
	The probability p(A) of event A, must be positive p (A) >0.
	If we have two independent events A and B, with probabilities p(A) and p(B) 

they must satisfy law of additivity (   )  ( )  ( )p A B p A p B+ = +  respectively.
	Normalization of the probabilities, where sum of all probabilities is equal to 

1, ( 1i
i

p =∑ ).
The key concept of the statistical mechanics is an ensemble, which is a collec-

tion of all microstates of the system (atoms or molecules) subject to at least one 
extensive constraint. The ensemble defines a probability pi, which describes the 
likelihood of observing each state. For example, if we have very large collection of 
time evolving systems, the ensemble is formed by a snapshot of the state of each 
of these systems at some time instant. This key concept requires some important 
notions. A macrostate is defined by controllable macroscopic parameters. For exam-
ple, macroscopic parameters for a thermal and mechanical system are the number of 
particles N, volume of the system V and total energy E. If the particles that compose 
the system are non interacting, the total energyE is sum of the energies “i of all 
individual particles

	 i i
i

E n= ∈∑ 	 (37)

	 i
i

n n= ∑ 	 (38)

where, ni is i-th particle with energy i∈ .
Quantities are differentiated between extensive, which scale linearly with V and 

N, and intensive, which do not scale. The quantity ( ; ;N V E ) is the number of mi-
crostates in a particular macrostate, and is function of N, V and E. A microstate is 
a particular state of the system, which is consistent with the macrostate of that sys-
tem. For an thermally isolated system, possible macrostate of the system have the 
same energy and the same probability to be in any given microstate. Any microstate 
will include all atom/molecule positions and momenta, consistent with N, V and E, 
where unconstrained extensive quantities are represented by full range of possible 
values. This is called a microcanonical or NVE ensemble.

Statistical mechanics rest on two fundamental postulates. The first postulate 
states that given isolated system in equilibrium is found with equal probability in 
each of its accessible microstates. This is known as the equal a priori probability 
postulate and it denotes that for possible states with the same number of particles N, 
the same volume V and the same energy E, all states are equally likely. The second 
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postulate is known as the postulate of ergodicity and this declares that the time aver-
aged properties of a thermodynamic system, that is, the properties manifested by the 
collection of atoms/molecules as they proceed through their natural dynamics, are 
equal to the properties obtained by weighted averaging over all microstates in the 
ensemble and we obtain measurable macroscopic quantities. The second postulate 
has a practical use, since we do not exactly know in which one of the Ω microstates 
the system is in, at the time of interest, we simply average equally over all micro-
states.

Another important statistical mechanics notion is the principle of detailed bal-
ance, Eq. (39), which is saying that the transition rate from one microstate to another 
must be equal to the rate of the reverse process:

	 i ij j jiP Pp p= 	 (39)

9.9.1  ENTROPY

Classical thermodynamic definition of entropy was introduced by R. Clausius in 
1865, and is defined as the amount of heat reversibly exchanged at a temperature. 
The Eqs. (40) and (41) For reversible processes entropy is:

	 revQ
dS

T
∂

= 	 (40)

For an arbitrary transformation, entropy is:

	
1

1 0
0

QS S
T

∂
− ≥ ∫ 	 (41)

The equality is valid, if the transformation is reversible. If a system is ther-
mally isolated the entropy never decreases 1 0 0S S− ≥ , where the equality holds if 
transformation is reversible [54]. As it was already mentioned, entropy in classi-
cal thermodynamics is known empirically. Besides this classical definition, which 
does not make reference to the microscopic nature of the system, also statistical 
mechanics definition exists. Latter was developed from analysis of the statistical 
behavior of the microscopic constituents of the system by Boltzmann [50] in the 
late nineteenth century. Boltzmann showed that the thermodynamic entropy is iden-
tical to the statistical, scaled by constant number kB, now known as Boltzmann’s 
constant (8:617343 (15) × 10–5 eVK–1). The entropy in the statistical mechanics is 
essentially a measure of the number of states in which the system can be arranged. 
In the statistical mechanics the entropy is governed by the probability, and therefore 
allows for a disorder decrease even in the closed systems.

More specifically the entropy is logarithmic measure of the total number of mi-
crostates consistent with the given macrostate, Ω.

	 BS k ln= − Ω 	 (42)
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The Eq. (42) is famous Boltzmann equation of entropy, where all probabilities 
are the same. If probabilities are individually treated the entropy, it is called Gibbs 
entropy and is logarithmic measure of the density of states, summed over all the 
microstates the system can be in, multiplied with the probability distribution pi that 
the system is in a particular microstate i with energy Ei.

	   B i i
i

S k p ln p= − ∑ 	 (43)

By functional optimization from the Gibbs entropy, the probability distribution 
pi for the system can be derived. Contrary to the classical thermodynamics defini-
tion of entropy in the statistical mechanical description, the temperature or heat does 
not appear in the definition.

9.9.2  STATISTICAL ENSEMBLES AND PARTITION FUNCTION

A system with given macrostate (N; V; E), is equally likely to be in any one of the 
distinct microstates, at any time. As time advances, the system evolves from one 
mircrostate to the other. Each considered microstate is represented in its phase space 
as a representative point (qi; pi). In an ensemble of systems, as time passes, every 
member of the ensemble undergoes a change of microstates. This means that the 
representative points move along their trajectories.

Now we need to define a density function ( ; ; )q p tr in a way that, at any time, 
the number of representative points in the volume element ( )3 3N Nd qd p  around the 
point (q; p) of the phase space is given with 3 3( ; ; ) N Nq p t d qd pr . This density func-
tion represents how the members of the ensemble are distributed over all possible 
microstates at particular time. At an equilibrium, the ensemble is stationary if the 
density function r, does not depend on the time explicitly:

	 0
t
r∂

=
∂

	 (44)

According to the Liouville’s theorem, which states that the distribution function 
is constant along any trajectory in phase space in terms of the Poisson brackets, it 
holds:

	 , 0H
t t
r r r∂ ∂

= + =
∂ ∂

	 (45)

This means that the local density of the representative points, according to an 
observer moving with a representative point, stays constant in time. For the system 
in the equilibrium, it states and demonstrates the conservation of the density in the 
phase space.

	
3

1

, ( ) 0
N

i i
i ii

H q p
q p
r rr

=

∂ ∂
= + =

∂ ∂∑
 

	 (46)
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9.9.2.1  GENERAL STATISTICAL ENSEMBLES

In the statistical mechanics three general types of ensembles are usually applied, 
ordered by increased complexity:
	Microcanonical ensemble – fixed N, V and E, corresponds to an isolated 

system. With constant energy E the system cannot exchange energy or mass 
with its surroundings.

	Canonical ensemble – fixed N, V and T describes a system in thermal equi-
librium with environment. This system is allowed to exchange heat with the 
surroundings.

	Grand canonical ensemble – fixed V, T and m corresponds to an open system.
The system as such is able to exchange energy and mass with the outside.

TABLE 9.2  Summary of Microcanonical, Canonical and Grand Canonical Ensembles

Microcanonical Canonical Grand Canonical

Constant variables N, V, E N, V, T V, T, m

Microscopic features Number of micro-
states Ω

canonical partition 
function

Z kE

k

e β−= ∑

Grand canonical partition 
function

( )k kE N

k

e β µ− −Ξ = ∑
Macroscopic function lnBS k= Ω lnBF k T Z= − lnBF G Pv k T− = − = − Ξ

In Table 9.2, summary of properties for these three mostly used ensembles in 
statistical mechanics is presented. Although, only three basic statistical ensembles 
are presented, the number of various ensemble types is unlimited. When somebody 
is constructing specific ensemble, they just need to follow rules for good ensembles.

9.9.2.2  CANONICAL ENSEMBLE

Since all simulations herein were performed under the canonical ensemble, this en-
semble is described in more detail. The macrostate of the canonical ensemble is char-
acterized by N; V; T. The number of particles N, a volume V and a temperature T, are 
fixed for all systems in the same ensemble. The fixed temperature T of the system is 
easily controllable by keeping the system in contact with a heat reservoir or heath bath. 
The energy E of the system is in the canonical ensemble a variable and can in principle 
have values on interval [0, 1]. The probability pi of finding the system in a particular 
microscopic state, with energy Ei at any time t, is given by Boltzmann distribution.

If we consider a system A with the energy E in a very large heat bath A′ with an 
energy E ′  and 0 0, EE E E= +′  is constant, since the combined system is isolated. 
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Note that heat bath is very large, thus iE ′ . is almost constant and have number of 
microstates Ω′  ( iE ′ ). The probability pi, of the system A being in the i-th state is 
proportional to the corresponding number of microstates

	 (0)( ) ( )i iiEp E E∝ = −Ω′ ′ 	 (47)

Probability pi can be written as:

	 	 (48)

	 	 (49)

Since Ei is small compared to E (0), it can be expanded in a Taylor series around 
the energy E (0), which yields:

	

 

	 (50)

where

	   	 (51)

Note that, in equilibrium,  . so

		  (52)

And finally 
	   	 (53)

It also hold
	  	 (54)

Which is useful to obtain a partition function of the canonical ensemble. There-
fore, normalization of the probabilities is required and gives:

	 ��� � 1 � ��exp������ � � �
1

∑ exp���������

≡
1

����
  	 (55)
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In relation to the other ensembles, a generalization of the canonical ensemble is 
a grand canonical ensemble, where the system can exchange particles and energy.

9.9.2.3  PARTITION FUNCTION

It was already stated, that description of the physical system is based in statisti-
cal mechanics on the ensemble, which represents all possible configurations of the 
system in question and the probabilities when each configuration is possible. Each 
ensemble is connected to the macroscopic properties of the system. Macroscopic 
quantities can be obtained by suitable averaging of the properties of the microscopic 
states in the ensemble, rather than as a time average over a dynamic trajectory. The 
key is to average with the correct weights. These weights are known as a partition 
function and have very descriptive name in German language (zustandssumme), 
meaning “sum over states”. Due to the normalization of the weights a sum over all 
microstates of the ensemble is represented. Other important equations are bridge 
equations, which relate partition functions to their thermodynamic potentials. Gen-
eral form of the partition function for the classical system is:

	   	 (56)

	 � �
1
���

  .

The sum in equation goes over all possible states of the system [52]. The parti-
tion function also determines the probability of any particular state of the system. 
The probability that the system is in i-th state is:

	 � �
1
���

  	 (57)

There exist several different types of the partition functions, each corresponding 
to their own statistical ensemble.

9.10  REALISTIC TIME-SCALE FULLY ATOMISTIC SIMULATIONS 
OF SURFACE NUCLEATION OF DISLOCATIONS IN PRISTINE 
NANOPILLARS

9.10.1  MOTIVATION

By a hybrid MC-MD algorithm can be achieved realistic time-scales while still 
maintaining fully atomistic resolutions. The algorithm can be validated for vacancy-
assisted diffusion and for low-strain rate tensile tests. Forming a correct picture of 
dislocation nucleation is central to the understanding of deformation mechanisms 
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at the nanoscale. The initial discoveries by researchers [55–57] have been estab-
lished that there is a marked increase of yield strength as the specimen size de-
creases, with significant strain-rate dependence as well. These observations have 
generally been attributed to the scarcity of dislocation sources (such as Frank-Read 
sources) in nano-sized samples, and having to nucleate dislocations in a perfect 
crystal (perfect apart from presence of surfaces) [58, 59]. As such there have been 
numerous attempts to link simulations of dislocation nucleation processes to experi-
mentally observed mechanical behavior – in fact a lot of crucial insight has come 
from simulations [60]. Nanoindentation experiments, Scanning Electron Micros-
copy combined with Nanoindentation and High Resolution Transmission Electron 
Microscopy (HRTEM) are now sufficiently advanced for one to hope for a direct 
match between simulations and experiments [61]. However, the time-scale disparity 
between experiments and simulations is a pressing limitation.

9.10.2  METHODS FOR MODELING NANOMECHANICS

There are three broad classes of techniques for such simulations, often used in con-
junction with each other and along with approaches such as Transition State Theory:

Classical molecular dynamics (MD), continuum based methods and ab initio 
techniques. Ab initio simulations, though they often provide insight into mechanical 
behavior, are still restricted to very small sizes, less than a hundred atoms typically 
(although there are several promising attempts at bridging this length-scale gap for 
ab initio calculations) [62, 63]. The achievable time-scales are also typically restrict-
ed to less than a few picoseconds. Continuum based methods are another elegant 
option capable of dealing with a variety of length and time scales, though they suffer 
from not providing atomic scale resolution and assuming elastic behavior even at 
dislocation cores [64]. Classical MD can be helpful in gaining quantitative insight 
into mechanical behavior at various length scales (nanometers to microns or larger) 
[65]. MD does not assume much apart from the form of interatomic interaction, 
which is typically developed by fitting to first principles or experimental data. The 
availability of quality interatomic force-fields and increase in computer power has 
led to a tremendous increase in the popularity of MD [66, 67].

9.11  CONCLUDING REMARK

The past few decades have shown a dramatic increase in the use of atomistic simula-
tion as a partner with experiment in addressing problems in materials science. The 
most direct of these simulation techniques is the MD method, in which one chooses 
an appropriate interatomic potential to describe the forces between atoms and then 
integrates the classical equations of motion with suitable boundary conditions. The 
increasing power and popularity of this type of simulation arise from the fact that 
the quality of interatomic potentials has become quite good for some systems and 
because computer speeds continue to increase rapidly. The processing path to desired 
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properties often leads through precipitation of the new phases. The problem reviewed 
of more than 1 vacancy in the system, as to how they interact, what their migration 
pathways are, and eventually what is the vacancy clustering kinetics. The kinetic 
pathways to optimal processing route require a huge amount of expensive experi-
mental work and are not straightforward. Precipitation and its kinetics are classically 
divided into nucleation, growth and coarsening, which are then studied as separate 
processes. Classical theories for these three idealized stages are based on minimiza-
tion of the free energy potential and solving equation, where several assumptions are 
needed for analytical solutions. Due to the time-scale problem, these questions have 
not yet seen any atomistic simulations being applied under realistic driving forces.
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ABSTRACT

Recently, the application of hyperbranched polymers (HBPs) in textile industry has 
been developed. This study focuses on the effect of hyperbranched polymer (HBP) 
treatment parameters such as solution concentration (wt.%), treatment temperature 
(°C) and time (min) on dye uptake of poly (ethylene terephthalate) (PET) fabric by 
acid dye. The experiments were conducted based on central composite design and 
mathematical model was developed.

10.1  INTRODUCTION

Over the past two decades, modification of fibers with hyperbranched polymers 
(HBPs) have attracted considerable attention due to their remarkable properties. 
These polymers are highly branched, polydisperse and three-dimensional macro-
molecules, which makes them a great choice to be used as modifying agent es-
pecially in textile fibers [1–3]. Many attempts have been made to develop textile 
fabrics with enhanced properties. For instance, in the study on applying HBP to 
cotton fabric [4, 5], it was demonstrated that HBP treatment on cotton fabrics has no 
undesirable effect on mechanical properties of fabrics. Furthermore, application of 
HBP to cotton fabrics reduced UV transmission and has good antibacterial activi-
ties. The study on dyeability of polypropylene (PP) fibers modified by HBP showed 
that the incorporation of HBP prior to fiber spinning considerably improved the 
color strength of polypropylene fiber with C.I. Disperse Blue 56 and has no signifi-
cant effect on physical properties of the PP fibers [6]. In the most recent study in this 
field, fiber grade PET was compounded with polyester amide HBP and dyeability 
of resulted samples with disperse dyes was studied [7]. The results showed that 
the dyeability of dyed modified samples comprised of fiber grade PET films and a 
HBP were better than the neat PET and this was increased by increasing amount of 
HBP in presence or absence of a carrier. The dyeability of the samples was attrib-
uted to decrease in glass transition temperature for blended PET/HBP in comparison 
with neat PET [7]. However, there is no published report regarding the treatment of 
amine terminated HBPs on poly (ethylene terephthalate) (PET) fabric and study of 
its dyeability with acid dyes so far.

Response surface methodology (RSM) is a collection of mathematical and sta-
tistical techniques uses quantitative data from appropriate experiments to determine 
multiple regression equations between a response variable and a set of design vari-
ables. The main goal of RSM is to optimize the response, which is influenced by 
several independent variables, with minimum number of experiments [8]. There-
fore, the application of RSM in HBP treatment process will be helpful in effort to 
find and optimize the treatment conditions.

In this paper, the effect of HBP treatment parameters such as solution concentra-
tion (wt.%), treatment temperature (°C) and time (min) on dye uptake (K/S value) of 
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PET fabric were investigated using central composite design (CCD). The RSM was 
used to evaluate main and combined effects of these parameters.

10.2  EXPERIMENTAL PART

An amine terminated HBP (Fig. 10.1) used in this study was synthesized and char-
acterized as described in our previous research [9]. More details about experimental 
procedure in modification of PET fabrics with HBP can be found in it.

FIGURE 10.1  Chemical structure of amine terminated hyperbranched polymer.

In this study, the dyeability of HBP treated PET fabrics was optimized with 
RSM by Design-Expert software including analysis of variance (ANOVA). The ex-
periment was performed for at least three levels of each factor to fit a quadratic 
model. Based on preliminary experiments, HBP solution concentration (X1), treat-
ment temperature (X2), and time (X3) were determined as critical factors with sig-
nificance effect on treated PET fabrics. The HBP treatment condition and fabrics 
K/S value are shown in Table 10.1. To evaluate the quadratic approximation of the 
CCD response surface model, an analysis of variance for the experimental response 
was carried out.
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TABLE 10.1  Design of Experiment (Coded and Actual Values)

No. Coded values Actual values Response

X1 X2 X3 HBP concen-
tration (wt.%) 

Temperature 
(°C) 

Time
(min) 

K/S value

1 –1 –1 1 2 90 75 20.38

2 –1 1 1 2 130 75 21.57

3 –1 0 0 2 110 60 19.86

4 –1 1 –1 2 130 45 21.09

5 –1 –1 –1 2 90 45 19.78

6 0 0 0 6 110 60 22.68

7 0 0 0 6 110 60 22.18

8 0 0 0 6 110 60 22.67

9 0 0 0 6 110 60 22.97

10 0 0 0 6 110 60 22.64

11 0 0 0 6 110 60 22.26

12 0 0 –1 6 110 45 22.59

13 0 0 1 6 110 75 24.47

14 0 –1 0 6 90 60 22.58

15 0 1 0 6 130 60 26.07

16 1 –1 –1 10 90 45 23.35

17 1 –1 1 10 90 75 24.97

18 1 1 1 10 130 75 29.92

19 1 1 –1 10 130 45 26.01

20 1 0 0 10 110 60 23.23

10.3  RESULTS AND DISCUSSION

The results of analysis of variance for the response at 95% confidence level are 
obtained (Table 10.2) and showed that the p-value of terms X1, X2, X3, X1X2, X1X3, 
X1

2 and X2
2 were significant (p<0.05) and X3

2, X2X3 were not significant (p>0.05). 
Accordingly, the fitted equation in coded unit was obtained in the form of Eq. (1).
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TABLE 10.2  Analysis of Variance for Response Surface

p-value F-value Source
<0.0001 25.98 Model

<0.0001 137.49 X1-Concentration

<0.0001 41.33 X2- Temperature

0.0025 16.05 X3-Time

0.0223 7.30 X1X2

0.0406 5.52 X1X3

0.2794 1.31 X2X3

0.0095 10.24 X1
2

0.0042 13.62 X2
2

0.1177 2.93 X3
2

Not significant 31.17 Lack of Fit

Radj
2 = 0.92 R2 = 0.96 Std.dev = 0.67

	
1 2 3

1 2 1 3
2 2
1 2

K/S=+22.65+2.48X +1.36X +0.85X
+0.64X X +0.56X X

-1.03X +1.75X
	 (1)

The high value of determination coefficient (R2=0.96) indicated good agree-
ments between the experimental and predicted K/S value of HBP treated PET fab-
rics.

