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Preface

In recent years, nanotechnology is the basis for the development of modern production. This
determined the urgency of the intensive development of the new direction of mechanics and
nanomechanics, for the scientific description of nanotechnological processes and the solu-
tion of a number of topical nanotechnology problems: reduction of time to prepare for the
production, acceleration of technological processes, automation of technological processes,
reduction in the cost of production, improvement in the quality of materials and products,
preparation of high-performance materials, improvement of the ecology, etc. How are nano-
technological processes different from traditional technologies and how does nanomechan-
ics fundamentally differ from classical mechanics? The specific feature of the physical
processes in nanoscale is that the key phenomena determining the behavior of a nanoscale
system in real time at the macroscale take place at small space and time scales. The proper-
ties of a nanoscale system depend not only on the properties of its constituent elements but
also on the regularities of the spatial arrangement of the nanoscale system and the parame-
ters of the nanoelement interaction. So, classical physical body mechanics, which is based on
the hypothesis of continuum per that all the properties of a body are determined by the me-
chanics of continuum, cannot be applied to nanoscale systems. In this connection, it is obvi-
ous that describing of nanosystems requires the use of different physical models and
mathematical methods and a detailed complex analysis of the “history" of the nanoscale ma-
terial existence at different structural scales. Therefore, for nanosystems, we use currently
nanomechanics, which allows to describe their behavior and properties at different structur-
al levels. That is why, the development of nanomechanics is very necessary. Nanomechanics
includes different physics and mathematics models: quantum mechanics, molecular dynam-
ics, mesodynamics, and continuum mechanics. Because of the multilevel nature of nanotech-
nological processes, the problems of nanomechanics are very complex.

This book presents a collection of eight scientific papers on theoretical and practical advan-
ces in nanomechanics at different structural levels. Topics included in the book cover a wide
range of research in the field of nanomechanics: thermomass theory of nanosystems, defor-
mation of nanomaterials, interface mechanics of assembly carbon nanotube, nanomechanics
on surface, molecular interactions and transformations, nanomechanical sensors, nano-
beams and micromembranes, nanostructural organic and inorganic materials, green synthe-
sis of metallic nanoparticles. The main goal of these works is the establishment of the
nanosystem macroparameter dependence on its nanoparameters using nanomechanics.

Chapter 1 presents the complete material on the problem of interfacial mechanical behaviors
in carbon nanotube assemblies. Chapter 2 presents the complete investigations on regulari-
ties of deformation at high strain rates and damage and fracture of ultrafine-grained alloys
in static and in dynamic loading conditions. Chapter 3 presents the complete material on the
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problem of changes in the parameters of thermal conductivity when the size of the nanosys-
tem changes. In Chapter 4, it is shown how to single out small ligands able to inhibit protein
misfolding, to measure energetics of surface-confined ferritin during iron loading, and to
realize a universal probe for ammine-based designer medication. Chapter 5 presents the
complete experimental investigation, analytical calculation, and numerical simulation by the
method of MFE of micromembranes supported by serial-parallel connected hinges. Chapter
6 presents the modified couple stress theory for static, vibration, and buckling analysis of
nanobeams. Chapter 7 presents the eco-friendly methods of obtaining nanostructures using
plant experimental results of metallic and carbon nanostructures formation ficus-indica using
the extract from Opuntia cladodes. Chapter 8 presents the results of experimental and simu-
lation study of structure and properties of materials, surface of which was modified by ori-
ented carbon nanotubes and, additionally, was treated by surface electromagnetic waves.

This book will be useful for engineers, technologists, and researchers interested in methods of
nanomechanics and in advanced nanomaterials with complex behavior and their applications.

I would like to express my appreciation to all the contributors of this book. My special
thanks to the Publishing Process Manager, Ms. Martina Usljebrka, and other staff of InTech
publishing for their kind support and great efforts in bringing the book to completion.

Prof. Alexander Vakhrushev

Head of the Department of “Mechanics of Nanostructures"
Institute of Continuous Media Mechanics

of the Ural Branch of the Russian Academy of Sciences,
Ekaterinburg, Russia

Head of the Department of “Nanotechnology and Microsystems,"
Kalashnikov Izhevsk State Technical University,
Izhevsk, Russia



Chapter 1

Interfacial Mechanical Behaviors in Carbon Nanotube

Assemblies

Xiaohua Zhang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67764

Abstract

Interface widely exists in carbon nanotube (CNT) assembly materials, taking place at dif-
ferent length scales. It determines severely the mechanical properties of these assembly
materials. In this chapter, I assess the mechanical properties of individual CNTs and CNT
bundles, the interlayer or intershell mechanics in multiwalled CNTs, the shear properties
between adjacent CNTs, and the assembly-dependent mechanical and multifunctional
properties of macroscopic CNT fibers and films.

Keywords: carbon nanotube, assembly materials, mechanics, interface

1. Introduction

Carbon nanotubes (CNTs) are hollow cylinders consisting of single or multiple sheets of
graphite (graphene) wrapped into a cylinder. After the first observation in 1991 by lijima
[1], extensive work has been carried out to CNTs toward their broad mechanical, electronic,
thermal, and optical applications [2, 3]. The fundamental mechanical properties, such as their
stiffness, strength, and deformability, have been investigated with extensive theoretical and
experimental researches, and been well reviewed, in the past two decades [4-8]. Nowadays,
for industrial and engineering applications, CNTs have been assembled into macroscopic
materials such as fibers, films, forests, and gels [9-15]. Due to the assembly feature of these
materials, the interfacial structure between CNTs always plays a crucial role in determining
the tensile or compressive behavior, dynamic response, and coupling phenomenon between

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



2

Nanomechanics

multiple physical properties that take place at the interfaces. Therefore, the utilization effi-
ciency of the mechanical property from individual CNTs to their assembly is a sophisticated
function of the assembly structure and types of interfacial interactions.

In this chapter, I will review the mechanics of individual CNTs, discuss the sliding friction
between CNTs, and report our recent progresses on the fabrication technique and mechani-
cal properties of macroscopic CNT assembly materials. The general features of the assembly
design and interface design will be illustrated from the perspective of interface engineering.
The chapter is organized as follows. Section 2 contains a brief description of the mechanical
properties of individual CNTs, in terms of modulus, strength, compressibility, and deform-
ability. Section 3 describes the interlayer (intershell) sliding of multiwalled CNTs (MWCNTs)
and intertube friction between adjacent CNTs, and the strategies to enhance the interfacial
frictions. Section 4 discusses the recent investigations on the interfacial mechanics in macro-
scopic CNT assembly materials, especially CNT fibers and films where the CNTs are highly
aligned or highly entangled. Finally, the chapter concludes with a brief summary and gives
an outlook on future developments in the field.

2. Mechanical properties of carbon nanotubes

2.1. Young's modulus and tensile strength

The basic mechanical properties of CNT are strongly related to the basic properties of a graphene
sheet. In these materials, carbon atoms are covalently bonded with three nearest carbon atoms in
a hexagonal lattice by forming three o bonds in the sheet plane and one delocalized r-bond over
the basal plane. As the sp? o bond is shorter and stronger even than the sp® bond in diamond,
the axial elastic modulus of CNT and graphene is super high, as expected to be up to several TPa
[6, 7]. The first experimental study on the modulus was based on the analysis of thermal vibra-
tion of MWCNTs, which showed a wide range of 0.4-4.15 TPa [16]. Later, the modulus was also
estimated by the compressive response using micro Raman spectroscopy and was 2.8-3.6 TPa
for singlewalled CNTs (SWCNTs) and 1.7-2.4 GPa for MWCNTs [17]. Direct tensile tests showed
the modulus ranged from 270 to 950 GPa for individual MWCNTs [18], and from 320 to 1470 GPa
when several SWCNTs bundled together as a CNT rope [19]. Besides the experimental evalua-
tions, theoretical estimations also show the similar results. For example, by using an empirical
Keating Hamiltonian with parameters determined from first principles, a modulus ranging from
1.5 to 5.0 TPa was estimated [20]. A molecular dynamics (MD) approach showed a modulus of ~1
TPa and a shear modulus of ~0.5 TPa and predicted that chirality, radius, and number of walls
have little effect on the value of Young’s modulus [21].

Different from the modulus estimation, measuring the tensile strength of CNTs is a very chal-
lenging task. Compared with experiment, it is easier to compute the strength by consider-
ing the effects of defects [22, 23], loading rate, temperature [24], and number of walls [25].
Typically, the fraction of CNT involves bond breakage and/or rotation, usually resulting in
the formation of specific types of dislocation, such as the pentagon-heptagon (5-7), (5-7-7-5),
(5-7-5-8-5) defects [26]. MD simulations showed that CNT under tension behaves as a brittle
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material at high strain (15%) and low temperature (1300 K), or as a ductile material at low
strain (3%) and high temperature (3000 K) [26-28]. Such tensile behaviors depend on the evolu-
tion of the dislocation. For example, the (5-7-7-5) dislocation can either separate into two (5-7)
pairs to result in a ductile transformation or involve into a crack to result in a brittle fracture.
An alternative pathway for the fracture of CNT was also proposed by the direct bond-breaking
through the formation of a series of virtual defects at high tensions [23]. These studies were
usually based on the consideration of the formation of energy for the dislocations. However,
another MD study showed that the fracture behavior is almost independent of the separation
energy and to depend primarily on the inflection point in the interatomic potential [22]. The
fracture strength should be moderately dependent on tube chirality, and the strength and frac-
ture strain were estimated to be 93.5-112 GPa and 15.8-18.7%, respectively. Figure 1a shows
two different stress-strain curves for a (20,0) CNT, where the modified Morse potentials with
interatomic force peaks at 19 and 13% strain were used. To show the effect of structural defect,
a result for a missing atom is provided where the strength was reduced by about 25%.

The tensile strength and the fracture of CNT were also measured directly with experiment
[18, 19]. The measurement of 19 MWCNTs showed a strength of 11-63 GPa and a strain
at break up to 12% [18]. The failure of MWCNTs was described in term of the “sword-in-
sheath” type fracture, where the outermost shell broke first followed by the pull out of the
rest of the shells from the outermost shell. When SWCNTs were bundled to be a rope, the
tensile strength was measured to be 13-52 GPa, based on 15 measurements, and the strain at
break was up to 5.3%, see Figure 1b [19]. The stretchability of CNT was also experimentally
obtained by deforming freely suspended SWCNT ropes, where the maximum strain was up
to 5.8 £ 0.9% [29]. By measuring the stress-induced fragmentation of MWCNTs in a polymer
matrix, the tube strength was up to 55 GPa [30]. Another pulling and bending tests on indi-
vidual CNTs in-situ in a transition electron microscope (TEM) showed a tensile strength of
~150 GPa, suggesting that the strength is a large fraction of the elastic modulus [31].
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Figure 1. (a) A strong dependence on the inflection point in the interatomic potential can be seen from the stress-stain
curves for a (20,0) CNT, and a missing atom has also a significant effect on strength, reducing it by about 25% [22].
Experimental measurements on MWCNTs are provided for comparison [18]. (b) Eight stress-strain curves obtained from
the tensile-loading experiments on SWCNT ropes [19].
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2.2. Compressibility and deformability

Different from the high rigidity and high strength along the axial direction, CNT is relatively
compressible and deformable in the transverse direction. When individual SWCNTs are bundled
together, significant deformation could occur by van der Waals (vdW) interaction between the
adjacent tubes [32]. Fully collapsed MWCNTs were first observed with TEM [33]. Large diameter
CNTs could also form the partial and full collapse on substrate [34-36]. The structural deforma-
tion can be induced by applying pressure. Various experiments on SWCNT bundles have shown
clear evidence of structural deformation or transition [37-42]. MD simulations revealed that the
compressibility and deformability are dependent on the tube diameter and the number of walls
[43]. By applying a certain high pressure, there could be a circular-to-elliptical shape transition
of the tube’s cross section for either individual CNTs or their bundles [44-51]. These structural
deformations are all reversible upon unloading the pressure. In a different way, a very large
force exerted on CNT could still produce reversible and elastic deformation, and that radial
mechanical forces might not be capable of cutting a CNT [43]. By examining the ballistic impact
and bouncing-back processes, large diameter CNTs could withstand high bullet speeds [52].

Upon compressing, bending, or twisting, structural deformations of CNT become more com-
plicated. With an increasing compression stress, different buckling patterns in CNT at the
point of instabilities can be created [53]. As shown in Figure 2, each shape change corresponds
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Figure 2. The strain energy (a) displays four singularities corresponding to shape changes (b—e) with increasing the axial
compression [53].
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to an abrupt release of energy and a singularity in the stress-strain curve. MD simulations
showed that the presence of intertube vdW interactions tends to weaken the CNT bundles
under compression [55]. On the other hand, with increasing the tube diameter, the bending
modulus was found to decrease sharply [56], as a rippling mode becomes energetically favor-
able [57, 58]. The modeling on the wavelike distortion indicated that there is a critical diameter
at a given load and a CNT length, for the emergence of the rippling mode [59]. It was also
found that thick MWCNTs are very prone to develop rippling deformations in bending and
twisting, governed by the interplay of strain energy relaxation and intertube interactions [58,
60]. Figure 3 shows experimental observations of partially collapsed segments in freestanding
and twisted MWCNTs with TEM [54].

Figure 3. TEM images showing a suspended, fully collapsed, and twisted MWCNT (a), and a freestanding, fully
collapsed, and twisted MWCNT (b) on a lacy carbon TEM grid [7, 54].

3. Interlayer and intertube interactions

3.1. Sliding between MWCNT shells

Different from SWCNTs, the interlayer interactions in MWCNTs exhibit interesting sliding
phenomena during the tensile stretching and self-oscillation. By modeling of the interlayer
interaction with different atomic potentials, such as the classic Lennard-Jones (L]) potential
and the registry-dependent Kolmogorov-Crespi (KC) potential (zeroth generation RDP0
[61] and first generation RPD1 [62]), could cause significantly different energy corrugation
between graphitic layers [62-65]. Nevertheless, the interlayer sliding has been systematically
studied despite the type of atomic potential. Experiments have also shown the interlayer slid-
ing and superlubricity of CNTs.
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Experimental measurements on the dependence of the sliding force against the contact length
between the MWCNT shells suggested several responsible sources including the surface tension,
the shear elastic force, and the edge (tube termination) effect force [66]. The shear strength was
found to be 0.08-0.3 MPa depending on the interlayer commensurability. After the inner shells
were pulled out from the outer shells, spontaneous retraction was observed with TEM due to the
attractive vdW forces between these shells [67]. The interlayer static and dynamic shear strengths
were estimated to be 0.43-0.66 MPa. The telescoping motion of an MWCNT also showed an
ultralow friction, below 1.4 x 105 N per atom (8.7 x 10 meV A™) [68]. More direct observation of
the superlubricity in doublewalled CNTs (DWCNTs) was conducted by extracting the inner shell
out from a centimeters-long DWCNT, where the inner-shell friction (vdW force) was estimated
to be 1.37-1.64 nN (the total number of atoms was unknown, yet could be over 10°~10° for a tube
length of 1 cm) [69], corresponding to a friction force of about 10°-10° meV A per atom. By
following the low-friction induced telescoping, gigahertz oscillators were theoretically proposed
based on the oscillatory extrusion and retraction of the inner shells [70-77], and the interlayer
commensurability determines the rate of energy dissipation during the oscillation [71]. The fric-
tion force between oscillatory layers was estimated to range from 1077 to 10* N per atom, about
6 x 10-0.006 meV A1 [73]. Similarly, the rotation between CNT shells and the rotational friction
was observed or measured by experiments and simulations [78-81]. The rotational friction is a
broadband phenomenon, as it does not depend strongly on a specific vibrational mode but rather
appears to occur from the aggregate interactions of many modes at different frequencies [82].

At high sliding speeds, the friction between CNT layers was not hydrodynamical, in fact not
even monotonic with the sliding speed [83]. A high speed can develop a sharp friction peak and
onset parametric excitation of CNT’s “breathing” phonon modes. Figure 4a shows that there is
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Figure 4. (a) There is a massive increase in friction at ~1100 m s™ for the (5,5)@(10,10) DWCNT [83]. (b) The center-of-
mass angular momentum ], (top) and the sliding frictional force per inner tube atom (bottom) as functions of the sliding
speed [84]. A, B, and C are three resonance regions related the giant friction forces.
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a massive increase in sliding friction at a speed of ~1100 m s™ for a (5,5)@(10,10) DWCNT. The
highest friction force could be up to 170 pN, corresponding to ~0.15 meV A per inner tube
atom. The main source of the interlayer friction was believed to be the inner nanotube termina-
tions [85], while the “bulk” friction was unfortunately considered to be irrelevant.

To understand the “bulk” frictional behavior, two groups of studies were carried out [65, 84,
86]; pulling simulations where a constant external force was applied on each atom of the inner
tube along the tube axis, and rigid sliding simulations where the inner tube was constrained to
slide as a whole at a fixed speed. The pulling simulation revealed a static friction (depinning)
force of 0.02 meV A7 at 300 K and 0.1 meV A at 50 K for the (5,5)@(10,10) DWCNT. After the
depinning, the speed of the inner tube jumps directly to plateaus. Three speed plateaus are
seen at v = 450, 720, and 780 m s. This phenomenon is ubiquitous as it is also observed for an
incommensurate case where a chiral (11,2) tube slides inside a (12,12). The general occurrence
of plateaus and jumps is a natural consequence of frictional peaks for growing the speed.
Figure 4b shows sharp frictional peaks near v = 450, 570, 720, and an important threshold
onset near 780 m s'. These peaks are known to generally arise out of parametric excitation of
the “breathing” phonon modes, classified by an angular momentum index 7 (for tangential
quantization around the tube axis). Such nonmonotonic force-speed characteristics imply a
“negative differential friction,” whereby an increasing applied force yields an inner tube slid-
ing speed that grows by jumps and plateaus, rather than smoothly.

The surprise comes from analyzing the two parts of angular momentum J =], +/ .., around
the tube axis such as its center-of-mass (rigid body rotation with angular velocity w) and
shape-rotation (“pseudorotational”) parts [65, 84]. Generally, zero at generic sliding speed
due to lack of nanotube chirality, | ;= ~Joy = 0, ] .4, Jumps to nonzero values at the fric-
tional peaks and past the threshold, where ] . =~/ /#0, see Figure 4b. This is a spontane-
ous breaking of chiral symmetry occurring in nanoscale friction, whose mechanism is from
the third- and fourth-order energy nonlinearities. The inner-tube sliding causes a washboard
frequency due to the lattice periodicity a..=2.46 A. At the critical frequencies, the ‘n =5 or 2
+3 =5 excitations are observed, where the DWCNT's 12 = 5 mode is resonantly excited or the
n =2, 3, 5 modes are jointly excited by the simple matching condition 2 + 3 = 5. Besides these
“normal” excitations (labeled A in Figure 4b), there are ‘n = 55" and ‘2 + 3s = 5’ excitations,
where the 3s and 5s are the single outer tube’s phonon modes. These excitations are labeled B
in Figure 4b. The two C-peaks in Figure 4b are ascribed to the phenomenon of strong stick-

slip frictions, possibly related to the phonon modes along the tube axis.

3.2. Intertube friction

In most of the cases, individual CNTs are bundled together as a CNT rope, owing to the
strong aggregation tendency between adjacent CNTs. As mentioned above, experimental
measurement showed a tensile strength just up to 13-52 GPa [19], far below the ideal strength
for individual CNTs. The easy sliding between adjacent CNTs has become a severe problem
hindering their engineering applications. For example, slip rather than breakage of individual
CNTs was observed in the fracture test of polymers reinforced by CNT bundles [87]. As CNTs
can contact with each other in parallel way or at certain cross angles, the interfacial shear
strengths between CNTs should be discussed separately.

7
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The static and kinetic frictions between two perpendicular CNTs were investigated experi-
mentally. A coefficient of friction of 0.006 + 0.003 was obtained by sliding an MWCNT perpen-
dicularly on a SWCNT surface, and the shear strength was derived to be 4 + 1 MPa [88]. The
shear strength was one to two orders of magnitude larger than the intershell shear strength
of 0.05 MPa for MWCNTs in vacuum, possibly due to the presence of water at the intertube
interface in ambient. A following experiment, namely a vertical friction loop measurement,
was proposed to characterize the adhesion and friction properties between CNTs [89]. An
MWCNT tip was ramped in the vertical direction against a suspended SWCNT. During ramp-
ing, a stick-slip motion was found to dominate the sliding, attributed to the presence of defect-
induced or amorphous-carbon-associated high energy points on the tip surface. Surprisingly,
the coefficients of static friction and shear strength were finally evaluated to be about 0.2 and
1.4 GPa, respectively.

MD simulations showed that the sliding behaviors and interfacial shear strengths between
two crossly contacting CNTs are much more complicated than the frictions between CNTs
and graphite, graphite and graphite, and the inner and outer shells of MWCNTs [90]. The
simulation was performed on two SWCNTs in contact at different cross angles. For the paral-
lel contact, the axial interfacial shear strengths between the zigzag-zigzag (~0.25 GPa) and
armchair-armchair pairs (~0.5 GPa) are two orders of magnitude larger than those of CNTs
having different chiralities (0.5-1 MPa). CNTs with diameters larger than 1 nm will slide rela-
tively from an AB stacking position to the next nearest AB stacking position while smaller
ones do not slide through AB stacking positions. For two cross contacting CNTs, the mag-
nitude of interfacial shear strength is much less dependent upon tube chirality. The highest
value of shear strength was reported to be about 1 GPa in SWCNT bundles, however, still as
quite low as to be improved for applications in high-performance composite materials [91].