Figure 10.2(a) shows the K/S values of dyed samples at different concentrations 
of HBP as well as at different temperatures for the constant time of the treatment. 
The surface plot showed that at any given temperature, the K/S values of samples 
increase with increasing of HBP concentration. The maximum value of K/S was 
observed at high HBP concentration and temperature. Figure 10.2(b) shows the re-
sponse surface plot of interactions between varying HBP concentration and treat-
ment time. For any given time, as concentration increased, the values of K/S also 
increased. As shown in Fig. 10.2(c), the impact of treatment temperature on K/S 
value of fabrics will change at different treatment time.

The plot of actual and predicted K/S values of samples with correlation coef-
ficient of 0.96 is shown in Fig. 10.3. Actual values are the measured response data 
for a particular run, while the predicted values are the estimated values using the 
model. As shown in Fig. 10.3, there was a strong correlation between experimental 
and predicted values of K/S.
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FIGURE 10.2  Response surfaces plot for dyeability of HBP treated PET fabrics showing 
the effect of: (a) HBP concentration and temperature, (b) HBP concentration and time, (c) 
temperature and time.

FIGURE 10.3  The actual and predicted plot for K/S value of dyed samples.
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The optimal values of the HBP treatment conditions were established from the 
quadratic form of the RSM. Independent variables (HBP concentration, tempera-
ture, and time) were set in range and dependent variable (K/S value of dyed sam-
ples) was fixed at maximum. The optimum conditions in the tested range for the 
maximum K/S value of HBP treated samples were HBP concentration (X1) = 10 
wt.%, temperature (X2) = 130 °C, and time (X3) = 75 min. This optimum condition 
was a predicted value, thus to confirm the predictive ability of the RSM model for 
response, a further HBP treatment and color measurement was carried out accord-
ing to the optimized conditions and the agreement between predicted and measured 
responses was verified.

10.4  CONCLUSIONS

The effects of hyperbranched polymer treatment conditions comprising HBP solu-
tion concentrations, treatment temperature and treatment time on dyeability (K/S 
value) of treated PET fabrics were investigated using response surface methodol-
ogy. Central composite design was applied to determine the optimum level of the 
factors mentioned above. For maximum K/S value of HBP treated samples, the 
optimal condition with 10 wt.% of HBP, temperature 130 °C and the time of 75 min 
was found.
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ABSTRACT

Nonwovens are a distinct class of textile materials made directly from fibers, thus 
avoiding the intermediate step of yarn production. The nonwoven industry as we 
know it today has grown from developments in the textile, paper and polymer pro-
cessing industries. Nonwoven manufacturers operate in a highly competitive envi-
ronment, where the reduction of production costs is of strategic imperative to stay in 
business. While the understanding and estimation of the production costs of nonwo-
vens are very important, the literature review reveals a lack of research in this field, 
in the public domain. To fill the gap, this chapter is designed to lay the foundation 
for modeling and analysis of nonwoven structures.

11.1  INTRODUCTION

11.1.1  DEFINITION OF NONWOVEN

An average person is unlikely to be familiar with the term ’Nonwoven’ and a few 
decades back there were no experts in this field. When the consumer hears the term 
Nonwovens it makes him think of something, which is not like traditional woven 
fabrics, something modern, advanced, hygienic, but he is not aware of any specific 
types of materials among those which carry the same name. The term nonwoven 
arises from more than half a century ago when nonwovens were often regarded as 
low-price substitutes for traditional textiles and were generally made from drylaid 
carded webs using converted textile processing machinery.

Nonwoven is a term used to describe a type of material made from textile fibers, 
which are not produced on conventional looms or knitting machines. They combine 
features from the textile, paper and plastic industries and an early description was 
‘web textiles’ because this term reflects the essential nature of many of these prod-
ucts. The yarn spinning stage is omitted in the nonwoven processing of staple fibers, 
while bonding of the web by various methods, chemical, mechanical or thermal, re-
places the weaving (or knitting) of yarns in traditional textiles. However, even in the 
early days of the industry, the process of stitch bonding, which originated in Eastern 
Europe in the 1950s, employed both layered and consolidating yarns, and the paral-
lel developments in the paper and synthetic polymer fields, which have been crucial 
in shaping today’s multibillion dollar nonwovens industry, had only tenuous links 
with textiles in the first place. But now the precise meaning of the term is somewhat 
clearer to the experts. According to the experts, Nonwovens is a class of textiles/
sheet products, unique in industry, which is defined in the negative; that is, they are 
defined in what they are not.

Nonwovens are different than paper in that nonwovens usually consist entirely 
or at least contain a sizeable proportion of long fibers and/or they are bonded inter-
mittently along the length of the fibers. Although paper consists of fiber webs, the 
fibers are bonded to each other so completely that the entire sheet comprises one 
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unit. In nonwovens we have webs of fibers where fibers are not as rigidly bonded 
and to a large degree act as individuals [1].

The definitions of the nonwovens most commonly used nowadays are those by 
the Association of the Nonwovens Fabrics Industry (INDA) and the European Dis-
posables and Nonwovens Association (EDANA).

INDA DEFINITION

Nonwovens are a sheet, web, or bat of natural and/or man-made fibers or filaments, 
excluding paper, that have not been converted into yarns, and that are bonded to 
each other by any of several means [2].

EDANA DEFINITION

Nonwovens are a manufactured sheet, web or bat of directionally or randomly ori-
ented fibers, bonded by friction, and/or cohesion and/or adhesion, excluding paper 
or products which are woven, knitted, tufted stitch bonded incorporating binding 
yarns or filaments, or felted by wet milling, whether or not additionally needled. 
The fibers may be of natural or man-made origin. They may be staple or continuous 
or be formed in situ [3].

A definition of nonwoven is provided by ISO 9092:1988 which details the fi-
brous content and other conditions. However, felts, needled fabrics, tufted and stitch-
bonded materials are usually grouped under this general heading for convenience, 
even though they may not strictly be described by the definition. They are made 
from all types of fiber, natural, regenerated man-made or synthetic or from fiber 
blends. One of their most significant features is their speed of manufacture, which 
is usually much faster than all other forms of fabric production; for example, spun 
bonding can be 2000 times faster than weaving. Therefore, they are very economi-
cal but also very versatile materials, which offer the opportunity to blend different 
fibers or fiber types with different binders in a variety of different physical forms, 
to produce a wide range of different properties. Nonwoven materials typically lack 
strength unless reinforced by a backing. They are broadly defined as sheet or web 
structures bonded together by entangling fiber or filaments mechanically, thermally 
or chemically. Nonwoven materials are flat or tufted porous sheets that are made 
directly from separate fibers, molten plastic or plastic film [4].

There upon, a nonwoven structure is different from some other textile structures 
because:

•	 it principally consists of individual fibers or layers of fibrous webs rather than 
yarns.

•	 it is anisotropic both in terms of its structure and properties due to both fiber 
alignment and the arrangement of the bonding points in its structure.

•	 it is usually not uniform in fabric weight and/or fabric thickness, or both.
•	 it is highly porous and permeable.
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11.1.2  APPLICATION OF NONWOVEN

Nonwovens may be a limited-life, single-use fabric or a very durable fabric. They 
provide specific functions such as absorbency, liquid repellency, resilience, stretch, 
softness, strength, flame retardancy, wash ability, cushioning, filtering, bacterial 
barriers and sterility. These properties are often combined to create fabrics suited 
for specific jobs while achieving a good balance between product use-life and cost. 
They can mimic the appearance, texture and strength of a woven fabric, and can be 
as bulky as the thickest padding. Although it is not possible to list all the applica-
tions of nonwovens, some of the important applications are listed in Table 11.1 [5].

TABLE 11.1  Products That Use Nonwovens

Agriculture and Land-
scaping

Crop Covers, Turf protection products, Nursery overwintering, 
Weed control fabrics, Root bags, Containers, Capillary matting

Automotive Trunk applications, Floor covers, Side liners, Front and back 
liners, Wheelhouse covers, Rear shelf trim panel covers, Seat 
applications, Listings, Cover slip sheets, Foam reinforcements, 
Transmission oil filters, Door trim panel carpets, Door trim panel 
padding, Vinyl and landau cover backings, Molded headliner 
substrates, Hood silencer pads, Dash insulators, Carpet tufting 
fabric and under, Padding

Clothing Interlinings, Clothing and glove insulation, Bra and shoulder 
padding, Handbag components, Shoe components

Construction Roofing and tile underlayment, Acoustical ceilings, Insulation, 
House wrap, Pipe wrap

Geotextiles Asphalt overlay, Road and railroad beds, Soil stabilization, 
Drainage, Dam and stream embankments, Golf and tennis courts, 
Artificial turf, Sedimentation and erosion, Pond liners

Home Furnishings Furniture construction sheeting, Insulators, arms, Cushion tick-
ing, Dust covers, Decking, Skirt linings, Pull strips, Bedding 
construction sheeting, Quilt backing, Dust covers, Flanging, 
Spring wrap, Quilt backings, Blankets, Wall covering backings, 
Acoustical wall coverings, Upholstery backings, Pillows, pillow 
cases, Window treatments, Drapery components, Carpet back-
ings, carpets, Pads, Mattress pad components

Health Care Caps, gowns, masks, Shoe covers, Sponges, dressings, wipes, 
Orthopedic padding, Bandages, tapes, Dental bibs, Drapes, 
wraps, packs, Sterile packaging, Bed linen, under pads, Contami-
nation control gowns, Electrodes, Examination gowns, Filters 
for IV solutions and blood, Oxygenators and kidney, Dialyzers, 
Transdermal drug delivery

Household Wipes, wet or dry polishing, Aprons, Scouring pads, Fabric soft-
ener sheets, Dust cloths, mops, Tea and coffee bags, Placemats, 
napkins Ironing board pads, Washcloths, Tablecloths
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Industrial/Military Coated fabrics, Filters, Semiconductor polishing pads, Wipers, 
Clean room apparel, Air conditioning filters, Military clothing, 
Abrasives, Cable insulation, Reinforced plastics, Tapes, Protec-
tive clothing, lab coats, Sorbents, Lubricating pads, Flame barri-
ers, Packaging, Conveyor belts, Display felts, Papermaker felts, 
Noise absorbent felt

Leisure, Travel Sleeping bags, Tarpaulins, tents, Artificial leather, luggage, Air-
line headrests, pillow cases,

Personal Care and 
Hygiene

Diapers, Sanitary napkins, tampons, Training pants, Incontinence 
products, Dry and wet wipes, Cosmetic applicators, removers, 
Lens tissue, Hand warmers, Vacuum cleaner bags, Tea and coffee 
bags, Buff pads

School, Office Book covers, Mailing envelopes, labels, Maps, signs, pennants, 
Floppy disk liners, Towels, Promotional items, Pen nibs

11.1.3  TECHNOLOGIES FOR NONWOVEN MANUFACTURING 
[6]

All nonwovens are manufactured by two general steps, which sometimes can even 
be combined into one. The first is actual web formation, and the second is some 
method of bonding the web fibers together. Sometimes, but not always a finishing 
process is required to provide the specific needs of a particular end use, in a similar 
way to woven or knitted fabrics. Nonwoven materials are produced by a wide va-
riety of processes ranging from hydraulic formation, air assisted processing, direct 
polymer to web systems, and combinations of these. These materials find applica-
tion in diverse fields that include filtration, automotive, hygiene products, battery 
separators, medical, and home furnishings. In the wet-laid process, a mixture of 
fibers is suspended in a fluid, the fibers are deposited onto a screen or porous sur-
face to remove the fluid and the web is then consolidated mechanically, chemically, 
or thermally. Wet-laid materials have outstanding uniformity when compared with 
other nonwovens. Meltblown materials are produced by melting and extruding mol-
ten polymer resin directly into a web. Fine fibers with a narrow fiber distribution can 
be produced using the meltblown process. Composites of wet-laid and meltblown 
materials can be used to obtain improved performance and strength characteris-
tics in the final application. To make finer fibers, typically in the nanometer range, 
an electrospinning process is used. During the electrospinning process, electrical 
charge is applied to polymer solution to form nanometer size fibers on a collector. 
The structures thus produced have a high surface area to volume ratio, high length 
to diameter ratio, high porosity, and interconnected pores. In fiber processing it is 
common to make first a thin layer of fiber called a web and then to lay several webs 
on top of each other to form a batt, which goes directly to bonding. The words web 
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and batt are cases where it is difficult to decide if a fiber layer is a web or a batt. Nev-
ertheless the first stage of nonwoven processing is normally called batt production.

11.1.3.1  CARDING METHOD

The machines in the nonwoven industry use identical principles and are quite similar 
but there are some differences. In particular in the process of yarn manufacture there 
are opportunities for further opening and for improving the levelness of the product 
after the carding stage, but in nonwoven manufacture there is no further opening at 
all and very limited improvements in levelness are possible. It therefore follows that 
the opening and blending stages before carding must be carried out more intensively 
in a nonwoven plant and the card should be designed to achieve more opening, for 
instance by including one more cylinder, though it must be admitted that many non-
woven manufacturers do not follow this maxim. Theoretically either short-staple 
revolving flat cards or long-staple roller cards could be used, the short-staple cards 
having the advantages of high production and high opening power, especially if 
this is expressed per unit of floor space occupied. However, the short-staple cards 
are very narrow, whereas long-staple cards can be many times wider, making them 
much more suitable for nonwoven manufacture, particularly since nonwoven fab-
rics are required to be wider and wider for many end-uses. Hence a nonwoven in-
stallation of this type will usually consist of automatic fiber blending and opening 
feeding automatically to one or more wide long-staple cards. The cards will usually 
have some form of auto-leveler to control the mass per unit area of the output web.

11.1.3.2  AIR LAYING METHOD

The air-laying method produces the final batt in one stage without first making a 
lighter weight web. It is also capable of running at high production speeds but is 
similar to the parallel-lay method in that the width of the final batt is the same as the 
width of the air-laying machine, usually in the range of 3–4 m. The degree of fiber 
opening available in an air-lay machine varies from one manufacturer to another, but 
in all cases it is very much lower than in a card (Fig. 11.1). As a consequence of this 
more fiber opening should be used prior to air laying and the fibers used should be 
capable of being more easily opened, otherwise the final batt would show clumps of 
inadequately opened fiber. In the past the desire for really good fiber opening led to 
a process consisting of carding, cross laying, then feeding the cross-laid batt to an 
air-laying machine.
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FIGURE 11.1  A schematic of Air-Laid system.

11.1.3.3  WET LAYING METHOD

The wet-laid process is a development from papermaking that was undertaken be-
cause the production speeds of papermaking are very high compared with textile 
production. Textile fibers are cut very short by textile standards (6–20 mm), but 
at the same time these are very long in comparison with wood pulp, the usual raw 
material for paper. The fibers are dispersed into water; the rate of dilution has to be 
great enough to prevent the fibers aggregating (Fig. 11.2). The required dilution rate 
turns out to be roughly ten times that required for paper, which means that only spe-
cialized forms of paper machines can be used, known as inclined-wire machines. In 
fact most frequently a blend of textile fibers together with wood pulp is used as the 
raw material, not only reducing the necessary dilution rate but also leading to a big 
reduction in the cost of the raw material. It is now possible to appreciate one of the 
problems of defining nonwoven. It has been agreed that a material containing 50% 
textile fiber and 50% wood pulp is a nonwoven, but any further increase in the wood 
pulp content results in a fiber-reinforced paper. A great many products use exactly 
50% wood pulp. Wet-laid nonwovens represent about 10% of the total market, but 
this percentage is tending to decline. They are used widely in disposable products, 
for example in hospitals as drapes, gowns, sometimes as sheets, as one-use filters, 
and as cover stock in disposable nappies.
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FIGURE 11.2  A schematic of Wet-Laid system.

11.1.3.4  DRY LAYING METHOD

The paper industry has attempted for many years to develop a dry paper process 
because of the problems associated with the normal wet process, that is, the removal 
of very large volumes of water by suction, by squeezing and finally by evaporation 
(Fig. 11.3). Now a dry process has been developed using wood pulp and either latex 
binders or thermoplastic fibers or powders to bond the wood pulp together to replace 
hydrogen bonding which is no longer possible. Owing to the similarity of both the 
bonding methods and some of the properties to those of nonwovens, these products 
are being referred to as nonwovens in some areas, although it is clear from the defi-
nition above they do not pass the percentage wood pulp criterion. Hence although 
the drylaid paper process cannot be regarded as a nonwoven process at present, it is 
very likely that the process will be modified to accept textile fibers and will become 
very important in nonwovens in the future.