3.3. Strategies to improve the intertube load transfer

A molecular mechanics modeling showed that in order to make the strength of a CNT bundle
as high as that of the lowest value of individual CNTs (11 GPa), the contact length should
be up to ~3800 nm, by assuming the CNTs are bundled together without changing their cir-
cular cross sections [63]. With considering the vdW-force-induced radial deformation [32],
the intertube distance-of-closest changes from 3.34 to 3.25 A for (10,10) CNT bundles, the
required contact distance for 11 GPa can decrease to ~1300 nm. This implies that the key to
improve the intertube load transfer is the interface design between CNTs.

Twist is an effective way to induce strong radial deformation for CNT bundles. Figure 5a
shows the cross sections obtained from MD simulations with increasing the twist level and
Figure 5b shows the corresponding transferred load due to the shape deformation at twist
angles of 0, 30, 60, 90, 120, 150, 180, and 210° [63]. It was observed that the individual CNTs
start to collapse in the cross section, and therefore, more atoms are in close contact. For the
case of no twist, a force of only ~0.048 eV A is transferred to the center tube, while at 120°
the transferred load increases to 1.63 eV AL, Clearly, the radial deformation strongly depends
on the twist angle, which consequently changes the nature of the contact and contributes to a
new interlayer tribology.
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Figure 5. (a) Change in cross section at the mid-length of a SWCNT bundle with increasing the twist level and (b) the
corresponding load transfer ability as a function of twist angle [63].

Even a slight structural deformation could cause an improved load transfer. For example,
when a DWCNT was slightly bent into a curved one, the energy transfer between the two
tubes becomes much faster than that between two straight tubes [81]. Slight displacement
of the inner tube could add a large degree of disturbance to the DWCNT's original state of
equilibrium and thus present strong inertia to oppose the extraction process, indicating the
importance of the inner tube as structural support for the outer tube [92].

Pressure-induced structural phase transition could be a new strategy to improve the intertube
load transfer [51]. For a CNT bundle containing 16 (23,0) SWCNTs, the intertube static friction can
be improve from 0.1 eV A™! per atom to 0.4-0.45 eV A after all the tubes collapse under pressure
higher than 0.5 GPa, see Figure 6. Due to the large tube diameter, the collapsed CNT structure
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Figure 6. The intertube friction force can be increased by a factor of 1.5-4, depending on tube chirality and radius, when
all tubes collapse above a critical pressure and when the bundle remains collapsed with unloading down to atmospheric
pressure [51].
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can be well maintained even by unloading the pressure down to 0.05 GPa. In order to realize a
10 GPa tensile strength, the minimum tube length should be just 167 nm, much smaller than the
length of 1090 nm before the phase transition. For a CNT bundle containing totally different tube
chiralities, the dynamic friction force can be improved from 0.0017 to 0.0026 eV A after the phase
transition. Such study also indicated that fewwalled large-diameter CNTs could be very impor-
tant for engineering applications due to the easy ability to induce the collapse phase transition.

Covalent bonding between the shells in MWCNTs or between adjacent CNTs can increase
the interlayer and intertube shear strength by several orders of magnitude [93-95]. The cova-
lent intershell bonds can be formed due to the on-shell vacancies or intershell interstitials.
According to the types of defect, the force needed to initiate sliding of the shells varies from
0.08 to 0.4 nN for a single vacancy to 3.8-7.8 nN for two vacancies, an intershell interstitial,
and an intershell dimer [93]. Therefore, small-dose electron or ion irradiations are suggested to
partially transfer the load to the nanotube inner shells. MD simulations revealed that interwall
sp® bonds and interstitial carbon atoms can increase load transfer between DWCNT walls and
that interwall sp®> bonds are the most effective [95]. Similarly, by using moderate electron-beam
irradiation inside a TEM, stable links between adjacent CNTs within bundles were covalently
formed [94]. At a high irradiation energy of 200 keV, there was a substantial increase in effec-
tive bending modulus and thus an increase in shear modulus for low doses, while a long irra-
diation time rather damaged the well-ordered structure of tubes (Figure 7). At 80 keV, electrons
were shown not to damage isolated CNTs but had enough energy to lead to the formation
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Figure 7. Behavior of bending modulus as a function of received dose for two incident electron energies [94]. For 200
keV, the modulus increases on short exposures, due to cross-linking and degrades at higher exposures because of
structural damage. The bundle irradiated with 80-keV electrons shows a much stronger and sharper increase of the
bending modulus.
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of mobile interstitial atoms in the confined space between adjacent CNTs. As a result of the
newly formed covalent bonds, a huge increase of the bending modulus by a factor of thirty was
observed (Figure 7). However, a long-time dose at low energies could still cause the accumula-
tion of damage to the structure, making the mechanical performance to decrease eventually.

Even without introducing covalent bonding between the sp? layers, the existence of structural
defects in either CNT layer could lead to a sharp increase in friction and energy dissipation
rate [64].

However, besides the tube structure, defect level, and intertube contact, there are many other
issues in macroscopic CNT assembly materials. For example, the CNT packing density, align-
ment, entanglement, aggregation size, and surface functionalization could be important
structural parameters, as to be discussed below.

4. Carbon nanotube assembly materials

So far, CNT fibers, films, forests, and gels are well-known and typical macroscopic assembly
materials where the CNTs are the main constituents, especially at a mass fraction much more
than 50% [10]. For example, CNT fiber is a one-dimensional assembly containing millions of
individual tubes [9, 11-13, 15]. It has been found that CNT fibers could have much higher
specific modulus and specific strength than those of commercial carbon and polymeric fibers.
For the composite materials, there have been two different applications of CNTs such as a
dispersion-based fabrication by using CNTs as reinforcing fillers in a polymer matrix [96, 97]
and an assembly-based fabrication by directly assembling CNTs into composites [14]. In the
former, the CNT content is strongly limited to be no larger than ~5 wt%, while in the latter, a
small amount of polymer molecules (about 20-30 wt%) are used to strengthen the interfaces
between CNTs. To describe these macroscopic CNT materials, different structural parameters
are proposed and investigated in the past decade.

4.1. CNT fibers

CNT fiber can be produced by the coagulation-based “wet spinning” [98-101], the “direct
spinning” from a CNT aerogel [102-104] or similarly from a pre-formed CNT film [105], and
the “forest spinning” based on vertically aligned CNT forests [106-108]. A CNT fiber with a
diameter of ~10 um usually contains more than 10° individual CNTs. Such assembly feature
is different from those well-known fibers for many years, which are usually a solid structure
without internal interfaces. CNT fiber can also be considered a continuous length of inter-
locked “filaments” (CNT bundles), where the bundles are formed during the CNT growth
rather than in the spinning process. As I have pointed out recently [109], although also being
called as CNT yarn, CNT fiber is indeed not a yarn because the CNT bundles are not macro-
scopically processable. On the contrary, the basic components of a yarn, the long and paral-
lel or interlocked filaments, are usually processable objects with a width larger than several
micrometers [110].
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Twist is the most fundamental treatment to make the CNTs assembled into a continuous
fiber with a circular cross section. The as-spun fiber is relatively loose with noticeable spaces
between CNTs or CNT bundles when the twist angle is small. Increasing the twist angle is an
effective method to densify CNT fibers and thus improves the friction coefficient between the
CNTs. Figure 8 shows the strength-twist relationship for different CNT fibers [111-113]. All
studies showed that the highest fiber strength was found at a twist angle of 15-20°. However,
with further increasing the twist, the load (upon stretching) compresses the fiber rather than
acts totally along the fiber axis due to the twist angle between the CNTs and the axis, mak-
ing the utilization efficiency to decrease at high twist angles. The experimental observations
that the strength initially increases with twist angle and then decreases are almost the same
as those in traditional textile yarns. Nevertheless, the constituent CNTs are different from
the filaments in a textile yarn; the CNTs are hollow cylinders and can deform the cross sec-
tion under pressure due to a structural phase transition [44-49]. For those fibers spun from
fewwalled CNTs (wall numbers smaller than 6), it can be seen that beyond the optimal twist
angle, an additional strength peak is at large twist angle of 27-30°. This second peak arises
from the collapse transformation of the CNT hollow structure, which renders the CNT bun-
dles much stronger and reduces the bundle cross-sectional area.

Solvent densification is another interfacial treatment to CNT assemblies, due to a large
capillary force [114, 115]. Therefore, liquid infiltration by using water, ethanol, acetone, or
dimethyl sulfoxide (DMSO) is also often used in the method of array spinning to densify
CNT fibers [116-119]. Although the densification process does not improve nanotube ori-
entation, it enhances the load transfer between the nanotubes, thus ensuring that most of
them are fully load-bearing. For example, the fiber diameter was shrunk from 11.5 to 9.7 um
after acetone shrinking [117]. However, the role of solvent is hardly known as the capillary
force can be influenced by the solvents volatility (boiling point), surface tension, and interac-
tion with CNT surfaces. By comparing various solvents including the nonpolar solvents of
n-hexane, cyclohexane, cyclohexene, toluene, and styrene, polar protic solvents of glycerine,
methanol, ethanol, water, ethylene glycol, and 1,3-propanediol, and polar aprotic solvents of
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Figure 8. (a) Double-peak strength behavior of CNT fibers with increasing twist angles [111]. The surface twist angle
(0)) depends on the twisting and drawing speeds (v, and v,) by 6_= arccos {(v,/v,)/[(7d,)* + (v,/v,)*]'?}, where d, is the fiber
diameter and is >10.5 pm. (b) Dependence of yarn tensile strength on helix angle for forest-spun MWCNT fibers [112].
The fiber diameter was ~20 um. (c) Relationship between the fiber’s specific strength and tenacity with the surface twist
angle [113].
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ethyl acetate, acetone, acetonitrile, N,N-dimethylformamide (DMF), DMSO, and N-methyl-
2-pyrrolidone (NMP), only few highly polar solvents show high densifying ability to CNTs,
namely DMF, DMSO, NMP, and ethylene glycol, despite of their high boiling points and
low evaporation rates [118]. These solvents increased the fiber strength from 864 MPa (dry-
spun) or 1.19 GPa (ethanol) to 1.14-1.35 GPa (DMF, DMSO, NMP) or 1.33-1.58 GPa (ethylene
glycol). Clearly, the solvent polarity shows a key role in determining the capillary, as the
polarity induced attractive binding energy with CNT (E,_)) goes up quadratically with the
solvent’s local dipole moment y, by E, , = —p’a/(47e )*r’, where a is the static polarizability
of CNT, ¢, is the vacuum permittivity, and r is the distance between the dipole moment and
the CNT surface [120, 121].