FIGURE 11.3  A schematic of Dry-Laid system.
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11.1.3.5  SPUN LAYING METHOD

Spun laying includes extrusion of the filaments from the polymer raw material, 
drawing the filaments and laying them into a batt. As laying and bonding are nor-
mally continuous, this process represents the shortest possible textile route from 
polymer to fabric in one stage (Fig. 11.4). In addition to this the spun-laid process 
has been made more versatile. When first introduced only large, very expensive ma-
chines with large production capabilities were available, but much smaller and rela-
tively inexpensive machines have been developed, permitting the smaller nonwoven 
producers to use the spun-laid route. Further developments have made it possible to 
produce microfibers on spun-laid machines giving the advantages of better filament 
distribution, smaller pores between the fibers for better filtration, softer feel and also 
the possibility of making lighter-weight fabrics. For these reasons spun-laid pro-
duction is increasing more rapidly than any other nonwoven process. Spun laying 
starts with extrusion. Virtually all commercial machines use thermoplastic polymers 
and melt extrusion. Polyester and polypropylene are by far the most common, but 
polyamide and polyethylene can also be used. The polymer chips are fed continu-
ously to a screw extruder which delivers the liquid polymer to a metering pump and 
thence to a bank of spinnerets, or alternatively to a rectangular spinneret plate, each 
containing a very large number of holes. The liquid polymer pumped through each 
hole is cooled rapidly to the solid state but some stretching or drawing in the liquid 
state will inevitably take place.

FIGURE 11.4  A schematic of Spun-Laid system.

In spun laying the most common form of drawing the filaments to obtain the 
correct modulus is air drawing, in which a high velocity air stream is blown past the 
filaments moving down a long tube, the conditions of air velocity and tube length 
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being chosen so that sufficient tension is developed in the filaments to cause draw-
ing to take place. In some cases air drawing is not adequate and roller drawing has 
to be used as in normal textile extrusion, but roller drawing is more complex and 
tends to slow the process, so that air drawing is preferred. The laying of the drawn 
filaments must satisfy two criteria; the batt must be as even as possible in mass per 
unit area at all levels of area, and the distribution of filament orientations must be 
as desired, which may not be isotropic. Taking the regularity criterion first, the air 
tubes must direct the filaments onto the conveyor belt in such a way that an even 
distribution is possible. However, this in itself is not sufficient because the fila-
ments can form agglomerations that make ‘strings’ or ‘ropes’ which can be clearly 
seen in the final fabric. A number of methods have been suggested to prevent this, 
for instance, charging the spinneret so that the filaments become charged and repel 
one another or blowing the filaments from the air tubes against a baffle plate, which 
tends to break up any agglomerations. With regard to the filament orientation, in the 
absence of any positive traversing of the filaments in the cross direction, only very 
small random movements would take place. However, the movement of the con-
veyor makes a very strong machine direction orientation; thus the fabric would have 
a very strong machine-direction orientation. Cross-direction movement can most 
easily be applied by oscillating the air tubes backwards and forwards. By control-
ling the speed and amplitude of this oscillation it is possible to control the degree of 
cross-direction orientation.

11.1.3.6  FLASH SPINNING METHOD

Flash spinning is a specialized technique for producing very fine fibers without the 
need to make very fine spinneret holes. In flash spinning the polymer is dissolved in 
a solvent and is extruded as a sheet at a suitable temperature so that when the pres-
sure falls on leaving the extruder the solvent boils suddenly (Fig. 11.5). This blows 
the polymer sheet into a mass of bubbles with a large surface area and consequently 
with very low wall thickness. Subsequent drawing of this sheet, followed by me-
chanical fibrillation, results in a fiber network of very fine fibers joined together at 
intervals according to the method of production. This material is then laid to obtain 
the desired mass per unit area and directional strength. Flash-spun material is only 
bonded in two ways, so that it seems sensible to discuss both the bonding and the 
products at this juncture. One method involves melting the fibers under high pres-
sure so that virtually all fibers adhere along the whole of their length and the fabric 
is almost solid with very little air space. This method of construction makes a very 
stiff material with high tensile and tear strengths. It is mainly used in competition 
with paper for making tough waterproof envelopes for mailing important documents 
and for making banknotes. The fact that the original fibers were very fine means that 
the material is very smooth and can be used for handwriting or printing. The alter-
native method of bonding is the same, that is, heat and pressure but is only applied 
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to small areas, say 1 mm square, leaving larger areas, say 4 mm square, completely 
unbonded. The bonded areas normally form a square or diagonal pattern. This ma-
terial, known as Tyvek, has a lower tensile strength than the fully bonded fabric, 
but has good strength and is flexible enough to be used for clothing. Because the 
fine fibers leave very small pores in the fabric, it is not only waterproof but is also 
resistant to many other liquids with surface tensions lower than water. The presence 
of the pores means that the fabric is permeable to water vapor and so is comfortable 
to wear. Tyvek is used principally for protective clothing in the chemical, nuclear 
and oil industries, probably as protection for the armed forces and certainly in many 
industries not requiring such good protection but where it is found to be convenient. 
The garments can be produced so cheaply that they are usually regarded as dispos-
able.

FIGURE 11.5  A schematic of Flash-spinning system.

11.1.3.7  MELT BLOWING METHOD

The process of melt blowing is another method of producing very fine fibers at high 
production rates without the use of fine spinnerets (Fig. 11.6). As the polymer leaves 
the extrusion holes it is hit by a high-speed stream of hot air at or even above its 
melting point, which breaks up the flow and stretches the many filaments until they 
are very fine. At a later stage, cold air mixes with the hot and the polymer solidi-
fies. Depending on the air velocity after this point a certain amount of aerodynamic 
drawing may take place but this is by no means as satisfactory as in spun laying 
and the fibers do not develop much tenacity. At some point the filaments break into 
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staple fibers, but it seems likely that this happens while the polymer is still liquid 
because if it happened later this would imply that a high tension had been applied to 
the solid fiber, which would have caused drawing before breaking. The fine staple 
fibers produced in this way are collected into a batt on a permeable conveyor as in 
air laying and spun laying. The big difference is that in melt blowing the fibers are 
extremely fine so that there are many more fiber-to-fiber contacts and the batt has 
greater integrity. For many end-uses no form of bonding is used and the material 
is not nonwoven, but simply a batt of loose fibers. Such uses include ultrafine fil-
ters for air conditioning and personal face masks, oil-spill absorbents and personal 
hygiene products. In other cases the melt-blown batt may be laminated to another 
nonwoven, especially a spun-laid one or the melt-blown batt itself may be bonded 
but the method must be chosen carefully to avoid spoiling the openness of the very 
fine fibers. In the bonded or laminated form the fabric can be used for breathable 
protective clothing in hospitals, agriculture and industry, as battery separators, in-
dustrial wipes and clothing interlinings with good insulation properties. Melt blow-
ing started to develop rapidly in about 1975, although the process was known before 
1950. It is continuing to grow at about 10% per annum.

FIGURE 11.6  A schematic of Melt-Blowing system.

11.1.3.8  BONDING METHOD

The various methods for bonding are:
1.	 Adding an adhesive.
2.	 Thermally fusing the fibers or filaments to each other or to the other melt-

able fibers or powders.
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3.	 Fusing fibers by first dissolving, and then resolidifying their surfaces.
4.	 Creating physical tangles or tuft among the fibers.
5.	 Stitching the fibers or filaments in place.

11.1.3.8.1  CHEMICAL BONDING

Chemical bonding involves treating either the complete batt or alternatively isolated 
portions of the batt with a bonding agent with the intention of sticking the fibers to-
gether. Although many different bonding agents could be used, the modern industry 
uses only synthetic lattices, of which acrylic latex represents at least half and sty-
rene–butadiene latex and vinyl acetate latex roughly a quarter each. When the bond-
ing agent is applied it is essential that it wets the fibers, otherwise poor adhesion 
will be achieved. Most lattices already contain a surfactant to disperse the polymer 
particles, but in some cases additional surfactant may be needed to aid wetting. The 
next stage is to dry the latex by evaporating the aqueous component and leaving the 
polymer particles together with any additives on and between the fibers. During this 
stage the surface tension of the water pulls the binder particles together forming a 
film over the fibers and a rather thicker film over the fiber intersections. Smaller 
binder particles will form a more effective film than larger particles, other things be-
ing equal. The final stage is curing and in this phase the batt is brought up to a higher 
temperature than for the drying. The purpose of curing is to develop crosslinks both 
inside and between the polymer particles and so to develop good cohesive strength 
in the binder film. Typical curing conditions are 120–140°C for 2–4 min.

11.1.3.8.2  THERMAL BONDING

Thermal bonding is increasingly used at the expense of chemical bonding for a 
number of reasons. Thermal bonding can be run at high speed, whereas the speed 
of chemical bonding is limited by the drying and curing stage. Thermal bonding 
takes up little space compared with drying and curing ovens. Also thermal bond-
ing requires less heat compared with the heat required to evaporate water from the 
binder, so it is more energy efficient. Thermal bonding can use three types of fibrous 
raw material, each of which may be suitable in some applications but not in others. 
First, the fibers may be all of the same type, with the same melting point. This is 
satisfactory if the heat is applied at localized spots, but if overall bonding is used 
it is possible that all the fibers will melt into a plastic sheet with little or no value. 
Second, a blend of fusible fiber with either a fiber with a higher melting point or a 
nonthermoplastic fiber can be used. This is satisfactory in most conditions except 
where the fusible fiber melts completely, losing its fibrous nature and causing the 
batt to collapse in thickness. Finally, the fusible fiber may be a bicomponent fiber, 
that is, a fiber extruded with a core of high melting point polymer surrounded by 
a sheath of lower melting point polymer (Fig. 11.7). This is an ideal material to 
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process because the core of the fiber does not melt but supports the sheath in its 
fibrous state. Thermal bonding is used with all the methods of batt production ex-
cept the wet-laid method, but it is worth pointing out that the spun-laid process and 
point bonding complement each other so well that they are often thought of as the 
standard process.

FIGURE 11.7  Thermal Bonding method.

11.1.3.8.3  SOLVENT BONDING

This form of bonding is only rarely used but it is interesting from two points of 
view; first, the solvent can be recycled, so the process is ecologically sound, al-
though whether or not recycling is practical depends on the economics of recovering 
the solvent. Second, some of the concepts in solvent bonding are both interesting 
and unique. In one application of the method, a spun-laid polyamide batt is carried 
through an enclosure containing the solvent gas, NO2, which softens the skin of the 
filaments. On leaving the enclosure bonding is completed by cold calendar rolls and 
the solvent is washed from the fabric with water using traditional textile equipment. 
This is a suitable method of bonding to follow a spun-laid line because the speeds of 
production can be matched. The other application uses a so-called latent solvent, by 
which is meant one that is not a solvent at room temperature but becomes a solvent 
at higher temperatures. This latent solvent is used in conjunction with carding and 
cross laying and is applied as a liquid before carding. The action of carding spreads 
the solvent and at the same time the solvent lubricates the fibers during carding. The 
batt is passed to a hot air oven, which first activates the solvent and later evaporates 
it. The product will normally be high loft, but if fewer lofts are required a compres-
sion roller could be used.
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11.1.3.8.4  MECHANICAL BONDING

11.1.3.8.4.1  NEEDLE FELTING

All the methods of bonding discussed so far have involved adhesion between the 
fibers; hence they can be referred to collectively as adhesive bonding. The final 
three methods, needle felting, hydro entanglement and stitch bonding rely on fric-
tional forces and fiber entanglements, and are known collectively as mechanical 
bonding. The basic concept of needle felting is apparently simple; the batt is led 
between two stationary plates, the bed and stripper plates as shown in Fig. 11.8. 
While between the plates the batt is penetrated by a large number of needles. The 
needles are usually made triangular and have barbs cut into the three edges. When 
the needles descend into the batt the barbs catch some fibers and pull them through 
the other fibers. When the needles return upwards, the loops of fiber formed on the 
down stroke tend to remain in position, because they are released by the barbs. This 
downward pressure repeated many times makes the batt much denser, that is, into 
a needle felt. The above description illustrates how simple the concept seems to 
be. Without going into too much detail it may be interesting to look at some of the 
complications. First, the needles can only form vertical loops or ‘pegs’ of fiber and 
increase the density of the batt. This alone does not form a strong fabric unless the 
vertical pegs pass through loops already present in the horizontal plane of the batt. 
It follows from this that parallel-laid fabric is not very suitable for needling since 
there are few fiber loops present, so most needling processes are carried out with 
cross laid, air-laid and spun-laid batts. Second, the amount of needling is determined 
partly by the distance the drawing rollers move between each movement of the 
needle board, the ‘advance,’ and partly by the number of needles per meter across 
the loom. If the chosen advance happens to be equal to, or even near the distance be-
tween needle rows, then the next row of needles will come down in exactly the same 
position as the previous row, and so on for all the rows of needles. The result will be 
a severe needle patterning; to avoid this distance between each row of needles must 
be different. Computer programs have been written to calculate the best set of row 
spacings. Third, if it is necessary to obtain a higher production from a needleloom, 
is it better to increase the number of needles in the board or to increase the speed of 
the needleboard. Finally, in trying to decide how to make a particular felt it is neces-
sary to choose how many needle penetrations there will be per unit area, how deep 
the needles will penetrate and what type of needles should be used from a total of 
roughly 5000 different types. The variations possible seem to be infinite, making an 
optimization process very difficult.
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FIGURE 11.8  A schematic of Needle-Felting system.

11.1.3.8.4.2  STITCH BONDING

The idea of stitch bonding was developed almost exclusively in Czechoslovakia, 
in the former East Germany and to some extent in Russia, though there was a brief 
development in Britain. The machines have a number of variants, which are best 
discussed separately; many possible variants have been produced but only a limited 
number are discussed here for simplicity.

11.1.3.8.4.3  BATT BONDING BY THREADS

Stitch bonding uses mainly cross-laid and air-laid batts. The batt is taken into a mod-
ification of a warp-knitting machine and passes between the needles and the guide 
bar(s). The needles are strengthened and are specially designed to penetrate the batt 
on each cycle of the machine. The needles are of the compound type having a tongue 
controlled by a separate bar. After the needles pass through the batt the needle hooks 
open and the guide bar laps thread into the hooks of the needles. As the needles 
withdraw again the needle hooks are closed by the tongues, the old loops knock over 
the needles and new loops are formed. In this way a form of warp knitting action is 
carried out with the overlaps on one side of the batt and the underlaps on the other. 
Generally, as in most warp knitting, continuous filament yarns are used to avoid 
yarn breakages and stoppages on the machine. Two structures are normally knitted 
on these machines, pillar (or chain) stitch, or tricot. When knitting chain stitch the 
same guide laps round the same needle continuously, producing a large number of 
isolated chains of loops. When knitting tricot structure, the guide bar shogs one 
needle space to the left, then one to the right. Single-guide bar structure is called tri-
cot, whereas the two-guide bar structure is often referred to as full tricot. The nature 
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of this fabric is very textile-like, soft and flexible. At one time it was widely used for 
curtaining but is now used as a backing fabric for lamination, as covering material 
for mattresses and beds and as the fabric in training shoes. In deciding whether to 
use pillar or tricot stitch, both have a similar strength in the machine direction, but in 
the cross direction the tricot stitch fabric is stronger, owing to the underlaps lying in 
that direction. A cross-laid web is already stronger in that direction so the advantage 
is relatively small. The abrasion resistance is the same on the loop or overlap side, 
but on the underlap side the tricot fabric has significantly better resistance owing to 
the longer underlaps. However, continuous filament yarn is very expensive relative 
to the price of the batt, so tricot fabric costs significantly more.

11.1.3.8.4.4  STITCH BONDING WITHOUT THREADS

In this case the machine is basically the same as in the previous section, but the 
guide bar(s) are not used. The needle bar moves backwards and forwards as before, 
pushing the needles through the batt. The main difference is that the timing of the 
hook closing by the tongues is somewhat delayed, so that the hook of the needle 
picks up some of the fiber from the batt. These fibers are formed into a loop on the 
first cycle and on subsequent cycles the newly formed loops are pulled through the 
previous loops, just as in normal knitting. The final structure is felt-like on one side 
and like a knitted fabric on the other. The fabric can be used for insulation and as a 
decorative fabric.

11.1.3.8.4.5  STITCH BONDING IN PILE FABRIC

To form a pile fabric two guide bars are usually used, two types of warp yarns (pile 
yarn and sewing yarn) and also a set of pile sinkers, which are narrow strips of metal 
over which the pile yarn is passed and whose height determines the height of the 
pile. The pile yarn is not fed into the needle’s hook so does not form a loop; it is held 
in place between the underlap of the sewing yarn and the batt itself (Fig. 11.9). It is 
clear that this is the most efficient way to treat the pile yarn, since any pile yarn in 
a loop is effectively wasted. This structure has been used for making toweling with 
single-sided pile and also for making loop-pile carpeting in Eastern Europe. The 
structure has not been popular in the West owing to competition with double-sided 
terry toweling and tufted carpets. Equally it has not been used in technical textiles, 
but it could be a solution in waiting for the correct problem. Strangely a suitable 
problem has been proposed. Car seating usually has a polyester face with a foam 
backing, but this material cannot be recycled, because of the laminated foam. It has 
been suggested that a polyester nonwoven pile fabric could replace the foam and 
would be 100% recyclable.
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FIGURE 11.9  Stitch-Bonding method (A) and product (B).

11.1.3.8.4.6  BATT LOOPING

In this technique the needles pass through the supporting fabric and pick up as much 
fiber from the batt as possible. Special sinkers are used to push fiber into the nee-
dle’s hook to increase this pick-up. The fiber pulled through the fabric forms a chain 
of loops, with loose fiber from the batt on the other surface of the fabric. The fabric 
is finished by raising, not as one might expect on the loose side of the fabric but in-
stead the loops are raised because this gives a thicker pile. This structure was widely 
used in Eastern Europe, particularly for artificial fur, but in the West it never broke 
the competition from silver knitting, which gives a fabric with similar properties. 
The method could be used for making good quality insulating fabrics.

11.1.3.8.4.7  SWING LAID YARNS

Two distinct types of fabric can be made using the same principle. The first is a 
simulated woven fabric in which the cross-direction yarns are laid many at a time 
in a process a bit like cross laying. The machine direction yarns, if any are used, are 
simply unwound into the machine. These two sets of yarns are sewn together using 
chain stitch if there are only cross-direction threads and tricot stitch if machine di-
rection threads are present, the under laps holding the threads down. Although fabric 
can be made rapidly by this system this turns out to be a situation in which speed is 
not everything and in fact the system is not usually economically competitive with 
normal weaving. However, it has one great technical advantage; the machine and 
cross threads do not interlace but lie straight in the fabric. Consequently the initial 
modulus of this fabric is very high compared with a woven fabric, which can first 
extend by straightening out the crimp in the yarn. These fabrics are in demand for 
making fiber-reinforced plastic using continuous filament glass and similar high 
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modulus fibers or filaments. The alternative system makes a multidirectional fabric. 
Again sets of yarns are cross-laid but in this case not in the cross direction but at, 
say, 45° or 60° to the cross direction. Two sets of yarns at, say, +45° and −45° to 
the cross direction plus another layer of yarns in the machine direction can be sewn 
together in the usual way. Again high modulus yarns are used, with the advantage 
that the directional properties of the fabric can be designed to satisfy the stresses in 
the component being made.