In addition to twisting and liquid densification, polymer impregnation is another effective
treatment to enhance the mechanical properties of CNT fibers. The polymers are introduced
to bridge nonneighboring CNTs, such as polyethyleneimine (PEI) [122], polydopamine
(PDA) [123], polyvinyl alcohol (PVA) [105, 118, 124], polyacrylate [125], polyvinylidene fluo-
ride (PVDF) [126], epoxy [105], polyimide (PI) [118, 127], and bismaleimide (BMI) [118, 128].
Figure 9 shows several typical stress-strain curves for polymer-reinforced CNT fibers, such
as PI, BMI, PEI and PDA [118, 122, 123]. The enhanced mechanical properties of CNT fibers
with polymer impregnation are attributed to couplings between the CNT network and poly-
mer chains occurring at the molecular level. As a result, the sliding between CNTs can be
remarkably hindered by the polymer network, especially that formed by the cured thermo-
setting polymers. Therefore, more external strain can be transferred to the CNTs as shown in
Figure 10, where the Raman peaks of CNTs downshift to a lower wavenumber by different
values under axial strains [105]. Both PVA and epoxy enhanced the downshifts, correspond-
ing to the improved load transfer between CNTs. The cured thermosetting polymer network
also shows advantages in improving the fiber modulus, as indicated by the largest change
in G’-peak wavelength. Similarly, PI and BMI are other efficient thermosetting polymers for
producing high-modulus CNT fibers [118, 127, 128]. However, other polymers might be good
at improving the fiber’s stretchability and toughness by preventing the sliding-induced fiber
fracture, possibly due to the polymer wrapping around the CNT connections [126], coopera-
tive deformation mechanisms of the soft and hard segments [125], iron-mediated covalent
cross-linking [122], or cross-linked polymeric binders [123].
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Figure 9. (a) Stress-strain curves of dry-spun, ethanol-densified, ethylene-glycol-densified, Pl-reinforced, and BMI-
reinforced CNT fibers [118]. (b) Stress-strain curves of PEI-catechol-reinforced CNT fibers, including one after addition
of Fe(III) [122]. (c) Stress-strain curves of as-drawn CNT fiber, CNT/PDA fiber, and CNT/(pyrolyzed PDA) fiber [123].
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Figure 10. Variations of Raman spectra under strain in different systems [105]. (a) Typical G" band Raman spectra of
epoxy- and PVA-infiltrated CNT fibers. (b) Downshifts of the peak position in different systems.

The structure of CNT fiber is hierarchical, with CNTs self-assembling into bundles and the
bundles forming an aligned network in the fiber [129, 130]. Other assembly parameters also
include the tube waviness or straightness [131], which can also result in different elasticity and
modulus for CNT fibers. Notice that the above-mechanical improvements are irrelevant to the
microstructure of individual CNTs but are relevant to the macroscopic assembly parameters.
From the point of view of tube structure, fewwalled CNTs have shown advantages in produc-
ing high-performance fibers, rather than the ideal SWCNTs [131]. For the SWCNTs, usually
1-1.5 nm in diameter, simulations and experiments have shown that a certain high pressure
(hundreds of MPa) is necessary to introduce even a slight deformation of their cross sections.
That means, the intertube contact area is far limited compared with the overall circumference
of the cross section. While for the fewwalled tubes, the tube diameter can be large up to >5 nm,
making it much easy to deform the cross section and increase the contact area. Experiments
even have shown, upon certain twisting and/or tensioning, collapse of fewwalled tubes were
possibly introduced [111, 132].

Furthermore, covalent interface engineering could be an efficient posttreatment for the as-
produced CNT fibers. Acid treatment could introduce rich hydroxyl, methyl/methylene, and
carbonyl groups onto CNT surfaces, which also made CNT fibers shrunk slightly, or more
densified. Such treatment enhanced the load transfer between CNTs, according to a theoreti-
cal study [94], and thus resulted in an increase in fiber strength and modulus [133]. Recently,
by using an incandescent tension annealing process (ITAP), where the current-induced Joule
heating increase the temperature of CNT fiber up to 2000°C in vacuum, sp?® covalent bonding
was observed in CNT fibers [134]. As a result, the fiber modulus could be improved from 37 to
170 GPa, once the ITAP was performed with maintaining a high tension on the fiber.

In order to further improve the utilization efficiency of the individual CNT's mechanical
properties in CNT fibers, more effort should be paid to the delicate combining of the choice
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of CNT structure, controlling in CNT packing density, alignment, and straightness, and inter-
tube mechanics engineering by polymers or covalent functionalization.

4.2. CNT films

CNT films are another important macroscopic material with high mechanical performances.
Various processing methods have been developed to produce CNT films by using preformed
CNT assemblies, among which these two methods are of great importance: the layer-by-layer
stacking of aligned CNT sheets and the stretching on entangled CNT webs [14]. Despite of
the fabrication methods, there are also many common problems concerning with the interface
mechanics, as the CNT fibers do.

For instance, liquid densification is widely used to CNT films [135-137], and polymer impreg-
nation can remarkably improve the interfacial load transfer [138-143]. Different from CNT
fibers where the tubes are assembled with the aid of twisting, there is more freedom to tune
the assembly structure. The CNTs can be got superaligned by stretching the films in a wet
environment [135], or by microcombing before they are layer-by-layer stacked [136]. After
improving the CNT alignment, the pure CNT films could be as strong as 3.2 GPa in tensile
strength, with a Young’s modulus of 124-172 GPa [135, 136]. Figure 11 shows the stress-strain
curves for the CNT films being both densified and superaligned. Once these aligned CNTs
were impregnated with polymers, especially thermosetting polymers, the film’s strength and
modulus could be further improved. At a mass fraction of 50-55% for CNT, the CNT/BMI
composite films exhibited a strength of 3.8 GPa and a modulus of 293 GPa [139]. Such superior
properties are derived from the long length, high mass fraction, good alignment, and reduced
waviness of the CNTs.

The stretching on entangled CNT webs is another way to obtain highly aligned CNT films.
With the aid of BMI impregnation and curing, the strength and modulus of the CNT/BMI
composite films could be improved from 620 MPa and 47 GPa (un-stretched) to 1600 MPa and
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Figure 11. Stress-strain curves for CNT films obtained by a stretch-dip-drying method (a) [135] and a microcombing
method (b) [136]. The films treated with acetone (ADD) and ethanol (EDD) were much stronger than the as-spun and
spray-wound (SW) films. The films after microcombing had a larger Young’s modulus than the ADD and EDD films.
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122 GPa, 1800 MPa and 150 GPa, and 2088 MPa and 169 GPa after being stretched by 30, 35,
and 40%, respectively [140]. By further introducing surface functionalization for CNTs, the
strength and modulus were surprisingly improved up to 3081 MPa and 350 GPa, respectively
[141].

However, the direct stacking of CNT sheets and stretching on CNT webs could not avoid
the CNT aggregation due to the vdW interactions. As shown in Figure 12a and b, the aggre-
gation size was up to hundreds of nanometer [143]. Such aggregation of nanometer-sized
components has become a severe problem in paving the way to stronger materials [144]. In
the aggregation phase, the intertube load transfer is not as efficient as at the CNT-polymer
interface. Thus, such aggregation phase becomes the weak parts in the composites and hin-
ders further reinforcement. In an ideal structure, the nanometer-sized components should
be uniformly distributed in the matrix without forming any aggregation phases. Therefore,
all the interfaces can play roles in shear load transfer. As inspired by the formation process
of natural composite structures, the BMI resins were infiltrated into CNT webs before any
stretching was performed. Since the liquid treatment just densifies the CNT network with-
out inducing CNT aggregation, the impregnation before stretching causes each CNT or CNT
bundle uniformly covered by a thin layer of polymers. Therefore, the following stretching
could just align the CNTs but avoid the aggregation due to the thin layer of polymer, result-
ing in an optimized composite structure. By adapting a multistep stretching process, the final
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Figure 12. Comparison of CNT assembly structure for different films [143]. (a,b) CNT aggregation in the layer-by-layer
stacking of array-drawn CNT sheets and the stretched dry films composed by entangled CNTs, respectively. (c) The
small-sized CNT bundles did not aggregate but were surrounded by BMI polymers and uniformly distributed. (d,
e) 750°C treated CNT/BMI composite films where the stretching was performed before and after resin impregnation,
respectively, showing the aggregation and unaggregation. (f) Cross section of the optimal CNT/BMI composite structure
by using focused ion beam treatment, indicating an aggregation size of 20-50 nm for the CNTs.
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composite film exhibited superior mechanical performances. The highest tensile strength and
modulus were up to 5.77-6.94 and 212-351 GPa at a CNT-to-resin mass ratio of 7:3 and a
stretching magnitude of 34% [143].

Figure 12c shows the morphology of the optimized CNT/BMI composites, where the CNT
bundles were found to be uniformly distributed and aligned. To characterize the aggregation
of CNTs, thermal treatment and focused ion beam treatment were used. After being heated
to 750°C to decompose the polymers, the remaining CNTs were found to be aggregated/
unaggregated if the stretching was performed before/after the polymer impregnation, see
Figure 12d and e. The direct observation of the cross section with focused ion beam treatment
showed an aggregation size of just 20-50 nm (Figure 12f), a size for the bundling that was still
difficult to avoid during the growth process.

On the whole, for the macroscopic CNT assemblies, the interface mechanics becomes much
more complicated as the material exhibits a collective dynamics from the constituent CNTs.
Assembly parameters, including CNT packing density, alignment and/or entanglement, twist-
ing level, cross-linking, and aggregation size, are found to be critical for the mechanical prop-
erties. By controlling the interface mechanics in the CNT assemblies, we can not only optimize
the mechanical properties, but also introduce multifunctionalities, as discussed below.

4.3. Multifunctionalization by interface engineering

Besides load transfer at the intertube interfaces, energy dissipation is also a common interfacial
phenomenon. As CNT fiber is formed by assembling millions of individual tubes, the assembly
features provide the fiber with rich interface structures and various ways of energy dissipation,
including the internal viscosity and intertube friction [109]. Therefore, a modified Kelvin-Voigt
model was adopted, where an elastic spring K, a viscous damping coefficient 7, and an intertube
friction f are connected in parallel [145]. Due to the friction, there exists a friction-dependent
component in loss tangent, which is not dependent on the frequency. As shown in Figure 13, the
loss tangent was nonzero (about 0.045) for the dry-spun CNT fibers, while that for the T300 car-
bon fiber was nearly zero due to the absence of interfaces. When the CNT fibers were densified
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Figure 13. The frequency dependence of loss tangent for the dry-spun CNT fiber, ethylene-glycol-densified CNT fiber,
and T300 carbon fiber [109].
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by ethylene glycol, the CNTs became constrained, corresponding to reduced loss tangents, see
Figure 13. Based on the friction-based Kelvin-Voigt model, the damping performance of CNT
fibers can be tuned in a very wide range. The introduction of thermosetting polymers further
decreases the loss tangent, while plying CNT fibers into a yarn increases the loss tangent [109].

The CNT entanglement provides another way to enhance the damping ability [146]. The
as-produced CNT films based on an injection chemical vapor deposition exhibited a loss
tangent of 0.37-0.42 at 200 Hz [146], or 0.2 at 50 Hz [143]. After the network was stretched
and strengthened with BMI, the loss tangent could decrease remarkably down to about 0.05
at 50 Hz [143].

When an electric current is passing through CNT assemblies, there exist parallel currents
along the aligned CNTs. The collective electromagnetic force between parallel current can
cause a volume contraction for the assembly [147]. Based on such mechanism, CNT fibers can
be developed as electromechanical actuator. Detailed study revealed that the electromechani-
cal coupling is quite complicated beyond the actuation [128]. For example, when a current
passes through a CNT fiber, the fiber’'s modulus could decrease remarkably due to the cur-
rent-induced weakening in C-C o bond. Besides the electromechanical coupling, the current
could induce a strong Joule heating, making the fiber temperature to increase very sharply.
Such electrothermal coupling can be used for fast curing to the impregnated thermosetting
resins at a moderate temperature of 200-300°C [128], or for the formation of intertube sp?
covalent bonding at a high temperature of 2000°C in vacuum [134].

5. Conclusion

The control of interface mechanics is a key strategy to develop high-performance CNT assembly
structures. High tensile properties (strength up to 3-6 GPa and modulus up to 200-350 GPa)
can be obtained for aligned CNT fibers and films, corresponding to an improved utilization
efficiency of CNT’s mechanical properties. Furthermore, the dynamical performance and mul-
tifunctionalities both depend strongly on the interface between CNTs, also in terms of CNT
packing density, alighment, entanglement, twisting level, cross-linking, and aggregation size.
For future development of high-performance CNT assembly materials, more delicate design on
the multiscale interfaces is required. I hope this review could cast lights for the interface design
ranging widely from the nanometer scale to the macroscopic scale.
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Abstract

Researches of the last years have allowed to establish that the laws of deformation and
fracture of bulk ultrafine-grained (UFG) and coarse-grained (CG) materials are various
both in static and in dynamic loading conditions. The influence of average grain size on
the yield stress, the tensile strength, and the compression strength was established for
metal alloys with a face-centered cubic (FCC), a body-centered cubic (BCC), and a
hexagonal close-packed (HCP) structures. The study of the microstructure of the alloys
after severe plastic deformation (SPD) by the electron backscatter diffraction (EBSD)
technique showed the presence of a bimodal grain size distribution in the UFG alloys.
Metal alloys with a bimodal grain size distribution possess a negative strain rate sensi-
tivity of the yield stress and higher ductility at quasi-static strain rates. In this chapter,
we will discuss the regularities of deformation at high strain rates, damage, and fracture
of ultrafine-grained alloys.

Keywords: nanostructured metals, ultrafine-grained alloys, severe plastic deformation,
high strain rates, yield stress, spall strength

1. Introduction

During the last decade, the interest in research of mechanical behavior of ultrafine-grained
(UFG) and nanostructured (NS) metal alloys has been risen sharply [1-13]. Compared to their
coarse-grained counterparts, UFG and NS metals exhibit significantly higher static yield
strength, hardness, but lower tensile elongation. Ultrafine-grained materials produced by
severe plastic deformation (SPD) methods exhibit a high strength, good damping properties,
and superplastic properties over a limited range of strain rates at high temperatures. The
increase of UFG material strength can be explained on the behavior of dislocation at
submicrometer grain size. Laws of plastic deformation operating at room temperature for

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc SN
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coarse-grained metals usually are based on dislocation mechanisms [1-9]. When grain size is
decreased in nanometer range, dislocation activity becomes difficult. Therefore, plastic
deformation resulting to dislocation nucleation and motion limits ductility of NS and UFG
materials. Strain rate sensitivity of flow stress also depends on grain size [9-11].

Similarity of mechanical behavior of materials in wide range of loading conditions takes place
for metals combining into several groups [14]. Metal alloys with face-centered cubic (FCC),
body-centered cubic (BCC), and hexagonal close-packed (HCP) crystalline lattices can be
related to three groups. Mechanical behavior of these groups of metals has to be described by
various constitutive models [2-4]. We can expect that UFG metals with FCC, BCC, and HCP
lattices will have various laws of plastic deformation at high strain rates also.

Mechanical behavior of NS and UFG materials under shock wave loading requires under-
standing of fundamental laws of the deformation and failure mechanisms at high strain rates.

2. Mechanical behavior of nanostructured and ultrafine-grained metal
alloys

Important information about mechanical behavior of nanostructured and ultrafine-grained
materials under dynamic loading is contained in the experimental data on high-speed interac-
tion of plates; results of tests on compression and tension by using a split-Hopkinson pressure
bar (SHPB), also known as Kolsky bar test; and results of tests using high-rate servo-hydraulic
machine Instron VHS.

Experimental results obtained from the tests of metals and alloys by these methods showed
that the patterns of deformation in ultrafine-grained and coarse-grained materials are different
not only under quasi-static but also intense dynamic loading.

The free surface profiles of shock wave in the UFG Ti-6Al-2Sn-2Zr-2Mo-Si titanium alloy are
shown in Figure 1.

The metal plate was loaded with shock pulses, which were obtained by the impact of thin
aluminum. The metal plate was loaded with shock pulses, which were obtained at impact thin
aluminum plates at a speed of 650 + m/s [13, 15].

The movement of the back surface of the plates when exposed to a shock pulse was recorded
using a laser Doppler interferometer VISAR with subnanosecond time resolution [15].

Shock wave in UFG alloys has the two-wave structure as in CG alloys. The shock wave in the
UFG alloys has a double structure in coarse-grained alloys. Elastic precursor propagates with
the longitudinal sound speed. The bulk compression wave or the plastic wave propagates
through compressed material with the bulk speed of sound.

Curves 1 and 2 correspond to specimens with grain size ~300 nm, and the Curve 3 corresponds
to coarse-grained specimen with grain size of 20 pm [13, 15]. The thicknesses of UFG speci-
mens 1 and 2 were 0.835 and 6.36 mm, respectively. The thickness of coarse-grained specimen
was 10 mm.
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Figure 1. Free surface velocity profiles.

The Hugoniot elastic limit (HEL) (dynamic elastic limit) for an elastic plastic material can be
calculated by the formula [15, 16]

oner = (1/2)poCrup neL (1)
where oy, is the Hugoniot elastic limit, py is the initial mass density, Cy, is the longitudinal
speed of sound, and upEL = UgspEL/2 is the maximum particle velocity in the elastic precursor.
The average strain rate in the elastic precursor is measured by the ratio [16]

GHEL _ 1 upre

(2)

where Aty is a time, which is achieved by the amplitude of the elastic precursor.

The calculated ratio of the bulk modulus of nanostructured titanium to the bulk modulus of
coarse-grained titanium agrees with experimental data. Sound velocities of materials can be
calculated by relations [16]

&= Vi/p w=VBlp o =1/d+@43) 3)

where C, Gy, Cp. are the shear, bulk, and longitudinal sound velocities; B is the bulk modulus;
and p is the shear modulus.
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The effective bulk modulus B of nanostructured material can be determined by the equation

B = BOCO 4 BEICE) 4+ ), ()

where B9 is the isentropic bulk modulus of a crystalline phase; B® = 0.45B and B® = 0. 5B©
are the bulk modulus of a grain boundary phase and the bulk modulus of material near the
triple junctions correspondingly; and C, C®, and C® are the volume fractions of these
phases correspondingly.

The volume fraction of the triple junction and the volume fraction of grain boundaries were
described by the equations

) — ﬁ(g)exp(—a(g)dg/b), (5)

) = plexp (,aw)dg /b)7 6)
where d, is the grain size; b is the modulus of the Burgers vector; and [3(‘0’), [S(ﬁ), a® and a® are
the constants of a material.

The values of C® and C versus grain size are shown in Figure 2.

As the grain size is decreased into the nanometer range (<100 nm), the volume of grain
interfaces sufficiently increased. The calculated ratio of the bulk modulus of nanostructured
materials to the bulk modulus of coarse-grained materials is demonstrated in Figure 2.
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v 0,6

(9)
7 C I
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o
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0,0

Figure 2. Volume fractions of grain boundary phases versus grain size for titanium. Filled square denotes the experimen-
tal data [17].
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From Egs. (3)-(6), it follows that the longitudinal and bulk sound velocities for the UFG and
CG alloys differ insignificantly. Thus, in the absence of pores and microcracks, UFG and CG
alloys have close values of mass density, elastic moduli, and sound velocities C,, Cp,, and C;..

The dynamic yield stress of the material oy acting on the shock adiabat is determined by the
formula [15, 16]

1-—-2v
Oy = OHEL 1—v"° (7)

where v is Poisson’s ratio.

The experimental results in Figure 1 showed that the UFG and CG titanium alloys have similar
amplitude values of the elastic precursors at the equivalent distances to the free surface of the
samples. Thus, the Hugoniot elastic limits of UFG and CG titanium alloys can be the same. But
the quasi-static yield strength of titanium alloys depends on grain size in accordance with the
Hall-Petch relation, as shown in Figure 3.

Filled symbols show experimental data for titanium alloys [13, 18] and magnesium alloys [7, 8, 19].

Experimental investigations indicate that the prevailing deformation mechanisms are
changed for the grain size below ~100 nm. The Hall-Petch relation (Eq. (8)) is satisfied for
many polycrystalline materials, but the values of coefficients oy and k are changed at the

dg~1 000 (nm) dg~1 00 (nm)
2,0 ,

Y
~
(9]
L

= Ti  [13]
e o-Ti [18]
+ Mg [7]

v Mg [8 1
¢+ Mg [19]

Yield stress (GPa)
=

(=
(Oa]
|

6 8 10
m™)

Figure 3. The yield strength of HCP alloys versus the inverse square root of the grain size.
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Figure 4. Free surface velocity versus time in UFG and CG copper.

grain size about several hundred nm (range UFG) and 30-20 nm (range NS) as shown in
Figure 3. Filled symbols show experimental data for titanium alloys [13, 18] and magnesium
alloys [7, 8, 19]:

05 = 00 + kd, /2, (8)

where 0y is the yield strength, dg is the grain size, 0y, and k are the material constants.