11.1.3.8.4.8  HYDRO-ENTANGLEMENT

The process of hydro entanglement was invented as a means of producing an en-
tanglement similar to that made by a needleloom, but using a lighter weight batt. A 
successful process was developed during the 1960s by Du Pont and was patented. 
However, Du Pont decided in the mid-1970s to dedicate the patents to the public 
domain, which resulted in a rush of new development work in the major industrial 
countries, Japan, USA, France, Germany and Britain. As the name implies the pro-
cess depends on jets of water working at very high pressures through jet orifices 
with very small diameters (Fig. 11.10). A very fine jet of this sort is liable to break 
up into droplets, particularly if there is any turbulence in the water passing through 
the orifice. If droplets are formed the energy in the jet stream will still be roughly 
the same, but it will spread over a much larger area of batt so that the energy per unit 
area will be much less. Consequently the design of the jet to avoid turbulence and to 
produce a needle-like stream of water is critical. The jets are arranged in banks and 
the batt is passed continuously under the jets held up by a perforated screen, which 
removes most of the water. Exactly what happens to the batt underneath the jets is 
not known, but it is clear that fiber ends become twisted together or entangled by the 
turbulence in the water after it has hit the batt. It is also known that the supporting 
screen is vital to the process; changing the screen with all other variables remain-
ing constant will profoundly alter the fabric produced. Although the machines have 
higher throughputs compared with most bonding systems, and particularly com-
pared with a needleloom, they are still very expensive and require a lot of power, 
which is also expensive. The other considerable problem lies in supplying clean 
water to the jets at the correct pH and temperature. Large quantities of water are 
needed, so recycling is necessary, but the water picks up air bubbles, bits of fiber 
and fiber lubricant/fiber finish in passing through the process and it is necessary to 
remove everything before recycling.

It is said that this filtration process is more difficult than running the rest of the 
machine. Fabric uses include wipes, surgeons’ gowns, disposable protective cloth-
ing and backing fabrics for coating. The wipes produced by hydro entanglement 
are guaranteed lint free, because it is argued that if a fiber is loose it will be washed 
away by the jetting process. It is interesting to note that the hydro entanglement pro-
cess came into being as a process for entangling batts too light for a needleloom, but 
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that the most recent developments are to use higher water pressures (400 bar) and to 
process heavier fabrics at the lower end of the needleloom range.

FIGURE 11.10  A schematic of hydro-entanglement process.

11.1.4. PRODUCTION AND SHIPMENTS OF NONWOVENS

The Nonwoven industry is one of the fastest growing industries in the world. It is 
rapidly developing a sophisticated and diverse market. It has been exhibiting an 
average growth of about 10% over the past 20 years and should continue this rate 
of growth in the next ten years. The technology in Nonwoven industry has been 
improved significantly in nearly all available major manufacturing processes, in-
cluding those of spun bond, meltblown, needle punched, spunlaced, wet laid and 
dry laid fabrication. The most important point in rapid development and commercial 
acceptance of nonwovens is the ability to produce materials of special properties in 
less time and at reasonable prices. The relative production speeds of various textile 
technologies are compared in Table 11.2.

A large number of fibers are available in the market, but the Nonwovens mar-
ket is mainly dominated by three fibers, namely polyolefin’s, polyester, and ray-
on. These three fiber types make up a substantial part of the overall Nonwovens 
markets for fibers. The North American Nonwovens industry is the largest in the 
world and accounts for almost one third of the worldwide sales of roll goods, ac-
cording to estimates from INDA. A major portion of the polyolefin and polyester 
fiber in the U.S. market is consumed by the Nonwovens industry [7, 8].
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TABLE 11.2  Relative Production Rates of Different Textile Technologies

Technology Relative Production Rate

Weaving 1–6

Knitting 3–16

Nonwovens – web forming:

	Carding

	Spunbond

	Wet-laid

120–400

200–2000

2300

Nonwovens – bonding

	Stitch bonding

	Needling

	Calendaring

	Hot air bonding

40

30–500

2000

5000

11.2  STRUCTURAL PROPERTIES OF NONWOVEN FABRICS

11.2.1  CLASSIFICATION

The structure and properties of a nonwoven fabric are determined by fiber proper-
ties, the type of bonding elements, the bonding interfaces between the fibers and 
binder elements and the fabric structural architecture. Examples of dimensional and 
structural parameters may be listed as follows:

1.	 Fiber dimensions and properties: fiber diameter, diameter variation (e.g., 
in meltblown microfiber and electrospun nanofiber webs), cross-sectional 
shape, crimp wave frequency and amplitude, length, density; fiber prop-
erties (Young’s modulus, elasticity, tenacity, bending and torsion rigidity, 
compression, friction coefficient), fibrillation propensity, surface chemistry 
and wetting angle.

2.	 Fiber alignment: fiber orientation distribution.
3.	 Fabric dimensions and variation: dimensions (length, width, thickness, and 

weight per unit area), dimensional stability, density and thickness unifor-
mity.

4.	 Structural properties of bond points: bonding type, shape, size, bonding 
area, bonding density, bond strength, bond point distribution, geometrical 
arrangement, the degree of liberty of fiber movement within the bonding 
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points, interface properties between binder and fiber; surface properties of 
bond points.

5.	 Porous structural parameters: fabric porosity, pore size, pore size distribu-
tion, pore shape.

Examples of important nonwoven fabric properties are:
•	 Mechanical properties: tensile properties (Young’s modulus, tenacity, strength 

and elasticity, elastic recovery, work of rupture), compression and compres-
sion recovery, bending and shear rigidity, tear resistance, burst strength, 
crease resistance, abrasion, frictional properties (smoothness, roughness, fric-
tion coefficient), energy absorption.

•	 Fluid handling properties: permeability, liquid absorption (liquid absorbency, 
penetration time, wicking rate, rewet, bacteria/particle collection, repellency 
and barrier properties, run-off, strike time), water vapor transport and breath-
ability.

•	 Physical properties: thermal and acoustic insulation and conductivity, electro-
static properties, dielectric constant and electrical conductivity, opacity and 
others.

•	 Chemical properties: surface wetting angle, oleophobicity and hydrophobic-
ity, interface compatibility with binders and resins, chemical resistance and 
durability to wet treatments, flame resistance, dyeing capability, flammability, 
soiling resistance.

•	 Application specific performance: linting (particle generation), esthetics and 
handle, filtration efficiency, biocompatibility, sterilization compatibility, bio-
degradability and health and safety status.

11.2.2  DIMENSIONAL PARAMETERS

The structure and dimensions of nonwoven fabrics are frequently characterized in 
terms of fabric weight per unit area, thickness, density, fabric uniformity, fabric 
porosity, pore size and pore size distribution, fiber orientation distribution, bonding 
segment structure and the distribution. Nonwoven fabric weight (or fabric mass) is 
defined as the mass per unit area of the fabric and is usually measured in g/m2 (or 
gsm). Fabric thickness is defined as the distance between the two fabric surfaces 
under a specified applied pressure, which varies if the fabric is high-loft (or com-
pressible). The fabric weight and thickness determine the fabric packing density, 
which influences the freedom of movement of the fibers and determines the poros-
ity (the proportion of voids) in a nonwoven structure. The freedom of movement 
of the fibers plays an important role in nonwoven mechanical properties and the 
proportion of voids determines the fabric porosity, pore sizes and permeability in a 
nonwoven structure. Fabric density, or bulk density, is the weight per unit volume 
of the nonwoven fabric (kg/m3). It equals the measured weight per unit area (kg/m2) 
divided by the measured thickness of the fabric (m). Fabric bulk density together 
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with fabric porosity is important because they influence how easily fluids, heat and 
sound transport through a fabric.

11.2.3  WEIGHT UNIFORMITY OF NONWOVEN FABRICS

The fabric weight and thickness usually varies in different locations along and across 
a nonwoven fabric. The variations are frequently of a periodic nature with a recur-
ring wavelength due to the mechanics of the web formation and/or bonding process. 
Persistent cross-machine variation in weight is commonly encountered, which is one 
reason for edge trimming. Variations in either thickness and/or weight per unit area 
determine variations of local fabric packing density, local fabric porosity and pore 
size distribution, and therefore influence the appearance, tensile properties, perme-
ability, thermal insulation, sound insulation, filtration, liquid barrier and penetration 
properties, energy absorption, light opacity and conversion behavior of nonwoven 
products. Fabric uniformity can be defined in terms of the fabric weight (or fabric 
density) variation measured directly by sampling different regions of the fabric. The 
magnitude of the variation depends on the specimen size, for example the variation 
in fabric weight between smaller fabric samples (e.g., consecutive fabric samples 
of 1 m2 or 10 mm2) will usually be much greater than the variation between bigger 
fabric samples (e.g., rolls of fabric of hundreds of meters). Commercially, to enable 
on-line determination of fabric weight variation, the fabric uniformity is measured 
in terms of the variation in the optical density of fabric images [9], the gray level in-
tensity of fabric images [10] or the amount of electromagnetic rays absorbed by the 
fabric depending on the measurement techniques used [11, 12]. The basic statistical 
terms for expressing weight uniformity in the industry are the standard deviation(s) 
and the coefficient of variation (CV) of measured parameters as follows:
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	 Coefficient of variation: CV =  	 (2)

	 Index of dispersion: Idispersion =  	 (3)

where n is the number of test samples, w is the average of the measured parameter 
and wi is the local value of the measured parameter. Usually, the fabric uniformity is 
referred to as the percentage coefficient of variation (CV%). The fabric uniformity 
in a nonwoven is normally anisotropic, that is, the uniformity is different in different 
directions (MD and CD) in the fabric structure. The ratio of the index of dispersion 
has been used to represent the anisotropy of uniformity [13]. The local anisotropy of 
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mass uniformity in a nonwoven has also been defined by Scharcanski and Dodson 
in terms of the ‘local dominant orientations of fabric weight’ [14].

11.2.4  FIBER ORIENTATION IN NONWOVEN

The fibers in a nonwoven fabric are rarely completely randomly orientated, rather, 
individual fibers are aligned in various directions mostly in-plane. These fiber align-
ments are inherited from the web formation and bonding processes. The fiber seg-
ment orientations in a nonwoven fabric are in two and three dimensions and the 
orientation angle can be determined (Fig. 11.11). Although the fiber segment ori-
entation in a nonwoven is potentially in any three-dimensional direction, the mea-
surement of fiber alignment in three dimensions is complex and expensive [15]. In 
certain nonwoven structures, the fibers can be aligned in the fabric plane and nearly 
vertical to the fabric plane. The structure of a needle-punched fabric is frequently 
simplified in this way. In this case, the structure of a three-dimensional nonwoven 
may be simplified as a combination of two-dimensional layers connected by fibers 
orientated perpendicular to the plane (Fig. 11.12). The fiber orientation in such a 
three-dimensional fabric can be described by measuring the fiber orientation in two 
dimensions in the fabric plane [16].

FIGURE 11.11  Fiber orientation angle in 3-D nonwoven fabric.

In the two-dimensional fabric plane, fiber orientation is measured by the fiber 
orientation angle, which is defined as the relative directional position of individual 
fibers in the structure relative to the machine direction as shown in Fig. 11.13. The 
orientation angles of individual fibers or fiber segments can be determined by evalu-
ating photomicrographs of the fabric or directly by means of microscopy and image 
analysis.
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FIGURE 11.12  Simplified 3-D nonwoven structure.

The frequency distribution (or statistical function) of the fiber orientation angles 
in a nonwoven fabric is called fiber orientation distribution (FOD) or ODF (orienta-
tion distribution function). Frequency distributions are obtained by determining the 
fraction of the total number of fibers (fiber segments) falling within a series of pre-
defined ranges of orientation angle. Discrete frequency distributions are used to es-
timate continuous probability density functions. The following general relationship 
is proposed for the fiber orientation distribution in a two-dimensional web or fabric:

	 ( ) ( )( )
0

1 0d
p

α α αΩ = Ω ≥∫  	 (4)

or
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1 0
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α α α
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where α is the fiber orientation angle, and (α) is the fiber orientation distri-
bution function in the examined area. The numerical value of the orientation 
distribution indicates the number of observations that fall in the direction α, 
which is the angle relative to the examined area. Attempts have been made to 
fit the fiber orientation distribution frequency with mathematical functions 
including uniform, normal and exponential distribution density functions. 
The following two functions in combination with the constrain in the equa-

tion 
0
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p

α αΩ =∫  have been suggested by Petterson [17] and Hansen [18], 

respectively.
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Petterson: ( ) 3 8 16cos    A B C cos Dcos E cosα α α α αΩ = + + + +  	 (6)

Hansen:	 ( ) 2   (2 )A Bcosα αΩ = + 	 (7)

FIGURE 11.13  Fiber orientation and orientation angle.

Fiber alignments in nonwoven fabrics are usually anisotropic, that is, the num-
ber of fibers in each direction in a nonwoven fabric is not equal. The differences 
between the fiber orientation in the fabric plane and in the direction perpendicu-
lar to the fabric plane (i.e., transverse direction or fabric thickness direction) are 
particularly important. In most nonwovens except some air- laid structures, most 
of the fibers are preferentially aligned in the fabric plane rather than in the fabric 
thickness. Significant in-plane differences in fiber orientation are also found in the 
machine direction and in the fabric cross direction in nonwovens. Preferential fiber 
(either staple fiber or continuous filament) orientation in one or multiple directions 
is introduced during web formation and to some extent during mechanical bonding 
processes. A simplified example of an anisotropic nonwoven structure is a unidirec-
tional fibrous bundle in which fibers are aligned in one direction only. Parallel-laid 
or cross-laid carded webs are usually anisotropic with a highly preferential direction 
of fiber orientation. Fiber orientation in airlaid structures is usually more isotropic 
than in other dry-laid fabrics both in two and three dimensions. In perpendicular- 
laid webs, fibers are orientated in the direction of the fabric thickness. Spunlaid non-
wovens composed of filaments are less anisotropic in the fabric plane than layered 
carded webs [19], however, the anisotropy of continuous filament webs depends on 
the way in which the webs are collected and tensioned. This structural anisotropy 
can be characterized in terms of the fiber orientation distribution functions. This 
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anisotropy is important because of its influence on the anisotropy of fabric mechani-
cal and physical properties including tensile, bending, thermal insulation, acoustic 
absorption, dielectric behavior and permeability. The ratio of physical properties 
obtained in different directions in the fabric, usually the MD/CD, is a well estab-
lished means of expressing the anisotropy. The MD/CD ratio of tensile strength is 
most commonly encountered, although the same approach may be used to express 
directional in-plane differences in elongation, liquid wicking distance, liquid trans-
port rate, dielectric constant and permeability. However, these anisotropy terms use 
indirect experimental methods to characterize the nonwoven structure, and they are 
just ratios in two specific directions in the fabric plane, which can misrepresent the 
true anisotropy of a nonwoven structure.

11.2.5  FABRIC POROSITY

The pore structure in a nonwoven may be characterized in terms of the total pore 
volume (or porosity), the pore size, pore size distribution and the pore connectivity. 
Porosity provides information on the overall pore volume of a porous material and 
is defined as the ratio of the nonsolid volume (voids) to the total volume of the non-
woven fabric. The volume fraction of solid material is defined as the ratio of solid 
fiber material to the total volume of the fabric. While the fiber density is the weight 
of a given volume of the solid component only (i.e., not containing other materials), 
the porosity can be calculated as follows using the fabric bulk density and the fiber 
density:

	 ( )% 100%fibric

fibre

r
r

∅ = ×  	 (8)

	 ( ) ( )% 1 100%e = − ∅ ×  	 (9)

where e is the fabric porosity (%), f is the volume fraction of solid material (%), 
rfabric (kg/m3) is the fabric bulk density and rfiber (kg/m3) is the fiber density.

In resin coated, impregnated or laminated nonwoven composites, a small pro-
portion of the pores in the fabric is not accessible (i.e., they are not connected to the 
fabric surface). The definition of porosity as shown above refers to the so-called 
total porosity of the fabric. Thus, the open porosity (or effective porosity) is defined 
as the ratio of accessible pore volume to total fabric volume, which is a component 
part of the total fabric porosity. The majority of nonwoven fabrics have porosities 
>50% and usually above 80%. A fabric with a porosity of 100% is a totally open 
fabric and there is no such fabric, while a fabric with a porosity of 0% is a solid poly-
mer without any pore volume; there is no such fabric either. High-loft nonwoven 
fabrics usually have a low bulk density because they have more pore space than a 
heavily compacted nonwoven fabric; the porosity of high-loft nonwovens can reach 
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>98%. Pore connectivity, which gives the geometric pathway between pores can-
not be readily quantified and described. If the total pore area responsible for liquid 
transport across any distance along the direction of liquid transport is known, its 
magnitude and change in magnitude are believed to indicate the combined charac-
teristics of the pore structure and connectivity.

11.3  CHARACTERIZATION OF NONWOVEN FABRICS

Fabric thickness Testing [20, 21] of nonwoven fabric thickness and fabric weight is 
similar to other textile fabrics but due to the greater compressibility and unevenness 
a different sampling procedure is adopted. The thickness of a nonwoven fabric is 
defined as the distance between the face and back of the fabric and is measured as 
the distance between a reference plate on which the nonwoven rests and a parallel 
presser-foot that applies a pressure to the fabric (see BS EN ISO 9703–2:1995, ITS 
10.1).

Nonwoven fabrics with a high specific volume, that is, bulky fabrics, require a 
special procedure. In this context, bulky fabrics are defined as those that are com-
pressible by 20% or more when the pressure applied changes from 0.1 kPa to 0.5 kPa. 
Three procedures are defined in the test standard (BS EN ISO 9703–2:1995). Three 
test methods, [i.e., ASTM D5729–97 (ITS 120.1), ASTM D5736–01 (ITS 120.2), 
ASTM D6571–01 (ITS 120.3)] are defined for the measurement of the thickness, 
compression and recovery of conventional nonwovens and high-loft nonwovens (it 
is defined, in the ASTM, as a low density fiber network structure characterized by 
a high ratio of thickness to mass per unit area. High-loft batts have no more than a 
10% solid volume and are greater than 3 mm in thickness). Two more test standards 
(ITS 120.4, ITS 120.5) are defined for rapid measurement of the compression and 
recovery of high-loft nonwovens.