Figure 4 shows shock wave profiles in UFG and CG copper specimens [15, 20, 21]. Copper
refers to isomechanical group of materials with the FCC lattice [15]. Curve 1 corresponds to
UFG structure of specimen with grain size of ~500 nm. Curve 2 is received for a material in
which fine grains occupied only 85% of volume. These experimental results testify that the
Hugoniot elastic limit (HEL) and the spall strength (o) of copper sharply decrease with the
decrease of the relative volume occupied with UFG structure.

The solid Curve 1 corresponds to CG specimen, and dashed Curve 2 corresponds to UFG
specimen. The HEL of UFG copper M2 (~0.4 GPa) is about twice that of polycrystalline alloy.

Precipitate-strengthened aluminum, magnesium alloys, copper, and some other metals pos-
sess a high strength and ductility. The presence of nanoparticles and precipitate phases influ-
ences on the yield stress and the spall strength of UFG alloys under shock wave loadings.

In Figure 5, shock wave profiles in precipitate-strengthened aluminum alloy AA6063T6-
AlMg 5Sij 4 are shown [6].
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Figure 5. Free surface velocities versus time in UFG and CG aluminum alloy AA6063 T6.

Curves 1, 2, and 3 correspond to AA6063T6 alloy after two and eight passes of equal-channel
angular pressing (ECAP) and without ECAP, respectively. Coarse-grained alloy specimens had
a grain size of ~100 um. UFG structure was created by repeated ABC ECAP passes.
Nanoparticles of Mg2Si were formed by means of thermal treatment of alloy before ECAP
treatment. The HEL of coarse-grained AA6063T6 was equal to ~0.33 GPa, and the spall
strength was equal to ~1.29 GPa, whereas the HEL values of UFG alloy were ~5.7% higher
(~0.35 GPa), and the spall strength was equal to ~1.48 GPa. Thus, the spall strength and the
yield strength of UFG alloys depend not only on grain size but also on concentration and sizes
of phase precipitates.

The Hugoniot elastic limit of ultrafine-grained metal alloys and their coarse-grained counter-
parts is not significantly different. The rate of elastic precursor attenuation is above in UFG
alloys, than in coarse-grained counterparts.

The tensile strength at high strain rate can be determined from the analysis of shock wave
profiles shown in Figures 1, 4, and 5. These values correspond to the spall strength. The spall
strength is determined by formulas [15, 16]

oy = (1/2)poCo (Augs +0), 0= (h/Cp—h/CL) - |u1], )

where oy, is the spall strength; py is the initial mass density; G, is the bulk speed of sound in
the shock-compressed material; Aug is the difference between the maximum speed of the free
surface of the target and speed in front of the spall pulse; d is the amendment, to account for
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the velocity gradients at the free surface in front of spall pulse and in the front; h is the
thickness of the target; Cy, is the longitudinal sound velocity; and # is the change in the free
surface velocity in time in front of the spall pulse.

The spall strength o, of copper specimen with grain size of 500 nm is ~2.95 GPa, whereas the
spall strength of specimen with grain size of 100 pum is only ~ 2.05 GPa. The spall strength of
UFG and CG copper is shown in Figure 6.

The spall strength of UFG and CG and single crystal aluminum alloys is shown in Figure 7.

Filled symbols show experimental data for Al single crystal [15], AD1 [15], AMg6 [15], and
AA6063T6 [6].

These results correlate with data on the increasing of the quasi-static yield stress of FCC metals
at a decrease of grain sizes (Figure 8). Experimental data [4-6, 18, 20, 21] for copper and
aluminum alloys are shown by the filled symbols.

Changes of curve slope both FCC and HCP metal alloys (Figures 3 and 8) testify to peculiar-
ities of the mechanical behavior of UFG alloys when the grain size varied from 1000 to
~10 nm.

Bulk UFG alloys usually have a dispersion of grain size appearing at their manufacturing by
severe plastic deformation (SPD) methods. A specific volume, which is occupied with UFG
structure, influences on the HEL and the spall strength of alloys.
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Figure 6. The spall strength of UFG and CG copper.
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3. Dissipation of mechanical energy during deformation of ultrafine-
grained and coarse-grained titanium and zirconium alloys

Research of deformation localization and fracture mechanisms of NS and UFG alloys was
investigated by a combination of structure-sensitive methods [1, 2, 22-27]. The high sensitivity
of modern infrared (IR) thermal vision systems in combination with the opportunity of
noncontact continuous temperature and strain measurements gives us important information
on processes of damage and fracture. Recently, it has been shown that UFG titanium has a
peak of an internal friction at temperatures of 450-500°C, which results from the processes of
recovery and recrystallization [22]. Experimental data were obtained about the deformation
and thermal characteristics of the UFG and CG VT1-0 alpha titanium alloy and E110 zirconium
alloy [26-28]. The mechanical tests were performed by means of servo-hydraulic machine
Instron VHS 40/50-20. These specimens were nanostructured by means of a combined method
of severe plastic deformation (SPD).

The residual stresses in the specimens were relieved by means of annealing. Samples from
UFG titanium and zirconium were converted to coarse grain using a high-temperature
annealing. The forces were registered by the sensor DYNACELL with accuracy up to 0.2%.

The obtained curves of true stress—true strain were used for determination of the yield
strength, the strength, and the strain to failure. The temperature distributions on the specimen
surface under tension with constant strain rate were registered by using the FLIR system
SC7700M series infrared camera.

IR thermograms were registered with maximum recording frequency of 115 Hz. The resolu-
tion was ~20 micron and the image format is of 640 x 512 mm.

The thermal camera was at a distance of 0.4 m from the specimen. The software of the FLIR
system SC7700M was used for interpretation of the registered data [24]. The reflection surface
of the samples was close to the “absolutely black body” through the use of carbon blackening.

The thermal vision system allowed one to record not only the specimen’s surface temperature
distribution but also the current dimensions of specimen during the deformation. The speci-
men size, the loading force, and the loading times were recorded in the process of quasi-static
tensile tests. Engineering true stress, strain, and true strain were calculated using recorded
data.

True stress-strain curves of coarse-grained VT1-0 titanium and E110 zirconium specimens
under tension are shown in Figures 9 and 10, respectively. True stress-true strain curves are
marked as Curve 1. Curve 2 corresponds to the engineering stress and strain diagrams.
Figures 9 and 10 also showed the temperature distribution on the surface of the samples for
several increasing strains.

Temperature change is caused by dissipation of mechanical energy during plastic deformation.

The stress-strain curve has a parabolic ascending branch, which passes into the descending
portion having a negative coefficient of strain hardening. True stress-strain diagrams of UFG
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Figure 9. Stress-strain curves of coarse-grained VT1-0 titanium.
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Figure 11. Stress-strain diagrams of ultrafine-grained VT1-0 titanium alloy.

VT1-0 titanium and E110 zirconium specimens under tension are shown in Figures 11 and 12,
respectively.

Curves of true stress-true strain are shown as Curve 1. Curves of engineering stress and strain
are marked as Curve 2. The insets show the temperature distribution on the specimen surface
under certain deformations.

Dimensions of specimens at thermograms for UFG titanium and zirconium alloys showed that
the fractional decrease in the area at fracture of specimens is twice less ones in comparison
with values of CG alloys. Deformation localization in the zone of necking caused a significant
growth of true flow stress and increase of the hardening coefficient. Deformation localization is
accompanied by local temperature rise.

The maximum temperature on the surface of CG titanium specimen raised proportionally to
the strain rate up to a certain level (in the range from 50 to 55°C) and then increased sharply on
~5—10°C (up to the temperature 58.45—60.54°C) due to the localization of the plastic deforma-
tion near damages or crack.

The analyses of IR thermograms showed that character of temperature changing under defor-
mation of UFG and CG titanium specimens is different. These results indicate that macroscopic
regularities of strain localization in the UFG and CG titanium and zirconium alloys differ.

The maximum temperature of the UFG sample is directly proportional to strain rate and
reaches a temperature of 50-58 °C, after that the temperature did not change much [28].
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Figure 12. The diagram of ultrafine-grained E110 zirconium alloy.

Figure 13 shows the SEM images of fracture surfaces of UFG titanium alloy and UFG zirco-
nium alloy. Chains of micropores and microcracks are present on the fracture surface.

The maximum temperature at the surface of UFG zirconium alloy specimen increased from 40
to 68°C; then, there was an abrupt temperature decrease. This effect is caused by rapid damage
accumulation and formation of macrocrack.

The grain size distributions of UFG zirconium and titanium specimens differ due to imperfect
process of the intensive plastic deformation [29].

The results of the SEM study of fracture surface confirmed the difference of damage in the
samples of UFG titanium and zirconium alloys.

The results of fractographic studies of the fracture surfaces and the results of quasi-static and
dynamic tests prove that the fracture of UFG FCC and HCP alloys has the ductile character.

The experimental and theoretical results can be used to develop in defining equations for the
UFG alloys over the last decade.
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Figure 13. SEM image of the fracture surface. (a) Specimen of UFG VT1-0 titanium and (b) specimen of UFG E110
zirconium.

4. The constitutive equation for ultrafine-grained alloys covering a wide
range of strain rates

The computational model is required to predict the mechanical behavior of ultrafine-grained
FCC, HCP, and BCC alloys under dynamic loading. Therefore, constitutive equations taking
into account the grain size of metal alloys were offered by Meyers et al. [4, 18], Armstrong and
Zerilli [30], and Khan et al. [31, 32]. Mishra et al. modified the model of Johnson-Cook [33]. A
satisfactory quantitative description of the mechanical behavior of FCC and HCP alloys with
coarse-grained and ultrafine-grained structure can be achieved by changing parameters of the
materials. This limits opportunities to use models for the prediction of mechanical behavior of
ultrafine-grained titanium alloys under dynamic loadings.

Obtaining realistic predictions of yield and strength in a wide range of strain rates remains an
important problem.

We have developed model of mechanical behavior of the alloys for studying of laws of
deformation and fracture of UFG alloys in a wide range of strain rates [12, 34-36].

The approach of damaged medium with stress relaxation for numerical simulation of solid
response under shock wave loading was used. The stress of material particle is considered as a
result of two competitive processes. Increasing of stresses and internal energy is caused by
external impacts. Relaxation of the shear stress and energy dissipation are caused by the
increments of inelastic deformation.

The model uses the effective parameters of mechanical state and averaged parameters of
mechanical properties (mass density, elastic constants, Griineisen parameter, etc.).

We consider the possibility of damage accumulation during inelastic deformation of NS and
UFG metals in consequence of limited ductility.
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The local damage parameter D was used in the scalar form
D = Aé /¢, (10)
t
where Ae? = Jégq dt, €}, is the equivalent of inelastic strain rate tensor, and ¢ is the average
fo

value of an inelastic strain of a material particle at fracture.
The local failure criterion of a material particle was used in the form
D=1 (11)

The constitutive equation of UFG alloy was determined for material particle in the form

oij = of].m)(p(D), 05].'") = ,p(m)éi]. + Sg”), (12)
where oy is components of the stress tensor, p is the pressure, Sy is components of the
deviatoric part of the stress tensor, 0; is the Kronecker delta, ¢ (D) is the function of damage,
and the parameters with index m correspond to the condensed phase of the damaged material.

The equation of state, Mie-Griineisen, was used to calculate the pressure [16]. The relaxation
equation was used to calculate the deviator of the stress tensor in the undamaged phase
material:

as{ fdt =20 (e — ef™), (13)

y

where d/dt is the Jaumann derivative, u™ is the shear modulus of the undamaged phase

(m) 1)
j

material, ¢;; is components of the strain rate tensor, and e'Z(" is components of the inelastic

strain rate tensor.

The deviator of the inelastic strain rate tensor was calculated in the framework of the theory of
Hencky-Ilyushin:

™ = (3/2)[54 el (m) /o, (14)

m m 1/2
0w = [3/2)5"s"] . (15)

The scalar function éf;,;m) is defined by the sum of the components basing on physical modes of

inelastic deformation by relations:
e = X |en) A
k
Pl — P P P
[eeq}k {e“’} G {86‘7} distet | {e"’q} tw' (16)

dg k41
ak= [ pla)(a,)

dgk 1
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where f(dg) =1 — exp(—[(dg — dg min)/0] ") and O, dg min, and n are parameters of grain size

distribution function, é}, is the equivalent rate of plastic strain rate, {éfq} » is the equivalent
18

rate of plastic strain rate due to dislocation movement, [éfq} . is the equivalent rate plastic
islnucl

strain rate due to heterogeneous dislocation nucleation, and [éfq} is the equivalent rate of
tw

plastic strain rate due to twinning.

We used experimental function f(d,) of grain size distribution in UFG metal alloys treated by
the equal channel angular pressing (ECAP). The grain size distribution and the average grain
size are varied after several passes of ECAP [4]. Therefore, the total increments of inelastic
deformation will depend on specific volume of small grains.

Peculiarity of deformation laws of FCC and HCP groups of metals has to be described by
various kinetics (Eq. (17)). Equations can be used in phenomenological relation forms [12, 14]:

{éfq} P gbup,,exp(—AGy1/RT),

AGy = AGo[1 — (0¢/0*)" ],

{egq} dislnucl - ng (f)exp(—AGz /kT),

[é%,] = Awexp(~AGs/RT) x [1 — /0™ (dgi, T, P)]", (17)

o;] = 0;‘40 + kdgkfl/z, Oeff = Oeq — A0y,

~ 12
ot =0} + k1dgk1/2 +ko (efq) + ksp'/?,

B 1/2
Aoy, = ki +ky (éPq ) + AGppr,

where R is the gas constant; k is the Boltzmann constant; T is temperature; b is the modulus of
Burgers vector; g = 0.5 is the orientation coefficient; Gy and G, are specific activation energy of
dislocation movement and nucleation, respectively; v is the average dislocation velocity; G is
the specific activation energy of twinning; d is the grain size; pr, is a density of dislocation
movement; p is the rate of dislocation nucleation; and Ay, n;, my,q are the material constants.

Constants n, q, AGy, and AG; are varied for FCC and HCP metals [14].

The precipitate hardening of metals can be described by Orowan’s equation [37]:

AGpspr = 0.4ubM In(2r/b)/ (nA\/ﬁ), A= (, /3 /4f — 1.64>r, (18)

where 1 is the shear modulus, b is the modulus of Burgers vector, M is the material constant, r
is the radius of particles, f is the concentration of particles, and v is Poisson’s ratio.

In Refs. [12-14], numerical values of model parameters have been discussed for UFG titanium
alloys. Used numerical method has been discussed in [12]. Chemical composition of alloys is
shown in Table 1.
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The grade Element wt.-%

Al Sn Zr Mo Cr Si Fe (0] N C Other

Ti-6-22-22S 5.75 1.96 1.99 2.15 2.10 0.13 0.04 0.082 0.006 0.009
VT1-0 - - - - - 0.08 0.12 0.1 0.04 0.05 0.1

Table 1. Chemical composition of Ti-6-22-22S and VT1-0 titanium alloys.

Egs. (10)—(17) were used for numerical simulation of high velocity impacts of plates. Calcu-
lated profiles of shock pulses in UFG titanium alloy are shown in Figure 14.

In simulated loading condition, UFG Ti-6-22-22S of 0.835 and 6.36 mm thicknesses was
impacted by aluminum plates with 0.12 and 0.835 mm thicknesses at impact velocities of about
1250 and 680 m/s [15]. Dashed and solid curves indicate calculated and experimental profiles,
respectively.

Results of computer simulation of shock loading of UFG alloys testify that fast relaxation of
elastic precursor amplitude takes place at the first millimeter. Fast attenuation of elastic pre-
cursor can be explained by high rate of dislocation nucleation at grain sizes of several hun-
dreds of nanometers.

Unlike coarse-grained alloys, strain hardening of fine-grained alloys at deformation under
shock loading of several GPa is not enough. Satisfactory description of spall fracture was

800 A 1 A 1 A 1 A 1 A
7001 | 4 UFG Ti-6-22-22S

600 -
500 1 ||
400 -
300 -
200 -
100 1

0 T e T T T
0,0 0,2 04 0,6 0,8 1,0

Time ( ps)

Free surface velocity (m/s)

T

Figure 14. Measured (solid lines) and simulated (dashed lines) free surface velocity histories for UFG Ti-6-22-225 [12].
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achieved in calculation too, in spite of a quasi-elastic unloading. We have not found consider-
able Bauschinger effect.

Figure 15 showed calculated stress-strain curves for Ti-6-22-22S. Solid curves correspond to
experimental data. Dashed curves correspond to results of calculation.

Stress-strain curves for UFG Ti-6-22-22S have a good agreement with experimental data at
strain rates within the range from 102 to 10°s . Egs. (15)—(16) allow us to describe the work
hardening of titanium alloys in the range of deformation before necking.

Figure 16 showed calculated stress-strain curves for VT1-0 titanium alloy.

Egs. (15)—(16) describe the flow stress dependence on the strain rates and the plastic strains.
Results of simulation of deformation of VT1-0 titanium alloy are shown in Figure 16.

Experimental stress-strain curves are shown as solid curves. The dashed lines 1 were obtained
under assumption that k in the relation (Eq. (8)) is the constant for UFG and CG alloys. The
dashed line 2 was obtained under assumption that k decreased when grain size became less 1 pm.
These results are consistent with the experimental data for the UFG alloy, shown in Figure 3.

—-----UFG 10%s™ T16 22 22s

Coarse-grained 10°s™

Stress (GPa)

0,0

0,00 0,05 0,15 0,20 0,25 0,30 0,35

Strain

0,10

Figure 15. Stress versus strain of Ti-6-22-22S titanium alloy.
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Figure 16. Stress versus strain of titanium alloy VT1-0 at strain rate 10> s~ .

Figure 17 shows the logarithm of the shear stress versus the logarithm of normalized strain
rate for coarse grain and UFG Ti-6-22-22S alloys. Experimental data are shown by sym-
bols [12, 13, 38]. Curves 1 and 2 correspond to UFG and CG alloy, respectively. For normaliza-
tion of the equivalent, strain rate was used éfq=1 s L. Analysis of the stress-strain rate data

shows that the parameter m = d(lgo.) /d (Igéf» ‘T , of strain rate sensitivity is less than that
) €
of CG Ti-6-22-22S alloy.

Change of curve slope at strain rates above ~10° s~ testifies the change of dominant physical
mechanisms of shear stress relaxation in both CG and UFG alloys. Thus, the constitutive
equations for ultrafine-grained FCC and HCP metal alloys should have various forms likewise
for coarse-grained counterparts.

The strain rate sensitivity index of the flow stress is determined by the relation

d(Inoy) 1/

dIn(égq/é0) re, 0+ Cimdg (19)

where o is the flow stress; é.; = [(2 /3)éi]-éi]-}1/ %is the equivalent strain rate; and ég = 1.0 57},
m,, and C,, are the material parameters.

The strain rate sensitivity index of the yield strength is a private parameter value m at a
predetermined value of ¢}, = 0.002.
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Figure 17. Strain rate sensitivity of UFG and CG Ti-6-22-22S titanium alloy.

Figure 18 shows the dependence of the strain rate sensitivity index m of the yield strength
versus the inverse square root of the grain size. Experimental data are shown by sym-
bols [39, 40].

Curve 1 corresponds to HCP alloys; Curve 2 corresponds to FCC alloys. Filled triangles are
experimental data [39]; filled squares are experimental data [40].

The tensile deformation to fracture under static loading increases with the decrease of grain
size, as shown in Figure 19 [40]:

e suic = £f0 |1+ Dogdy 2] /(1 - 0), (20)

where &5 g41ic is the limit of plastic deformation to fracture under tension, d is the average
grain size, ¢, Dy are structure-sensitive parameters of the material,6 = (T — T)/(T,, — T,) T is
the temperature in absolute scale, T, =295 K is the room temperature, and T, is the melting
temperature.

The decrease of the strain to fracture under tension of UFG alloys is proportional to the
logarithm of the strain rate in the range from 10> to 10> s' [5, 41]. Experimental data on the
normalized ultimate tensile strain versus the logarithm of normalized strain rate for the UFG
and NC aluminum and magnesium alloys are shown in Figure 19.



Mechanical Behavior of Nanostructured and Ultrafine-Grained Metal Alloy under Intensive Dynamic Loading 51
http://dx.doi.org/10.5772/intechopen.68291

0,09

5 -4 HCP(Mg)

0,0 0,1 0,2 0,3
du"” (nm™?)

Figure 18. The strain rate sensitivity index of the yield strength versus the inverse square root of the grain size.
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Figure 19. Normalized ultimate tensile strain versus the logarithm of normalized strain rate for the UFG and NC
aluminum and magnesium alloys.
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The dashed curve shows data obtained according to the formula

sttatic/'gfdynamic = [1 + Cafln(éeq/éo)] /(1 - 6)7 (21)

where ¢ is the strain to fracture, £, = [(2/3)¢¢] 1245 the equivalent strain rate, £g = 1.0s71,
and C, is material parameter.

In the aluminum, magnesium, and titanium alloys, the formation of mesoscopic cracks is
preceded by the stage of nucleation and growth of micro-voids. In this regard, the width of
the plastic zone in the considered alloys will be determined by the critical size of voids.

Valiev et al. reported the log-normal grain size distributions for fine-grained polycrystalline
metals processed by equal channel angular extrusion (ECAE) [42]. The distribution effect of
grain size on the flow stress, ultimate strength at compression and tension, and elongation to
failure has been shown to CG and UFG alloys [43, 44].