11.3.1  FABRIC MASS PER UNIT AREA

The measurement of a nonwoven weight per unit area requires a specific sampling 
procedure, specific dimensions for the test samples, and a greater balance accu-
racy than for conventional textiles. According to the ISO standards (BS EN 29073–
1:1992, ISO 9073–1:1989, ITS10.1), the measurement of nonwoven fabric mass per 
unit area of nonwovens requires each piece of fabric sample to be at least 50,000 
mm2. The mean value of fabric weight is calculated in grams per square meter and 
the coefficient of variation is expressed as a percentage.

11.3.2  FABRIC WEIGHT UNIFORMITY

Nonwoven fabric uniformity refers to the variations in local fabric structures, which 
include thickness and density, but is usually expressed as the variation of the weight 
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per unit area. Both subjective and objective techniques are used to evaluate the 
fabric uniformity. In subjective assessment, visual inspection can distinguish non-
uniform areas as small as about 10 mm2 from a distance of about 30 cm. Qualitative 
assessments of this type can be used to produce ratings of nonwoven fabric samples 
by a group of experts against benchmark standards. The consensual benchmark 
standards are usually established by an observer panel using paired comparison, 
graduated scales or similar voting techniques; these standard samples are then used 
to grade future samples. Indirect objective measurements of the web weight uni-
formity have been developed based on variations in other properties that vary with 
fabric weight including the transmission and reflection of beta rays, gamma rays 
(CO60), lasers, optical and infra-red light [22], and variation in tensile strength. 
With optical light scanning methods, the fabrics are evaluated for uniformity using 
an optical electronic method, which screens the nonwoven to register 32 different 
shades of gray [23]. The intensity of the points in the different shades of gray pro-
vides a measure of the uniformity. A statistical analysis of the optical transparency 
and the fabric uniformity is then produced. This method is suitable for lightweight 
nonwovens of 10–50 g/m2. Optical light measurements are commonly coupled with 
image analysis to determine the coefficient of variation of gray level intensities 
from scanned images of nonwoven fabrics [24]. In practice, nonwoven fabric uni-
formity depends on fiber properties, fabric weight and manufacturing conditions. It 
is usually true that the variation in fabric thickness and fabric weight decreases as 
the mean fabric weight increases. Wet-laid nonwovens are usually more uniform in 
terms of thickness than dry-laid fabrics. Short fiber airlaid fabrics are commonly 
more uniform than carded and cross laid and parallel-laid fabrics, and spunbond and 
meltblown fabrics are often more uniform than fabrics produced from staple fibers.

11.3.3  MEASURING FIBER ORIENTATION DISTRIBUTION

In modeling the properties of nonwoven fabrics and particularly in any quantitative 
analysis of the anisotropic properties of nonwoven fabrics, it is important to obtain 
an accurate measurement of FOD. A number of measuring techniques have been de-
veloped. A direct visual and manual method of measurement was first described by 
Petterson [25]. Hearle and co-workers [26, 27] found that visual methods produce 
accurate measurements and it is the most reliable way to evaluate the fiber orienta-
tion. Manual measurements of fiber segment angles relative to a given direction 
were conducted and the lengths of segment curves were obtained within a given 
range. Chuleigh [28] developed an optical processing method in which an opaque 
mask was used in a light microscope to highlight fiber segments that are orientated 
in a known direction. However, the application of this method is limited by the te-
dious and time-consuming work required in visual examinations.

To increase the speed of assessment, various indirect-measuring techniques 
have been introduced including both the zero span [29, 30] and short span [31] 

© 2015 by Apple Academic Press, Inc.

 



332	 Materials Behavior: Research Methodology and Mathematical Models

tensile analysis for predicting the fiber orientation distribution. Stenemur [32] 
devised a computer system to monitor fiber orientation on running webs based on 
the light diffraction phenomenon. Methods that employ X-ray diffraction analysis 
and X-ray diffraction patterns of fiber webs have also been studied [33, 34]. In 
this method the distribution of the diffraction peak of the fiber to X-ray is directly 
related to the distribution of the fiber orientation. Other methods include the use of 
microwaves [35], ultrasound [36], light diffraction methods [37], light reflection 
and light refraction [38], electrical measurements [39, 40] and liquid-migration-
pattern analysis [41, 42] In the last few decades, image analysis has been em-
ployed to identify fibers and their orientation [43–46] and computer simulation 
techniques have come into use for the creation of computer models of various 
nonwoven fabrics [47–50]. Huang and Bressee89 developed a random sampling 
algorithm and software to analyze fiber orientation in thin webs. In this method, 
fibers are randomly selected and traced to estimate the orientation angles; test 
results showed excellent agreement with results from visual measurements. Pour-
deyhimi et al. [51–54] completed a series of studies on the fiber orientation of 
nonwovens by using an image analyzer to determine the fiber orientation in which 
image processing techniques such as computer simulation, fiber tracking, Fourier 
transforms and flow field techniques were employed. In contrast to two-dimen-
sional imaging techniques suitable only for thin nonwoven fabrics, the theory of 
Hilliard-Komori-Makishima [55] and the visualizations made by Gilmore et al. 
[56] using X-ray tomographic techniques have provided a means of analyzing the 
three-dimensional orientation.

Image analysis is a computer-based means of converting the visual qualitative 
features of a particular image into quantitative data. The measurement of the fiber 
orientation distribution in nonwoven fabrics using image analysis is based on the 
assumption that in thin materials a two-dimensional structure can be assumed, al-
though in reality the fibers in a nonwoven are arranged in three dimensions. How-
ever, there is currently no generally accepted way of characterizing the fabric struc-
ture in terms of the three-dimensional geometry. The fabric geometry is reduced 
to two dimensions by evaluation of the planar projections of the fibers within the 
fabric. The assumption of a two-dimensional fabric structure is adequate to describe 
thin fabrics. The image analysis system in the measurement of the fiber orientation 
distribution is based on a computerized image capture system operating with an in-
tegrated image analysis software package in which numerous functions can be per-
formed [57]. A series of sequential operations is required to perform image analysis 
and, in a simple system, the following procedures are carried out: production of a 
gray image of the sample fabric, processing the gray image, detection of the gray 
image and conversion into binary form, storage and processing of the binary image, 
measurement of the fiber orientation and output of results.

© 2015 by Apple Academic Press, Inc.

 



A Comprehensive Review on Characterization	 333

11.3.4  MEASURING POROSITY

Porosity can be obtained from the ratio of the fabric density and the fiber density. 
In addition to the direct method of determination for resin impregnated dense non-
woven composites, the fabric porosity can be determined by measuring densities 
using liquid buoyancy or gas expansion porosimetry [58]. Other methods include 
small angle neutron, small angle X-ray scattering and quantitative image analysis 
for total porosity. Open porosity may be obtained from xylene and water impreg-
nation techniques [59], liquid metal (mercury) impregnation, nitrogen adsorption 
and air or helium penetration. Existing definitions of pore geometry and the size of 
pores in a nonwoven are based on various physical models of fabrics for specific 
applications. In general, cylindrical, spherical or convex shaped pores are assumed 
with a distribution of pore diameters. Three groups of pore size are defined: (i) the 
near-largest pore size (known as apparent opening pore size, or opening pore size); 
(ii) the constriction pore size (known as the pore-throat size); and (iii) the pore 
volume size. Pore size and the pore size distribution of nonwoven fabrics can be 
measured using optical methods, density methods, gas expansion and adsorption, 
electrical resistance, image analysis, porosimetry and porometry. The apparent pore 
opening (or opening pore) size is determined by the passage of spherical solid glass 
beads of different sizes (50 µm to 500 µm) through the largest pore size of the fabric 
under specified conditions. The pore size can be measured using sieving test meth-
ods (dry sieving, wet sieving and hydrodynamic sieving). The opening pore sizes 
are important for determining the filtration and clogging performance of nonwoven 
geotextiles and it enables the determination of the absolute rating of filter fabrics. 
The constriction pore size, or porethroat size, is different from the apparent pore 
opening size. The constriction pore size is the dimension of the smallest part of 
the flow channel in a pore and it is important for fluid flow transport in nonwoven 
fabrics. The largest pore-throat size is called the bubble point pore size, which is 
related to the degree of clogging of geotextiles and the performance of filter fabrics. 
The pore-throat size distribution and the bubble point pore size can be obtained by 
liquid expulsion methods. However, it is found that wetting fluid, air pressure and 
equipment type affects the measured constriction pore size [60, 61].

11.3.4.1  LIQUID POROSIMETRY

Liquid porosimetry, also referred to as liquid porometry, is a general term to describe 
procedures for the evaluation of the distribution of pore dimensions in a porous ma-
terial based on the use of liquids. Both pore volumes and pore throat dimensions are 
important quantities in connection with the use of fiber networks as absorption and 
barrier media. Pore volumes determine the capacity of a network to absorb liquid, 
that is, the total liquid uptake. Pore throat dimensions, on the other hand, are related 
to the rate of liquid uptake and to the barrier characteristics of a network. Liquid 
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porosimetry evaluates pore volume distributions (PVD) by measuring the volume 
of liquid located in different size pores of a porous structure. Each pore is sized ac-
cording to its effective radius, and the contribution of each pore size to the total free 
volume of the porous network is determined. The effective radius R of any pore is 
defined by the Laplace equation:

	
2 cosR

p
g q

=
∆   	 (10)

where g = liquid surface tension, q = advancing or receding contact angle of 
the liquid, DP = pressure difference across the liquid/air meniscus For liquid 
to enter or drain from a pore, an external gas pressure must be applied that is 
just enough to overcome the Laplace pressure DP.

In the case of a dry heteroporous network, as the external gas pressure is 
decreased, either continuously or in steps, pores that have capillary pressures 
lower than the given gas pressure DP will fill with liquid. This is referred 
to as liquid intrusion porosimetry and requires knowledge of the advancing 
liquid contact angle. In the case of a liquid-saturated heteroporous network, 
as the external gas pressure is increased, liquid will drain from those pores 
whose capillary pressure corresponds to the given gas pressure ΔP. This is 
referred to as liquid extrusion porosimetry and requires knowledge of the re-
ceding liquid contact angle. In both cases, the distribution of pore volumes is 
based on measuring the incremental volume of liquid that either enters a dry 
network or drains from a saturated network at each increment of pressure.

11.3.4.1.1  INSTRUMENTATION

Until recently, the only version of this type of analysis to evaluate PVDs in general 
use was mercury porosimetry [62]. Mercury was chosen as the liquid because of its 
very high surface tension so that it would not be able to penetrate any pore without 
the imposition of considerable external pressure. For example, to force mercury into 
a pore 5 μm in radius requires a pressure increase of about 2 atm. While this might 
not be a problem with hard and rigid networks, such as stone, sand structures, and 
ceramics, it makes the procedure unsuitable for use with fiber materials that would 
be distorted by such compressive loading. Furthermore, mercury intrusion poro-
simetry is best suited for pore dimensions less than 5 μm, while important pores in 
typical textile structures may be as large as 1000 μm. Some of the other limitations 
of mercury porosimetry have been discussed by Winslow [63] and by Good [64].
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A more general version of liquid porosimetry for PVD analysis, par-
ticularly well suited for textiles and other compressible planar materials, 
has been developed by Miller and Tyomkin [65]. The underlying concept 
was earlier demonstrated for low-density webs and pads by Burgeni and 
Kapur [66]. Any stable liquid of relatively low viscosity that has a known 
cos  > 0 can be used. In the extrusion mode, the receding contact angle is 
the appropriate term in the Laplace equation, while in the intrusion mode 
the advancing contact angle must be used. There are many advantages to 
using different liquids with a given material, not the least of which is the 
fact that liquids can be chosen that relate to a particular end use of a ma-
terial. The basic arrangement for liquid extrusion porosimetry is shown 
in Fig. 11.14. In the case of liquid extrusion, a pre-saturated specimen is 
placed on a microporous membrane, which is itself supported by a rigid 
porous plate. The gas pressure within the closed chamber is increased in 
steps, causing liquid to flow out of some of the pores, largest ones first. 
The amount of liquid removed at each pressure level is monitored by the 
top-loading recording balance. In this way, each incremental change in 
pressure (corresponding to a pore size according to the Laplace equation) 
is related to an increment of liquid mass. To induce stepwise drainage from 
large pores requires very small increases in pressure over a narrow range 
that are only slightly above atmospheric pressure, whereas to analyze for 
small pores the pressure changes must be quite large. In early versions 
of instrumentation for liquid extrusion porosimetry, pressurization of the 
specimen chamber was accomplished either by hydrostatic head changes 
or by means of a single-stroke pump that injected discrete drops of liquid 
into a free volume space that included the chamber [65]. In the most recent 
instrumentation developed by Miller and Tyomkin [67], the chamber is 
pressurized by means of a computer-controlled, reversible, motor-driven 
piston/cylinder arrangement that can produce the required changes in pres-
sure to cover a pore radius range from 1 to 1000 μm.
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FIGURE 11.14  Basic arrangement for liquid porosimetry to quantify pore volume 
distribution.

11.3.4.1.2  DATA ANALYSIS AND APPLICATIONS

Prototype data output for a single cycle incremental liquid extrusion run is shown in 
Fig. 11.15. The experiment starts from the right as the pressure is increased, drain-
ing liquid first from the largest pores. The cumulative curve represents the amount 
of liquid remaining in the pores of the material at any given level of pressure. The 
first derivative of this cumulative curve as a function of pore size becomes the pore 
volume distribution, showing the fraction of the free volume of the material made 
up of pores of each indicated size. PVD curves for two typical fabrics woven from 
spun yams are shown in Fig. 11.15. PVD curves for several nonwoven materials 
are shown in Fig. 11.16. These materials normally have unimodal PVD curves, 
but generally the pores are larger than those associated with typical woven fabrics. 
Several interesting points can be noted. First, the pore volumes become smaller 
with increasing compression (decreasing mat thickness), and at the same time the 
structures appear to have become less heteroporous; that is, the breadth of the PVD 
curves decreases with increasing compression. Also, the total pore volume (area 
under each curve), and therefore the sorptive capacity, decreases with compression. 
Since in many end-use applications fibrous materials are used under some level of 
compression, it is particularly important to evaluate pore structure under appropri-
ate compression conditions. The PVD instrumentation described here, referred to as 
the TRI Autoporosimeter, is extremely versatile and can be used with just about any 
porous material, including textiles, paper products, membrane filters, particulates, 
and rigid foams. It also allows quantification of interlayer pores, surface pores, ab-
sorption/desorption hysteresis, uptake and retention capillary pressures, and 
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effective contact angles in porous networks [67]. The technique has also been used 
to quantify pore volume dimensions and sorptive capacity of artificial skin in rela-
tion to processing conditions [68].

FIGURE 11.15  PVD curves for two typical spun yarn woven fabrics [67].

FIGURE 11.16  PVD curves for some nonwoven fabrics [67].
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11.3.5  IMAGE ANALYSIS [69]

The dynamic development of computer techniques creates broad possibilities for 
their application, including identifying and measuring the geometrical dimensions 
of very small objects including textile objects. Using digital image analysis permits 
a more detailed analysis of such basic structural parameters of nonwoven products. 
The digital analysis of two-dimensional images is based on processing the image ac-
quirement, with the use of a computer. The image is described by a two-dimensional 
matrix of real or imaginary numbers presented by a definite number of bytes. Image 
modeling is based on digitizing the real image. This process consists of sampling 
and quantifying the image. The digital image can be described in the form of a 
two-dimensional matrix, whose elements include quantified values of the intensity 
function, referred to as gray levels. The digital image is defined by the spatial image 
resolution and the gray level resolution. The smallest element of the digital image 
is called the pixel. The number of pixels and the number of brightness levels may 
be unlimited, although while presenting computer technique data it is customary to 
use values which are multiplications of the number 2, for example, 512×512 pixels 
and 256 gray levels.

11.3.5.1  IMAGE QUALITY IMPROVEMENT

Image quality improvement and highlighting its distinguished features are the most 
often used application techniques for image processing. The process of image qual-
ity improvement does not increase the essential information represented by the im-
age data, but increases the dynamic range of selected features of the acquired object, 
which facilitates their detection.

The following operations are carried out during image quality improvement:
•	 changes of the gray level system and contrast improvement
•	 edge exposition
•	 pseudo-colorization
•	 improvement of sharpness, decreasing the noise level
•	 space filtration
•	 interpolation and magnification
•	 compensation of the influence of interference factors, for example, possible 

under-exposure.

11.3.5.1.1  REINSTATING DESIRED IMAGE FEATURES

Reinstating desired image features is connected with eliminating and minimizing 
any image features which lower its quality. Acquiring images by optical, opto-elec-
tronic or electronic methods involves the unavoidable degradation of some image 
features during the detection process. Aberrations, internal noise in the image sen-
sor, image blurring caused by camera defocusing, as well as turbulence and air pol-
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lution in the surrounding atmosphere may cause a worsening of quality. Reinstating 
the desired image features differs from image improvement, whose procedure is 
related to highlighting or bringing to light the distinctive features of the existing 
image. Reinstating the desired image features mainly includes the following cor-
rections:

•	 reinstating the sharpness lowered as the result of disadvantageous features of 
the image

•	 sensor or its surrounding
•	 noise filtration
•	 distortion correction
•	 correction of sensors’ nonlinearity

11.3.5.1.2  IMAGE DATA COMPRESSION

Image data compression is based on minimizing the number of bytes demanded for 
image representation. The compression effect is achieved by transforming the given 
digital image to a different number table in such a manner that the preliminary in-
formation amount is packed into a smaller number of samples.

11.3.5.2. MEASURING FIBER ORIENTATION IN NONWOVEN 
USING IMAGE PROCESSING

Fiber orientation is an important characteristic of nonwoven fabrics, since it directly 
influences their mechanical properties and performances. Since visual assessments 
of fiber orientation are not reliable, image-processing techniques are used to assess 
them automatically. The image of a fabric is taken and digitized. The digitized im-
age of the surface of a fabric is progressively simplified by a line operator and an 
edge-smoothing and thinning operation to produce an image in which fibers are 
represented by curves of one pixel in thickness. The fiber-orientation distribution 
of a fabric is then obtained by tracing and measuring the length and orientation of 
the curves. The image-analysis method for automatically measuring the fiber-orien-
tation distributions is validated by manual measurements made by experts. Spatial 
uniformity of fibrous structures can been described statistically using an index of 
dispersion. The spatial uniformity of web mass is described by dispersion of its sur-
face relief distribution. Surface relief is representative of mass density gradients in 
local regions. In principle, this concept is similar to topographical surface relief that 
represents the variations in elevation of the earth’s surface: the higher is the eleva-
tion, the greater the mass present on a surface. The surface relief in a local region 
is representative of the average mass density gradient in that local region. Surface 
relief of a web can be measured from its gray-scale images taken in transmitted or 
reflected light or any other radiation. Each pixel of a gray-scale image (with 256 
gray-levels or 8-bit) is considered a column of cubes with each cube having area 
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(1 pixel) × (1 pixel) and height equal to one intensity level. Figure 11.17 shows the 
translation of square pixels of Fig. 11.18 into columns of cubes. Surface relief of a 
pixel is the difference in height (or gray level intensity, G) of two adjacent pixels 
sharing a side. The surface relief area was calculated as the total number of exposed 
faces of cube columns in a “quadrat,” which is defined as a rectangular region of in-
terest. Only lateral surfaces were considered and flat tops of columns were ignored 
in the calculation of relief area.

FIGURE 11.17  Pixels represented as columns of cubes.

FIGURE 11.18  Detailed image pixels.
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Various techniques are used to estimate fiber orientation distribution in non-
wovens, such as direct tracking, flow field analysis and the Fourier transform (FT) 
and Hough transform (HT) methods. In direct tracking, the actual pixels of the lines 
are tracked. The algorithm used is time consuming and therefore is mostly used for 
research and development. In denser structures, as the number of crossover points 
increases, this method becomes less efficient. Flow field analysis is based on the 
assumption that edges in an image are representative of orientation fields in the im-
age. This method is mainly used to obtain the mean orientation distribution angle, 
but not the orientation distribution function. The FT method is widely used in many 
image processing and measurement operations. It transforms the gray scale intensity 
domain to a frequency spectrum. Compression of the image, leveling of the image 
brightness and contrast and enhancement can more conveniently be performed on 
the frequency spectrum. In most cases the spatial domain needs to be recovered 
from the frequency spectrum. Measuring the orientation is one of the applications of 
the FT method. The algorithm is fast and does not need high computational power 
for the calculations. The HT method is used in estimating fiber orientation distribu-
tion directly. The advantage of this method compared with other indirect methods is 
that the actual orientation of the lines is included directly in the computation of the 
transform. The capability of the HT method in object recognition is used to measure 
the length of the straight lines in the image. However, more computational time 
and resources are needed to run the algorithm for larger-scale images with higher 
accuracy. The images acquired using backlighting and optical microscopes were re-
ported to be of low quality having poor contrast. Consequently, they limited the im-
age acquisition technique to very thin webs for which they could obtain images that 
could be successfully processed. When images are digitized at high magnification, 
the depth of field is poor, resulting in fuzzy fiber segments and inferior image qual-
ity. To overcome this problem, in the present work a scanning electron microscope 
(SEM) has been used to produce high quality images. The SEM provides high depth 
of field even at high magnifications. This technique is not restricted to thin webs and 
can also be used for fabrics with very high density.

11.3.6  PORE VOLUME DISTRIBUTION AND MERCURY 
POROSIMETRY

Unlike porometry where the measurement of the pore-throat size distribution is 
based on measurement of the airflow rate through a fabric sample, the pore volume 
distribution is determined by liquid porosimetry, which is based on the liquid uptake 
concept proposed by Haines [70]. A fabric sample (either dry or saturated) is placed 
on a perforated plate and connected to a liquid reservoir. The liquid having a known 
surface tension and contact angle is gradually forced into or out of the pores in the 
fabric by an external applied pressure. Porosimetry is grouped into two categories 
based on the liquid used, which is either nonwetting (e.g., mercury) or wetting (e.g., 
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water). Each is used for intrusion porosimetry and extrusion porosimetry where the 
advancing contact angle and receding contact angle are applied in liquid intrusion 
and extrusion porosimetry, respectively.

Mercury has a high surface tension and is strongly nonwetting on most fabrics 
at room temperature. In a typical mercury porosimetry measurement, a nonwoven 
fabric is evacuated to remove moisture and impurities and then immersed in mer-
cury. A gradually increasing pressure is applied to the sample forcing mercury into 
increasingly smaller ‘pores’ in the fabric. The pressure P required to force a nonwet-
ting fluid into a circular cross-section capillary of diameter d is given by:

	
4 cosHg HgP

d
σ g

=  	 (11)

where Hgσ  is the surface tension of the mercury (0.47 N/m), 130 and gHg  is 
the contact angle of the mercury on the material being intruded (the contact angle 
ranges from 135°~180°), and d is the diameter of a cylindrical pore.

The incremental volume of mercury is recorded as a function of the applied 
pressure to obtain a mercury intrusion curve. The pore size distribution of the sam-
ple can be estimated in terms of the volume of the pores intruded for a given cylin-
drical pore diameter d. The pressure can be increased incrementally or continuously 
(scanning porosimetry). The process is reversed by lowering the pressure to allow 
the mercury to extrude from the pores in the fabric to generate a mercury extrusion 
curve. Analysis of the data is based on a model that assumes the pores in the fabric 
are a series of parallel nonintersecting cylindrical capillaries of random diameters 
[71]. However, as a consequence of the nonwetting behavior of mercury in mercury 
intrusion porosimetry, relatively high pressure is needed to force mercury into the 
smaller pores therefore compressible nonwoven fabrics are not suitable for testing 
using the mercury porosimetry method.

Liquids other than mercury find use in porosimetry [72–74] and have been com-
mercialized [75]. Test procedure is similar to that of mercury porosimetry but any 
liquid that wets the sample, such as water, organic liquids, or solutions may be uti-
lized. The cumulative and differential pore volume distribution, total pore volume, 
porosity, average, main, effective and equivalent pore size can be obtained.

11.3.7  MEASUREMENT OF SPECIFIC SURFACE AREA BY 
USING GAS ADSORPTION

The number of gas molecules adsorbed on the surface of nonwoven materials de-
pends on both the gas pressure and the temperature. An experimental adsorption 
isotherm plot of the incremental increases in weight of the fabric due to absorption 
against the gas pressure can be obtained in isothermal conditions. Prior to measure-
ment, the sample needs to be pretreated at an elevated temperature in a vacuum or 
flowing gas to remove contaminants. In physical gas adsorption, when an inert gas 
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(such as nitrogen or argon) is used as an absorbent gas, the adsorption isotherm 
indicates the surface area and/or the pore size distribution of the objective material 
by applying experimental data to the theoretical adsorption isotherm for gas adsorp-
tion on the polymer surface. In chemical gas adsorption, the chemical properties of 
a polymeric surface are revealed if the absorbent is acidic or basic. In some experi-
ments, a liquid absorbent such as water is used in the same manner [76–78].

11.3.8  MEASURING TENSILE PROPERTIES

Some of the most important fabric properties governing the functionality of non-
woven materials include mechanical properties (tensile, compression, bending and 
stiffness), gaseous and liquid permeability, water vapor transmission, liquid barrier 
properties, sound absorption properties and dielectric properties.

Mechanical properties of nonwoven fabrics are usually tested in both machine 
direction (MD) and cross-direction (CD), and may be tested in other bias directions 
if required. Several test methods are available for tensile testing of nonwovens, chief 
among these are the strip and grab test methods. In the grab test, the central section 
across the fabric width is clamped by jaws a fixed distance apart. The edges of the 
sample therefore extend beyond the width of the jaws. In the standard grab tests 
for nonwoven fabrics, the width of the nonwoven fabric strip is 100 mm, and the 
clamping width in the central section of the fabric is 25 mm. The fabric is stretched 
at a rate of 100 mm/min (according to the ISO standards) or 300 mm/min (accord-
ing to the ASTM standards) and the separation distance of the two clamps is 200 
mm (ISO standards) or 75 mm (ASTM standards). Nonwoven fabrics usually give 
a maximum force before rupture. In the strip test, the full width of the fabric speci-
men is gripped between the two clamps. The width of the fabric strip is 50 mm (ISO 
standard) or either 25 mm or 50 mm (ASTM standards). Both the stretch rate and the 
separation distance of the two clamps in a strip test are the same as they are in the 
grab test. The separation distance of the two clamps is 200 mm (ISO standards) or 
75 mm (ASTM standards). The observed force for a 50 mm specimen is not neces-
sarily double the observed force for a 25 mm specimen [78, 79].

11.3.9  MEASURING WATER VAPOR TRANSMISSION

The water vapor transmission rate through a nonwoven refers to the mass of the wa-
ter vapor (or moisture) at a steady state flow through a thickness of unit area per unit 
time. This is taken at a unit differential pressure across the fabric thickness under 
specific conditions of temperature and humidity (g/Pa.s.m2). It can be tested by two 
standard methods, the desiccant method and water methods. In the desiccant meth-
od, the specimen is sealed to an open mouth of a test dish containing a desiccant, and 
the assembly is placed in a controlled atmosphere. Periodic weighing’s determining 
the rate of water vapor movement through the specimen into the desiccant. In the 

© 2015 by Apple Academic Press, Inc.

 



344	 Materials Behavior: Research Methodology and Mathematical Models

water method, the dish contains distilled water, and the weighing’s determining the 
rate of water vapor movement through the specimen to the controlled atmosphere. 
The vapor pressure difference is nominally the same in both methods except when 
testing conditions are with the extremes of humidity on opposite sides [80].

11.3.10  MEASURING WETTING AND LIQUID ABSORPTION

There are two main types of liquid transport in nonwovens. One is the liquid absorp-
tion, which is driven by the capillary pressure in a porous fabric and the liquid is 
taken up by a fabric through a negative capillary pressure gradient. The other type 
of liquid transport is forced flow in which liquid is driven through the fabric by an 
external pressure gradient. The liquid absorption that takes place when one edge of 
a fabric is dipped in a liquid so that it is absorbed primarily in the fabric plane is 
referred to as wicking. When the liquid front enters into the fabric from one face to 
the other face of the fabric, it is referred to as demand absorbency or spontaneous 
uptake [81, 82].

11.3.11  MEASURING THERMAL CONDUCTIVITY AND 
INSULATION [83, 84]

The thermal resistance and the thermal conductivity of flat nonwoven fabrics, fi-
brous slabs and mats can be measured with a guarded hot plate apparatus accord-
ing to BS 4745: 2005, ISO 5085-1:1989, ISO 5085-2:1990. For testing the thermal 
resistance of quilt, the testing standard is defined in BS 5335 Part 1:1991. The heat 
transfer in the measurement of thermal resistance and thermal conductivity in cur-
rent standard methods is the overall heat transfer by conduction, radiation, and by 
convection where applicable.

The core components of the guarded hot plate apparatus consist of one cold plate 
and a guarded hot plate. A sample of the fabric or insulating wadding to be tested, 
330 mm in diameter and disc shaped, is placed over the heated hot metal plate. The 
sample is heated by the hot plate and the temperature on both sides of the sample 
is recorded using thermocouples. The apparatus is encased in a fan-assisted cabinet 
and the fan ensures enough air movement to prevent heat build up around the sample 
and also isolates the test sample from external influences. The test takes approxi-
mately eight hours including warm-up time. The thermal resistance is calculated 
based on the surface area of the plate and the difference in temperature between the 
inside and outside surfaces. When the hot and cold plates of the apparatus are in 
contact and a steady state has been established, the contact resistance, Rc (m

2 KW–1), 
is given by the equation:

	 2 3

1 2

c

s

R
R

q q
q q

−
=

−
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where Rs is the thermal resistance of the ‘standard,’ q1 is the temperature 
registered by thermocouple T1, q2 is the temperature registered by T2 and q3 
is the temperature registered by T3. Thus, the thermal resistance of the test 
specimen, Rf (m

2 KW–1), is given by the equation:

	 2 3 2 3

1 2 1 2

f

s

R
R

q q q q
q q q q

− −′ ′
= −

− −′ ′  	 (13)

where q1
’ is the temperature registered by T1, q2

’ is the temperature regis-
tered by T2 and q3

’ is the temperature registered by T3. Since Rs (m
2KW–1) 

is a known constant and can be calibrated for each specific apparatus, Rf 
(m2KW–1) can thus be calculated. Then the thermal conductivity of the speci-
men, k (Wm–1K–1) can be calculated from the equation:

	
* 3

2 1
 ( ) 10
 ( ) f

d mmk
R m KW

−

−=  	 (14)

The conditioning and testing atmosphere shall be one of the standard atmospheres 
for testing textiles defined in ISO139, that is, a relative humidity of 65%+/–2% R.H. 
and a temperature of 20°C +/– 2°C.

11.4  MODELING

Several theoretical models have been proposed to predict nonwoven fabric proper-
ties that can be used or adapted for spunbonded filament networks:

Backer and Petterson 
[85] 

–	� The filaments are assumed to be straight and oriented in the 
machine direction

–	� Filament properties and orientation are assumed to be uniform 
from point to point in the fabric

Hearle et al. [86, 87] –	 The model accounts for the local fiber curvature (curl)
–	� The fiber orientation distribution, fiber stress–strain relation-

ships and the fabric’s Poisson ratio must be determined in ad-
vance

Komori and Makishi-
ma [88]

–	 Estimation of fiber orientation and length
–	� Assumed that the fibers are straight-line segments of the same 

length and are uniformly suspended in a unit volume of the 
assembly

Britton et al. [89] –	� Demonstrated the feasibility of computer simulation of non-
wovens

–	� The model is not based on real fabrics and is designed for 
mathematical convenience
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Grindstaff and Hansen 
[90]

–	 Stress–strain curve simulation of point-bonded fabrics
–	 Fiber orientation is not considered

Mi and Batra [91] –	� A model to predict the stress–strain behavior of certain point-
bonded geometries

–	� Incorporated fiber stress–strain properties and the bond geom-
etry into the model

Kim and Pourdeyhimi 
[92]

–	 Image simulation and data acquisition
–	� Prediction of stress–strain curves from fiber stress–strain 

properties, network orientation, and bond geometry
–	 Simulated fibers are represented as straight lines

11.4.1  MODELING BENDING RIGIDITY

The bending rigidity (or flexural rigidity) of adhesive bonded nonwovens was eval-
uated by Freeston and Platt [93]. A nonwoven fabric is assumed to be composed of 
unit cells and the bending rigidity of the fabric is the sum of the bending rigidities of 
all the unit cells in the fabric, defined as the bending moment times the radius of cur-
vature of a unit cell. The analytical equations for bending rigidity were established 
in the two cases of ‘no freedom’ and ‘complete freedom’ of relative motion of the 
fibers inside a fabric. The following assumptions about the nonwoven structure are 
made for modeling the bending rigidity.

1.	 The fiber cross-section is cylindrical and constant along the fiber length.
2.	 The shear stresses in the fiber are negligible.
3.	 The fibers are initially straight and the axes of the fibers in the bent cell fol-

low a cylindrical helical path.
4.	 The fiber diameter and fabric thickness are small compared to the radius of 

curvature; the neutral axis of bending is in the geometric centerline of the 
fiber.

5.	 The fabric density is high enough that the fiber orientation distribution den-
sity function is continuous.

6.	 The fabric is homogeneous in the fabric plane and in the fabric thickness.
The general unit cell bending rigidity, (EI) cell, is therefore as follows:

(EI) cell = Nf� 	���
���� 	���	��	���	�	�	 � 	���	���	�	�	���	�	��	W (�) d� 	 (15)

where Nf = number of fibers in the unit cell, Ef If = fiber bending rigidity 
around the fiber axis, G = shear modulus of the fiber, Ip = polar moment of 
the inertia of the fiber cross section, which is a torsion term and  ( )qΩ = the 
fiber orientation distribution in the direction, q.

The bending rigidities of a nonwoven fabric in two specific cases of fiber mobil-
ity are as follows:
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1.	 ‘Complete freedom’ of relative fiber motion. If the fibers are free to 
twist during fabric bending (e.g., in a needle-punched fabric), the tor-
sion term (GIp sin2 q cos2 q) will be zero. Therefore,

	 (EI) cell = � d4
f Nf Ef / 64 � 	���

���� W (�) cos4� d�  	 (16)

where df = fiber diameter, Ef = Young’s modulus of the fiber.
2.	 ‘No freedom’ of relative fiber motion. In chemically bonded nonwovens, 

the freedom of relative fiber motion is severely restricted. It is assumed in 
this case that there is no freedom of relative fiber motion and the unit cell 
bending rigidity (EI) cell, is therefore:

	 (EI) cell = � Nf Ef d2
f h / 48 � 	���

���� W (�) cos4	� d� 	 (17)

where h = fabric thickness and df = fiber diameter.

11.4.2  MODELING SPECIFIC PERMEABILITY

The specific permeability of a nonwoven fabric is solely determined by nonwoven 
fabric structure and is defined based on D’Arcy’s Law [94] which may be written 
as follows:

	   –   
h

kQ p
η

∆
=  	 (18)

where Q is the volumetric flow rate of the fluid flow through a unit cross-sectional 
area in the porous structure (m/s), h is the viscosity of the fluid (Pa.s), Dp is the pres-
sure drop (Pa) along the conduit length of the fluid flow h (m) and k is the specific 
permeability of the porous material (m2). Numerous theoretical models describing 
laminar flow through porous media have been proposed to predict permeability. 
The existing theoretical models of permeability applied in nonwoven fabrics can be 
grouped into two main categories based on:

1.	 Capillary channel theory, for example Kozeny [106], Carman [95], Davies 
[96], Piekaar and Clarenburg [97] and Dent [98].

2.	 Drag force theory, for example Emersleben [99], Brinkman [100], Iberall 
[101], Happel [102], Kuwabara [103], Cox [104], and Sangani and Acrivos 
[105].

Many permeability models established for textile fabrics are based on capillary 
channel theory or the hydraulic radius model, which is based on the work of Kozeny 
[106] and Carman [95]. The flow through a nonwoven fabric is treated as a conduit 
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flow between cylindrical capillary tubes. The Hagen–Poiseuille equation for fluid 
flow through such a cylindrical capillary tube structure is as follows:

	 q = 
 4   

8  
r p

h
p ∆

	 (19)

where r is the radius of the hydraulic cylindrical tube. However, it has been argued 
that models based on capillary channel theory are suitable only for materials hav-
ing a low porosity and are unsuitable for highly porous media where the porosity is 
greater than 0.8, see, for example, Carman [95].

11.4.3  MODELING PORE SIZE AND PORE SIZE DISTRIBUTION

In the design and engineering of nonwoven fabrics to meet the performance require-
ments of industrial applications, it is desirable to make predictions based on the fab-
ric components and the structural parameters of the fabric. Although work has been 
conducted to simulate isotropic nonwoven structures in terms of, for example, the 
fiber contact point numbers [107] and intercross distances [108], only the models 
concerned with predicting the pore size are summarized in this section.

11.4.3.1  MODELS OF PORE SIZE

Although it is arguable if the term ‘pore’ accurately describes the voids in a highly 
connective, low density nonwoven fabric, it is still helpful to use this term in quan-
tifying a porous nonwoven structure. The pore size in simplified,

	
0.075737

2
f

fibric

dTexr
r

 
= − 

   	 (20)

where Tex = fiber linear density (tex), rfabric is the fabric density (g/cm3) and 
df is the fiber diameter (m). Several other models relating pore size and fi-
ber size by earlier researchers can also be used in nonwoven materials. For 
example, both the largest pore size and the mean pore size can be predicted 
as follows, by using, Goeminne’s equation. The porosity is defined as non-
woven structures can be approximately estimated by Wrotnowski’s model 
[109, 111] although the assumptions that are made for the fabric structure 
are based on fibers that are circular in cross-section, straight, parallel, equi-
distant and arranged in a square pattern (Fig. 11.19). The radius of a pore in 
Wrotnowski’s model is shown as follows,

	 largest pore size (2rmax): rmax = 2 (1 ) 
fd

e−
	 (21)
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mean pore size (2r) (porosity < 0.9):r = 4 (1 ) 
fd

e− 	 (22)

FIGURE 11.19  Wrotnowski’s model for pore size in a bundle of parallel cylindrical fibers 
arranged in a square pattern.

In addition, pore size (2r) can also be obtained based on Hagen-Poiseuille’s law 
in a cylindrical tube,

	 r = 4
8 k
p 	 (23)

where k is the specific permeability (m2) in Darcy’s law.

11.4.3.2  MODELS OF PORE SIZE DISTRIBUTION

If it is assumed that the fibers are randomly aligned in a nonwoven fabric following 
Poisson’s law, then the probability, P(r), of a circular pore of known radius, r, is 
distributed as follows [112],

	 P(r) = − ( ) 22   ( )v exp r vp p−′ ′ 	 (24)

where v = 2
0.36
r

 and is defined as the number of fibers per unit area.
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Giroud [113] proposed a theoretical equation for calculating the filtration pore 
size of nonwoven geotextiles. The equation is based on the fabric porosity, fabric 
thickness, and fiber diameter in a nonwoven geotextile fabric.

	
1 1

1  (1 ) 
f

f fh

d
O d

ξ
e e

∈ 
= − + 

− − 
 	 (25)

where df = fiber diameter, e = porosity, h = fabric thickness, ζ = an unknown di-
mensionless parameter to be obtained by calibration with test data to account for 
the further influence of geotextile porosity and ζ = 10 for particular experimental 
results, and Of = filtration opening size, usually given by the nearly largest constric-
tion size of a geotextile.

Lambard [114] and Faure [115] applied Poissonian line network theory to estab-
lish a theoretical model of the ‘opening sizing’ of nonwoven fabrics. In this model, 
the fabric thickness is assumed to consist of randomly stacked elementary layers, 
each layer has a thickness Te and is simulated by two- dimensional straight lines, 
(a Poissonian line network). Faure et al. [116] and Gourc and Faure [117] also pre-
sented a theoretical technique for determining constriction size based on the Pois-
sonian polyhedra model. In Faure’s approach, epoxy-impregnated nonwoven geo-
textile specimens were sliced and the nonwoven geotextile was modeled as a pile 
of elementary layers, in which fibers were randomly distributed in planar images 
of the fabric. The cross-sectional images were obtained by slicing at a thickness of 
fiber diameter df and the statistical distribution of pores was modeled by inscribing 
a circle into each polygon defined by the fibers (Fig. 11.20). The pore size distribu-
tion, which is obtained from the probability of passage of different spherical par-
ticles through the layers forming the geotextile, can thus be determined theoretically 
using the following equation:

	 Q (d) = 
( ) 2

2     
(1 ) ( )  

2  
f N Nd

f

d d
e

d
λλ

f
λ

−
+ +

−
+ 	 (26)

	 ( )1  –  4 ,    
f f

Tand N
d d

f
λ

p
= =  	 (27)
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FIGURE 11.20  Model for constriction pore size in a nonwoven fabric consisting of 
randomly stacked elementary layers of fibers.

where Q(d) = probability of a particle with a diameter d passing through 
a pore channel in the geotextile, f = fraction of solid fiber materials in the 
fabric,  = total length of straight lines per unit area in a planar surface (also 
termed specific length) and N = number of slices in a cross-sectional image. 
Because of the assumption in Faure’s approach that the constriction size in 
geotextiles of relatively great thicknesses tends to approach zero, Faure’s 
model generally produces lower values [113]. The use of this method is thus 
not recommended for geotextiles with a porosity of 50% or less [118].

11.4.3.3  MODELING OF THE PORE NETWORK BY IMAGE 
PROCESSING

Industry to extract the influence of the structural properties on the functional proper-
ties. It is also widely used in theoretical modeling or specific applications to infer 
nonwoven hydraulic and other properties of nonwoven behavior. Specific devices, 
like porometer, have been developed to provide indirect measurements of the PSD 
in small textile structure. Other devices have been developed to provide direct mea-
surements: X-ray, Electronic Scan Microscopy, optical profiling system. The use of 
porometer is based on a variation of the pressure of the liquid through the sample. It 
saves instantly the quantity of liquid passed through the pores beginning by the larg-
est pore and finishing by the smallest ones. It gives so a PSD based on the equivalent 
radius. However, this distribution is not a real distribution. In fact, the number of 
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smallest pores is vague because it requires a big air pressure to be measured. More-
over the geometry and the shape of pores are neglected. So, it is important, to take 
into account the morphological aspect of the pores. In this approach, we want to 
study the PSD without neglecting the geometry and the shape of pores. Moreover, 
all of those devices are not able to measure the dynamic aspect of nonwovens and 
so it is difficult to understand hydraulic properties with such kind of devices. For all 
those reasons, we set up a test bed that allows us to study more easily the PSD and 
the hydraulic properties of pores through time.

11.4.3.4  THE PORES SIZE AND GEOMETRY DISTRIBUTION 
FUNCTION

The nonwoven materials are made up of pores in which gas effluents or liquids 
can run out. Fatt introduced, in 1956, the model of porous media [119] in the rock 
science. A lot of works are done also in the same field [120–128]. For nonwoven re-
search, some papers have been written [129–137]. A good description of this struc-
ture permits to model the fluid transport in the medium. It permits also to extract 
relevant parameters characterizing the pore network. It allows also a classification 
of porous materials according to their hydraulic properties [138–140]. We take a 
black and white image of the sample. To determine the PSD, our approach is based 
on the detection of the 8-connected pixels belonging to the background of the image 
[141]. The 8-connected pixels are connected if their edges or corners touch. This 
means that if two adjoining pixels are on, they are part of the same object, regardless 
of whether they are connected along the horizontal, vertical, or diagonal direction. 
The algorithm consists on many steps. First of all, we convert the gray image into a 
binary image by using Otsu threshold. This method consists in calculating the white 
pixels [142]. In the second step of the algorithm, we label the resulting image by 
using the following general procedure:

•	 Scan all image pixels, assigning preliminary labels to nonzero pixels and re-
cording label equivalences in a union-find table.

•	 Solve the equivalence classes using the union-find algorithm [143].
•	 Relabel the pixels based on the resolved equivalence classes.
The resulting matrix contains positive integer elements that correspond to differ-

ent regions. For example, the set of elements equal to 1 corresponds to region 1; the 
set of elements equal to 2 corresponds to region 2; and so on. We can extract from 
the labeled matrix all the geometric parameters concerning every pore (equivalent 
radius, orientation, area, eccentricity etc.). We can model a pore with an ellipse or 
a rectangle or a convex hull. In this chapter, we choose to characterize a pore with 
his equivalent radius r, which represents the size of the pore, and his eccentricity e, 
which represents the geometry of the pore. The equivalent radius corresponds to the 
radius of a circle with the same area as the region:
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	 r = (Area/p)0.5	 (28)

where Area is the actual number of pixels in the region. Another approach is based 
on the extraction of the biggest disk contained in a region [144], but some pixels will 
be ignored. A such PSD is a histogram describing the:

	 Frequency (%) = 
Number of pores having radius 

Total number of pores
r

	 (29)

By using the same algorithm, we extract the pores geometry distribution (PGD). 
More exactly; we determine the eccentricity of each pore. The eccentricity is the 
ratio of the distance between the foci of the ellipse and its major axis length. The 
value varies between 0 and 1 (an ellipse whose eccentricity is 0 is actually a circle, 
while an ellipse whose eccentricity is 1 is a line segment). The resulting PGD is a 
histogram describing the:

	 Frequency (%) = Number of pores having eccentricity 
Total number of pores

e 	 (30)

11.4.4  MODELING ABSORBENCY AND LIQUID RETENTION

Liquid absorbency (or liquid absorption capacity), C, is defined as the weight of the 
liquid absorbed at equilibrium by a unit weight of nonwoven fabric. Thus, liquid 
absorbency is based on determining the total interstitial space available for holding 
fluid per unit dry mass of fiber. The equation is shown as follows [145]:

	 ( )1 1 d

f f f

VTC A
W W

α
r

= − + − 	 (31)

where, A is the area of the fabric, T is the thickness of the fabric, Wf is the 
mass of the dry fabric, rf  is the density of the dry fiber, Vd is the amount of 
fluid diffused into the structure of the fibers and a is the ratio of increase in 
volume of a fiber upon wetting to the volume of fluid diffused into the fiber. 
In the above equation, the second term is negligible compared to the first 
term, and the third term is nearly zero if a fiber is assumed to swell strictly 
by replacement of fiber volume with fluid volume [146]. Thus, the dominant 
factor that controls the fabric absorbent capacity is the fabric thickness per 
unit mass on a dry basis (T/Wf).

11.5  CONCLUSION

Nonwovens are porous fiber assemblies that are engineered to meet the technical 
requirements of numerous industrial, medical and consumer products. In this 
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review, we briefly summarized the properties of nonwoven fabrics that govern their 
suitability for use in various applications. Several techniques were employed to 
characterize the structure and properties of nonwoven fabrics. Also, we reviewed 
models of nonwoven fabric structure and introduce examples of analytical models 
that link nonwoven fabric structure and properties. We concluded that analytical 
models are helpful in providing insights in to proposed mechanisms or interactions; 
they can show whether a mechanism is at least theoretically feasible and help to 
suggest experiments that might further elucidate and discriminate the influence of 
individual variables on fabric properties. Therefore, understanding and estimation 
of nonwoven behavior are very important for manufacturers where the reduction of 
production costs is of strategic imperative to stay in business.
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INDEX

A
Aarony-Stauffer rule, 183
Acrylonitrile–butadiene–styrene, 102
Activation energy, 128, 134, 270, 272, 275
Activation-relaxation technique, 61
Aerogel, 2, 35, 36, 38–41, 43, 45–49, 51, 

53–57, 59, 60, 65, 67, 70–73, 75, 76
first introduced by Kistler, 35

Agricultural sciences, 2
Air-laying method, 308
Airglass (Sweden), 54
Algorithm types, 21

Beeman’s algorithm, 21, 23
Leap-frog algorithm, 21, 22
Velocity Verlet, 21, 22
Verlet algorithm, 21, 22

Aliphatic polyisocyanate, 257
Ambient pressure drying, 41, 43, 44
Amorphous polymer matrix, 156
Amorphous state, 248
Amorphous silica, 62, 72, 73, 76
An overheated liquid to solid body transi-

tion, 224
Analysis of variance, 297, 298, 299
Ångströms, 151
Annealing, 51, 112, 196–198, 200, 202
Arc xenon lamp DKSSh-120, 129
Association of the Nonwovens Fabrics 

Industry, 305
ASTM standards, 343
Atom movement types, 10

bending between bonds, 10
harmonic potential, 10, 11

rotating around bonds, 10
torsion angle potential , 11

stretching along the bond, 10
harmonic potential, 10, 11 

Atomistic method, 266
Atomistic simulation, 265, 291, 292
Attractive force, 7, 28, 281

arises from fluctuations in charge distri-
bution, 7

 in the electron clouds, 7
see also, dispersion force

Avogadro number, 153, 166
Aza-substitution, 127, 131–133, 144, 145, 

147

B
Backbone characteristics, 46
Backbone elements, 37
Baily Hirsh relationship, 215
Bathochromic shift, 132, 133
Batt bonding by threads, 318
Batt looping, 320
Beam-bending method, 49
Beeman’s algorithm, 21
Beest–Kramer-van Santeen potential, 66
Bend angles, 12
Beta rays, 331
Bhattacharya and Kieffer, 64, 65
Bhavnagar-Gross-Krook collision model, 

33
Billiard balls, 68
Biodegradable polymer films, 84, 88
Biodestruction process, 84, 87
Biomolecules, 27

docking of molecules, 27
membranes, 27
micelles, 27
protein folding, 27
structure and dynamics of proteins, 27

Boltzmann equation, 5, 33, 34, 287
Boltzmann’s constant, 286
Bonding method, 314, 315
Bonding potentials, 10
Born and Mayer, 266, 282, 283
Born–Mayer empirical potential, 65
Born–Mayer form, 66
Born–Meyer–Huggins potential, 66
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Brittle-ductile transition, 239, 240
Buckingham potential, 283
Bulk polymer, 99
Burgers vector, 215, 243, 244

C
C.I. disperse blue 56, 296
Canonical ensemble, 288
Capillary channel theory, 347, 348
Carbon nanotubes, 96, 108
Carding method, 308
Cartesian coordinates, 6
Cell’s effect, 225
Central composite design, 296, 297
Cerenkov detector applications and re-

search projects, 54
Characteristics of the nucleation, 270

composition, atomic volume, shape of 
new phase, 270
dependence on temperature, 270
dependence on time, 270
effect of stresses, 270
orientation relations, 270
stabilization, 270

Characterization of aerogels, 2
Charge transfer potential, 64
CHARMM force field, 11

improper dihedral term, 11
Urey-Bradley term, 11

CHARMM potential function, 7
Chemical bonding, 315
Chemical modification, 84, 262
Cherenkov counters, 36
Cherenkov radiators, 36
Chitosan, 84, 86, 87, 88
Classical nucleation theory, 268, 272
Classical potential method, 266
Classical trajectories, 20

ergodic properties, 20
mixing properties, 20

Clay nanocomposites, 98, 102
Cluster model, 151, 153, 155, 162, 163, 

167, 170, 174, 186, 193, 195, 197–199, 
203, 210, 217, 220, 222, 223, 225, 228, 
232, 236, 248

Coarse graining potential model, 13
Collective behavior, 27

coupling of translational and rotational 
motion, 27
decay of space and time correlation 
functions, 27
dielectric properties,
orientational order, 27
spectroscopic measurements, 27
vibration, 27

Complex fluids, 8, 27
films, 27
fluid interfaces, 27
ionic liquids, 27
liquid crystals, 27
molecular liquids, 27
monolayers, 27
pure water and aqueous solutions, 27
structure and dynamics of glasses, 27

Computational methods, 2
Computer budget, 3
Computer experiment, 4, 5
Computer simulations, 2, 3, 5, 56
Configurational entropy, 279
Conventional data, by Polymer Laboratories 

software, 116
heat release rate, 116
peak of heat release, 116
time to ignition, 116
total heat release, 116
weight loss, 116

Coulomb interactions, 63, 266
Coulomb potential, 9
Coulombic energy, 279
Β-cristobalite, 66, 72, 76
Cross-direction, 312, 320, 343
Cross-linked polymer, 220, 258, 262
Cryogenic drying, 41, 44
Crystalline lattices, 210
Crystalline solids, 210, 248

stretched chains, 153
Crystallization process, 223
Cubic system, 71

D
D’Arcy’s Law, 347
D2Q9 model, see, lattice Boltzmann method
D3Q19 model, 35
Darcy’s law, 349
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Debye regime, 48
Debye-Huckel theory, 5, 281
Density functional theory, 138
Design of Experiment, 298
Differential scanning calorimetry, 106
Diffusion limited cluster aggregation net-

work, 50
Diffusion-limited cluster–cluster aggrega-

tion, 49
Dilute gases, 5

transport properties, 5
Dipole–dipole interaction energy, 191, 192
Dislocation sources, scarcity of, , 291

Frank-Read sources, 291
Dislocation theory, 210, 211
Dispersion force, 7
DLfPOLY, 267
Dry heteroporous network, 334
Dry laying method, 310
Dry solid skeleton, 35
Drying process, 41

ambient pressure drying, 41
cryogenic drying, 41
supercritical drying, 41

Dynamic Monte Carlo method, 61
Dynamic Monte Carlo, 60
Dynamic trajectory, 290

E
E-bonded, 6, 10
E-nonbonded, 7
Eigen modes, 48
Elastic modulus of silica, 75
Elastomechanical behavior, 46, 48
Electron density, 10, 126–129, 131–135, 

137, 139, 141, 143, 145–147
Electron microscope JEM-100B, 133
Electron-electron interaction, 7
Electrostatic charges, 9
Electrostatic multipoles, distribution of,, 10
Electrostatic Potential, 7
Energetic niches, 222
Engineering, 2, 91, 181, 348
Ensembles types, 288

canonical ensemble, 288
grand canonical ensemble, 288
microcanonical ensemble, 288 

Entropic effects, 14
Epoxy coatings, 261
Epoxy materials, 262
Epoxy oligomers, 256, 262
Epoxy resin, 256, 257, 259– 262

compositions, 256
Epoxy resin ED-20 as a modifier, 256
Epoxy units, 256
Epoxy-isocyanate catalyst systems, 258
Epoxy-urethane oligomers, 256
EPR-spectroscopy, 172, 191
Ethylene-co-vinyl acetate, 90, 91, 100, 101, 

103
Euclidean geometry, 163
Euclidean space, 151, 230, 231, 234, 236
European Disposables and Nonwovens As-

sociation, 305
EVA copolymers, 91
EVA nanocomposites, 90, 102, 105, 108, 

114, 116, 117
Ewald sum accounts, 281
External load (mechanical energy) applica-

tion, 236
External mechanical stress field, 218

F
Fabric plane, 326, 328, 329, 344, 346
Fabric porosity, 324, 329, 350
Fabric thickness testing, 330
Fabric weight uniformity, 330
Faure’s approach, 350, 351
Femtosecond resolution, 264
Fermi level, 134
Feuston and Garofalini model, 63, 64
Fiber orientation distribution, 323, 324, 327, 

328, 332, 341, 345, 346
Fiber-like clays particles, 102

sepiolite, 102
Film-forming composites, 256, 262

composition, 261
Finite size scaling, 47
Finitely extensible nonlinear elastic poten-

tial, 13
Flash spinning method, 312

flash-spun material, 312
handwriting or printing, 312
Tyvek, 313
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very fine fibers, 312
Flash-spun material, 312
Flight simulation explosion simulation, 3
Flory felt model, 151, 210, 244
Fluid dynamics, 27

boundary layers, 27
laminar flow, 27
rheology of non-Newtonian fluids, 27
unstable flow, 27

Fluid transport, 352
Fluorohectorite, 111
Folded chains (bundles), 155
Force-field development and refinement, 

13, 15
Fourier transform, 72, 341
Fractal (Hausdorff) dimension, 236
Fractal analysis, 150, 152, 158, 162, 185, 

203, 229, 231, 233, 234
Fractal dimension of,

backbone, 37
silica aerogels, 71

Fractals, 47, 48, 77, 156, 230
Fracton, 48
Frank-Read sources, 291
Free energy change, 270, 272, 273, 274, 278
Free volume microvoids number, 229, 238
Freezing point of a bucket water, 264
Frenkel model, 211–215

conclusion, 213
mechanism, 211, 215

Fundamental studies, 27
diffusion, 27
equilibration, 27
kinetic theory, 27
potential functions, 27
size dependence, 27
tests of models, 27
tests of molecular chaos, 27
transport properties, 27

G
Gamma rays, 331
GAUSSIAN 03 program, 135
Gaussian distribution, 19
Gaussian random fields, 59
Gel aging, 61
Gel backbone, 37, 43, 44, 48, 52, 53

Gel drying process, 61
Gelation step, 61
GelSil 200 material, 60
Gibbs Ensemble Monte Carlo technique, 62

binary mixtures, 62
Gibbs entropy, 287
Gibbs free energy, 14, 268
Gibbs function, 150, 151, 223
Gibbs specific function, 157, 225
β-Glycoside bond break, 87
Goeminne’s equation, 348
Gourc and Faure technique, 350
Grain corners, 275
Grand canonical ensemble, 288
Ground-state spin, 145, 146
GULP, 267

H
Hagen–Poiseuille equation, 348
Hamiltonian system, 17, 20
Harmonic crystalline solids, 5
Harmonic potential, 10
Hartree-Fock method, 128, 136
Hashin–Shtrikman principle, 45
Hausdorff dimension, 157
Heat barriers, 45
Heat release rate, 116
Hectorite, 111
Helmholtz free energy, 29
Heterogeneous nucleation, 268, 269, 

273–275
Heterophase fluctuations, 272
Hexamethyldisilazane, 43
Hierarchical systems behavior, 222
High pressure simulation wind channel 

simulation, 3
High resolution transmission electron 

microscopy, 291
High elasticity theory, 153, 154, 220, 237
High resolution crystal structures, 11
Highest occupied state, 140
Hilliard-Komori-Makishima theory, 332
Homogeneous fractal, 156
Homogeneous nucleation process, 268, 270
Hopping charge-transfer mechanism, 134
Hough transform, 341
Hybrid MC-MD algorithm, 290
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Hybrid polymer systems, 162, 204
Hydraulic radius model, 347
Hydro-entanglement, 321, 322
Hydrolysis of the alcoxysilane, 38
Hydroxyl containing epoxy oligomers, 256
Hyperbranched polymer, 296, 297, 301
Hypochromic shift, 126

I
Ideal gas, 5
Improper dihedral term, 11
Inelastic deformation process, 218, 231
Infra-red light, 331
Inorganic material, 100
Institutional Research Development Pro-

gram, 118
Integration  algorithms, 19
Interaction energy, 7, 8, 28–31, 191, 221, 

279
Interatomic potential, 2, 16, 56, 62, 66, 

265, 291
Intercommunication, 150, 151, 157, 158, 

191, 222, 241
Interface process, 269
Interfacial polymer, 99
Ion exchange media, 45
Ionic crystal theory, 278

Madelung and Born, 278
Ionization potential, 128, 133
IP (clusters), 218, 219
IR spectroscopy, 11, 55

gas phase, 11
ISO standards, 330, 343
Isocyanate interaction, 258
Isocyanates, 256, 257
Isoelectrical point, 38

point of zero charge, 38
Isothermal-isobaric conditions, 14

constant pressure, 14
constant system size, 14
constant temperature, 14

IUPAC, 102

J
Jetting process, 321

K
Kantor’s set (dust), 230
Kerner equation, 177–180, 188, 194
Kerner, 176–180, 185, 188, 194
Kinetic pathways, 292

L
Laboratory, 3, 63, 74, 264
LAMMPS software, 68
Langevin dynamics, 67, 74
Langevin equation, 57
Laplace equation, 334, 335
Lattice Boltzmann method, 32, 33

D2Q9 model, 32
quiescent state, 32
two-dimensional lattice model, 32

Lattice energy, 278, 279
Lattice models, 5, 238

two-dimensional Ising model, 5
Lattice nodes number, 238
Law of Inertia, 16

see, Newton’s law
Layered double hydroxides, 102
Leap-frog algorithm, 21
Lennard-Jones potential, 8–10, 68, 283

24–6 potential, 68
6–12 potential, 8, 9

Ligand bond ionicity, 126, 127
Liouville’s theorem, 287
Liquid 1 to liquid 2 transition, 165
Liquid porosimetry, 333

liquid porometry, 333
Liquid–vapor interface, 53
Liraza agent, 85, 87
Loading cycles, 221

first, 221
second, 221
third, 221

Local order regions (clusters), 162, 229
Local order thermofluctuational effect, 156
London, 281, 283
Loosely packed matrix, 154, 155, 162, 

163, 167, 172–174, 177, 178, 180–182, 
184–191, 195, 198, 216–224, 232, 236, 
237, 239, 244

Low density polyethylene, 84, 88
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powder, 84
Low-density silica aerogel granules, 43
Lowest free state, 140
Ludwig Eduard Boltzmann, 284

M
Machine direction, 312, 319–321, 326, 328, 

343, 345
Macromolecular entanglements cluster 

network density, 154, 200
Macroscopic, 2, 3, 5, 14, 15, 23, 32, 33, 

45–47, 53, 167, 169, 171, 213, 218, 219, 
240, 246, 284, 285, 286, 290
density, 33
velocities, 32
world, 2, 3
yield stress, 218

Magadiite, 111
Margenau, 283
Mars Exploration rovers (2003), 36
Matching method, 238
Material science, 150
Materials, 2, 4–6, 15, 16, 36, 38, 45, 47, 

51, 54, 55, 59, 61, 63, 84, 86, 87, 90–93, 
95–104, 107, 109, 117, 162, 177, 195, 
200, 203, 210, 215, 222, 229, 256, 262, 
264, 265, 266, 267, 278, 279, 282, 284, 
291, 304–307, 322, 329, 332, 334, 335, 
336, 342, 343, 348, 351

Maxwell-Boltzmann, 19
MD method, 2, 6, 23, 27, 28, 32, 72, 75, 291
Measuring instrument, 4

nometer, 4
thermometer, 4
viscosimeter, 4

Mechanical and chemical properties, 256, 
262

Mechanical bonding, 317, 328
batt bonding by threads, 318

warp-knitting machine, 318
batt looping, 320
hydro-entanglement, 321
needle felting, 317

needleboard, 317
needleloom, 317

stitch bonding in pile fabric, 319

stitch bonding without threads, 319
stitch bonding, 317, 318

Czechoslovakia, 318
swing laid yarns, 320

jetting process, 321
Mechanical film properties, 85

elongation, 85
tensile strength, 85

Medical, 2, 307, 353
Melt blended polymer composite, 100

enthalpic loss, 100
unfavorable polymer clay interac-
tions, 100

entropic gain, 100
increased polymer mobility over 
confinement, 100

Melt blowing method, 313, 314
Melt flow index, 112
Melt peak, 105, 106
Melt processing, 102
Meltblown process, 307
Meniscus, 53, 334
Metropolis method, 29, 30
Microcanonical ensemble, 288
Microcomposite models, 179
Micropores in carbon aerogels, 53
Microporous membrane, 335
Microscopic, 2, 3, 6, 14, 15, 23, 28–31, 60, 

75, 284, 286, 288, 290
scale, 2
states, 15, 28–30

Microwave spectroscopy data, 11
Mie equation, 221
Miller and Tyomkin instrumentation, 335
Mimetic simulations, 2, 57
Miscibility diagram, 36

ethanol, 36
tetraethoxysilane system, 36
water, 36

Mittag-Lefelvre function, 231, 232
Model systems, 4

essential physics, 4
explore consequences of, 4
simple model, test theory using, 4

Modeling structure, 58
atomistics, 58

© 2015 by Apple Academic Press, Inc.

 



Index	 367

quantum-mechanical potential, 58
coarse-grained descriptions, 58

Molecular dynamics method, 2, 65, 291, 
264

Molecular mechanics force fields, 13
Molecular science, 158
Molecular simulations, 2, 4
Molecular system, 9, 284
Monsanto, 54
Monte Carlo, 2, 3, 75
Montmorillonite, 92, 98, 100, 101, 111, 116, 

185, 186, 193–195
Mott-Littleton approximation, 280
Mott-Littleton method, 280
Mozambican Research Foundation, 118
Multiphase (multicomponent) systems, 180

N
N-body system, 14
Nanocoatings, 97
Nanolayers, 97
Nanopore Inc, 54
Nanoscale fillers, 98
Nanostructured materials, 77, 90–92, 95, 

117
one-dimensional nanostructured materi-
als, 90, 95, 96
two-dimensional nanostructured materi-
als, 90, 97
zero-dimensional nanostructured materi-
als, 90, 92–94

National Research Foundation, 118
Natural composites, 204
Natural polysaccharide, 84
Needle felting, 317
Needle-punched fabric, 326, 347
Neighbor list, 25
Newton’s equations, 4, 6, 15, 17, 19, 57, 60
Newton’s laws, 16

first law, 16
law of inertia, 16

motions, 265
second law, 16
third law, 16

Nitrogen atoms, 126, 127, 132
NMR spectroscopy, 19
Nometer, 4

Nonbonded interactions, 7, 8, 68
in CHARMM potential function, 7

electrostatic interaction energy, 7
Van der Waals interaction energy, 7

Nonwoven applications, 306
industry, 304, 308
materials, 305, 352

Nonwoven products, 306
agriculture and landscaping, 306
automotive, 306
clothing, 306
construction, 306
geotextiles, 306
health care, 306
home furnishings, 306
household, 306
industrial/military, 307
leisure, travel, 307
personal care and hygiene, 307
school and office, 307

Nonwoven steps (manufacturing), 307
actual web formation, 307
bonding the web fibers together, 307

Nonwoven structure, 305, 324, 327–329, 
346, 348, 354

Nonwoven, 303, 304, 307, 322, 324, 330, 
343

Nuclear magnetic resonance, 73
Nucleation, 263, 269, 273

O
Oligomeric molecules, 256
Oligomerization, 59, 61–64, 76
One-dimensional Euclidean space, 230
One-dimensional nanostructured materials, 

90
One-step process, 39
Organic polymer, 100
Organic semiconductors, 126, 147
Orientation distribution function, 327, 341
Overheated liquid to solid body transition, 

225

P
Pair distribution function, 68, 70, 76
Partial melting, 227–229, 248
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Particle traps, 45
Pathfinder, 55
Pauli exclusion principle, 281
Pauli term, 281
Peak of heat release, 116
PEC properties, 128
Pendulum device, 258
Perfect crystal, 291
Performance windows, 45
Periodic boundary conditions, 24, 25
Pet fabric, 301
Pharmaceutical, 2
Phase diagram of CO2, 42
Phase transitions, 27

critical phenomena, 27
first and second-order, 27
order parameters, 27
phase coexistence, 27

Photoactive maxima, 128
Photoactivity of pigments, 129, 132
Photoelectrochemical characteristics, 126, 

127
Phthalocyanine films, 126, 127, 131–133, 

140–147
Phthalocyanines, 127
Physics-chemistry of polymers, 150, 158
Pigments, 126–133, 147
Plastics, 91, 104, 307
Poisson’s ratio, 157, 177, 178, 200, 214, 

216, 221
Poissonian polyhedra model, 350
Poly (ethylene terephthalate), 224, 296
Poly (methyl methacrylate), 173, 230
Poly oxazolidones, 256
Polyamide 6 (PA6), 102
Polyarylate, 150, 151, 154, 165, 193, 195
Polycarbonate, 150, 151, 154, 163, 193, 203
Polyethylenes, 155, 223, 246, 248
Polyhedral oligomeric silsesquioxane, 90, 

92, 93, 101
Polymer chains, 13, 101, 104, 108, 109, 

111, 112, 114–116, 163, 191, 259
Polymer films basing, 84
Polymer laboratories software, 116
Polymer melt, 13
Polymer-clay nanocomposites, 103
Polymer-like clusters, 37

Polymer-surface interaction, 102
Polymeric cluster, 150, 158
Polymers, 27

chains, 27
equilibrium conformation, 27
relaxation process, 27
rings and branched molecules, 27
transport process, 27

Polymers yielding, 197, 211, 212, 223, 229, 
241, 248

Polypiromellithimide structure, 233
Polypropylene, 102, 107, 185, 186, 223, 

242, 296, 311
Polytetrafluoroethylene, 214, 223
Polyurethane, 102, 256, 262
Pore volume distributions, 334
Pores geometry distribution, 353
Porosity, 37, 39, 40, 45, 46, 47, 51, 53, 62, 

67, 73, 77, 93, 260, 307, 324, 325, 329, 
333, 342, 348–351
measurement, 333

Porphyrins, 127, 147
Positrons annihilation method, 226
POSS nanocomposites, 99, 100, 106, 107
POSS-EVA nanocomposites, 103
Power law, 66, 69, 72, 74, 76, 164
Predictions, 3, 5, 264, 348
Pt-ZnPc electrode, 128
Pure science, 2

Q
Quantum mechanical calculations, 13
Quantum-chemical calculation, 10, 126, 128
Quantum-mechanical potentials, 57
Quartz resonator, 129
Quasistatic tensile tests, 242
Quaternary ammonium salts, 102

R
R. Clausius, 284, 286
Rahman at Argonne, 6
Raman spectroscopy, 11
Ramsey’s theorem, 156
Realistic driving forces, 292
Redox potential, 128, 132, 134
Reformation process, 163
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Relative fiber motion, 347
complete freedom, 347 
no freedom, 347

Renyi dimensions, 157
Repulsive force, 7, 9, 10, 28, 68, 266, 281, 

282, 283
arises at short distances, 7

electron-electron interaction, 7
Response surface methodology, 296, 301
Reverse nonequilibrium MD, 72, 73
Reverse process, 286
Ring currents, 126, 133, 147
Robert Cahn, 264
RSM model, 301
Rubber-like state, 165, 237
Rubbers, 91, 231, 237, 248
Rutan approach, 135

S
Scaling behavior, 47, 49
Scanning electron microscopy, 45, 291
Schrödinger equation, 266
Science and technology, 2, 90
Secondary hydroxyl groups of epoxy-

oligomers, 258
Semicrystalline polymers, 155, 156, 162, 

204, 213, 215, 219, 223, 224, 226, 
242–246

Sepiolite, 90, 92, 95–97, 102, 108, 116–118
Sequential aza-substitution, 126, 127, 132, 

133, 136, 138, 142
Shear model, 214

Frenkel model, 214
Shear modulus, 154, 178, 179, 202, 211, 

218, 242, 245, 271, 346
Shear thinning exponent, 115, 116
Shear yield stress, 244
Shear-thinning behavior, 115
SHG1 device, 258
Short-range repulsive force, 9
Shrinking, 44, 277
Silanol groups, 96, 108
Silica aerogels, 2, 35, 36, 46, 47, 54, 76
Silicate platelets, 108–110, 113, 115
Silsesquioxanes, 94
Sir William Rowan Hamilton, 18
Sliding plane, 213

Small angle neutron scattering data, 60, 73
Sol–gel processing, 36, 58, 62, 64
Solid structure, 27, 40, 248

defect formation and migration, 27
elastic and plastic mechanical proper-
ties, 27
epitaxial growth, 27
fracture, 27
friction, 27
grain boundaries, 27
molecular crystals, 27
radiation damage, 27
shock waves, 27
structural transformations, 27

Solvated protein-DNA complex, 15
Solvent bonding, 316
Soret band, 126, 147
Soules potential, 66
Spun laying method, 311
STARDUST mission, 55
Statistical mechanics, 2, 14, 15, 24, 26, 29, 

284–286, 288, 290
Steven Kistler, 38
Stitch bonding, 304, 317, 318, 319

pile fabric, 319
without threads, 319

Structureless (defect-free) polymers, 162, 
203

Structureless liquid, 165
Structureless polymers, 162, 203
Styrene–butadiene latex, 315
Sum over states, 290

see, zustandssumme (German language)
Super capacitors, 45
Supercooled liquid to solid body phase 

transition, 157
Supercritical drying, 35, 36, 41, 42, 43
Surfactant-surface interaction, 102
Swing laid yarns, 320
Synergetics principles, 163, 166, 170
Synthetic polymer, 84, 304

T
Takayanagi model, 177
Taylor series expansion, 21
TBP films, 132
TBP molecule, 126, 127
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Tensile strength of an iron rod, 264
Tersoff potential, 68, 72, 73, 76
Tetrabenzoporphyrin, 126, 127, 129, 131, 

132, 136, 141–144, 146
Tetraethoxysilane, 36
Tetraethyl orthosilane, 38
Tetramethyl ortho silane, 38
Tetrapyrrole compounds, 127, 134, 147
Textile fibers, 296, 304, 309, 310
Textile technologies, 322, 323
The North American Nonwovens Industry, 

322
Theoretical physics, 150, 158
Theoretical shear strength of crystals, 211
Thermal bonding, 315, 316
Thermal conductivity, 36, 37, 45, 51, 53, 

68, 72, 73, 76, 96, 344, 345
Thermal insulate, 77
Thermally activated short range diffusional 

process, 269
interface process, 269

Thermodynamic equilibrium, 2, 28, 30
Thermodynamic state, 2, 3, 6, 15, 112, 268, 
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