Starting with the pioneering work of Tellkamp et al. [45], the formation of bimodal distribution
of grain size is used to produce ultrafine-grained and nanostructured alloys with high strength
and satisfactory ductility. A bimodal distribution of grain size in UFG aluminum and magne-
sium alloys is the cause of several anomalies of the mechanical behavior. Negative strain rate
sensitivity of plastic flow stress and increase of the ductility in a wide range of strain rates
(from 10 * to 1 s~ ') were revealed for UFG Al-7.5 wt.% Mg, Al 5083, and magnesium alloys
Mg-7wt.%Y [46-52].

The threshold value for the strain to fracture can be calculated by the ratio

e (dg) /€55 = Ax + (A1 + Ar) /(1 + expl(x —x0)/x]), ey =Di(P"+ T, (22)

where EfCOG is the strain to fracture of CG alloy; x is equal to d,~ 2. A1, Ay, Xo, and ¥ are material

constants; T* = 04p,/Prer, P* = p/PrgL, and Pygp are the pressure in elastic precursor; and D,
and D, are material constants.

Increased crack growth resistance in Al-Mg alloys with a bimodal grain size distribution is a
result of deflection of microcracks on borders between UFG and coarse-grained (CG)
zones [53]. As a result of it, resistance to crack growth at mesoscale level increases with the
increase of the plastic deformation.

Features of mechanical behavior of UFG alloys with bimodal grain size distribution are
defined by shear band formation, nucleation and growth of damages, coalescence damages
under formation of mesoscale, and macroscale cracks.

Thus, processes of shear banding in UFG alloys with bimodal and unimodal grain size distri-
butions depend on strain rates.
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5. Multiscale model of mechanical behavior of UFG alloys under dynamic
loadings

The mechanisms of dynamic fracture in alloys with bimodal grain size distributions are poorly
investigated. We present computational model and results of numerical simulation of damag-
ing and fracture of aluminum and magnesium alloys under dynamic loading.

The multilevel computer simulation method was used for numerical research on damage
and formation of cracks within structured representative volume element (RVE) of the alloy
[34-36, 54]. Several types of grain structure that take place in alloys after severe plastic
deformation were simulated.

Grain size distributions of aluminum and magnesium alloys after various numbers of passes of
equal channel angular pressing (ECAP) are reported in Refs. [41-49]. The analysis of grain size
distributions has shown that there are several types of grain structures. The model-structured
RVE of alloys was created using the experimental data on grain structures.

Models of RVE have the volume fracture of coarse grains: 0, 5, 10, 15, 30, 50, 75, and 100%.
When volume fracture of coarse grains exceeds the percolation limit (~0.25), the cell grain
structures were taken into consideration. Mechanical behavior of alloy is described by means
of averaging the mechanical response of structured RVE at the mesoscale level under loading
of high strain rates. 3D models of representative volume element (RVE) of alloys with a
bimodal grain size distribution have a dimension of 100 x 100 x 5 (um)°.

Dynamics of RVE is described within approach of a continuum mechanics [14]. Smooth
particle hydrodynamic (SPH) method was used for the simulation [54]. The kinematic bound-
ary condition (Eq. (23)) is convenient when using SPH method. The boundary conditions
(Eq. (23)) can be used for load combination of compression, shear, and tension. The scheme of
boundary conditions is shown in Figure 20:

Hk(Xk,t) = Mk(Xk,t), xk€r4/xker2/xker3a (23)
where x is Cartesian coordinates, t is time, and uy is components of particle velocity vector.

Coarse grains ~ UFG grains

Macroscale N Grain
— o . i 1w ; boundary
ux,t) — Hoou]p 5\:— QX Triple joint
—>| Mesoscalé "\ 000060
\-/Jﬂ.k. LA

Figure 20. Scheme of boundary conditions.

53



54  Nanomechanics

The system of equations of continuum mechanics is applied to describe the deformation of the
structured representative volume under loading conditions. Components of the strain rate
tensor are described by the relation

. 1
&jj = 5 (Y u; + Yu,), (24)

where ¢;; is the strain rate tensor component, u; is the particle velocity vector component, and
V; is the Hamilton operator.

Components of strain rate tensor are expressed by the sum of the elastic and the inelastic parts:

£ = &5+ E7, (25)

where &5 is the elastic strain rate tensor component and ¢ is the inelastic strain rate tensor

component.

The bulk inelastic strain rate is described by the relation

where D is the rate of change of the damage parameter.

The bulk inelastic strain rate will be equal to zero at D = 0 as follows from Eq. (26). In this case,
to describe the plastic flow can be used in the theory of plasticity, which assumes the imple-
mentation of the postulate of constant volume for plastic deformation. However, the plastic
deformation of NS or UFG alloys is accompanied by the damage (microcrack) nucleation and
accumulation due to the limited ductility of the grains.

However, plastic deformation of NS or UFG alloys is accompanied by the nucleation and
accumulation of microdamage (microcracks or pores) due to the limited ductility of man-
sized grains.

The damage parameter D was introduced in the form

SN

tr &
D= J —1dt. (27)
0 ¢

A local fracture criterion (Eq. (11)) was used for the UFG and the NS alloy with unimodal and
bimodal distribution of grain size. The model uses Eq. (28) and phenomenological relation for
the threshold inelastic strain e}l.

Damage parameter is defined by the relation
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n

1 (efothds p
D=_— — P, )der 28
I ew( L 2 )t (28)

where dg; is the grain size of mesoscale region with the unimodal distribution of grain sizes; p
is the pressure; and 8}10, k, C;, and C; are the parameters for the local volumes of the material

1/2
with unimodal distribution of grain size: ez = {(Z/B)egeﬂ o e = (1/3)egbi +eff, 0 = [3/
251']'5{]']1/ 2 0ij= — pd;; + S;;, and Oy is the Kronecker delta.

Eq. (12) was used as a constitutive equation of material particles. The pressure was calculated
by polynomial equation of state [12]. The stress tensor deviator is calculated by Eq. (13). The
deviator of the inelastic strain rate tensor is calculated by Eq. (14).

The scalar function é%" is defined by the sum of components based on physical mechanisms
of inelastic deformation by Eq. (16).

The total plastic work per volume unit under high strain rates was calculated by the relation
ty
WP = (1/2)J o€ dt, (29)
0

where oj; is the stress tensor component, E;-} is the inelastic strain rate tensor component, and t;

is the time of inelastic deformation before local fracture.

The local increment of temperature due to dissipation of plastic work at high strain rate was
calculated by the equation

t

AT(t) = (ﬁ/pcp)JO G[jé;;dt, (30)

where AT is the temperature increment associated with plastic deformation, 3 is a phenome-
nological parameter, C,, is the specific heat of material, and p is the mass density:

Beb) =1 - n (ﬁf 61)

€o

where ¢ is the yield strain and n is the hardening exponent of the material.

Egs. (10)—(15) and (24)—(31) were used for describing mechanical response of structured RVE of
FCC and HCP alloys under dynamic loadings.

The distribution of grain sizes is specified in the model of a representative volume of the alloys.

Model RVE of alloys with a bimodal grain size distribution includes separate large grains and
the volumes consisting of fine grains. RVEs taking into account the distribution of grain size
similar to those identified in samples of UFG aluminum alloy Al 1560 (Al-Mg) and magnesium
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alloy MA2-1 (Mg-Al-Zn) were used for model calibration. Parameters of materials in constitu-
tive equations were discussed in Refs. [12, 34, 53]. Numerical method was discussed in Refs.
[12, 34-36].

The equivalent stresses in UFG magnesium alloy with quasi-regular grains structure at the
time ~15.7 ns under shock wave loading with peak stress of 3.8 GPa are shown in Figure 21.

The width of shock wave front is less than the average grain size ~300 nm in the model of NS
aluminum alloy with regular grain structure. Mechanical behavior of aluminum alloys with
similar grain structure under quasi-static loading was discussed in Ref. [55].

A distribution of material particle velocities was found on the mesoscale level. The distribution
of particle velocities arises from the wave interaction with grain boundaries and triple joints
of grains.

The distribution of the parameter of damage behind the front of a shock wave with a peak
stress of 3.2 GPa is shown in Figure 22. Two large grains with size of ~20 um are contained in
the model volume of the alloy. These large grains were surrounded by UFG phase with
average grain size ~1 pm.

Deformation of RVE occurred nonuniformly under shock compression. Shear bands have
been formed in the UFG phase at high strain rates. Damage to the mesoscale shear band was
formed in 40 ns. The damage parameter increased rapidly when the local tensile stresses
acted in areas filled with small grains and on the border between large grains and fine
grains. Fracture of RVE is a result of the formation of flat clusters of damaged particles.

The distribution of grains size affects on the formation of damage and the distribution of the
specific plastic work per unit volume over the RVE. The distribution of specific plastic work in
RVE is shown in Figure 23. The size of large grains and its specific volume was ~20 pm and
~38%, respectively.

The damage parameter increased in local areas where the maximum values of plastic work
have been achieved. Fracture mechanisms of alloys with bimodal distribution of grain size are
similar in compression and tension. Damage also accumulates in the zones of plastic strain

Ueq [kpa} Tireee 1. S559E-00M pa
A (005

BT

B 2 e

T Elastic precusor

1. 72705 - Plastic wave
1151405

5. 75T el
0 O0Ce+00

Figure 21. Stress in UFG magnesium alloy with quasi-regular grain structure.
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Figure 22. Damage in Al 1560 alloy under shock wave loading with peak stress of 3.2 GPa.

localization near borders of large grains of alloys with a bimodal distribution of grains. Specific
plastic work per unit volume and equivalent plastic strain are shown in Figures 23 and 24,
respectively.

Therefore, kinetics of fracture depends on the specific volume of coarse grains.

The equivalent plastic strain in RVE of Al 1560 alloy under shock compression with peak stress
of 3.2 GPa is shown in Figure 24. The average intensity of plastic deformation in coarse grains
is higher than in the volume filled with fine grains. The maximum equivalent plastic strain is
localized in a fine-grained phase near the boundaries of large grains.

Figure 25 shows the calculated plastic work under the tension of RVE at high strain rates. The
tensile loading at high strain rates is realized in the spall zone where interaction of unloading
waves takes place.

wP (g Direction of shock wave procasation

4000 100 (M ) Damages under shock compression
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Figure 23. Specific plastic work per unit volume in Al 1560 alloy under shock wave loading with peak stress of 3.2 GPa.
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Figure 24. The equivalent plastic strain in RVE under shock wave loading with peak stress of 3.2 GPa.
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Figure 25. Specific work per unit volume under tension of RVE of Al 1560 aluminum alloy.
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Mesoscale cracks in fine-grained volume formed under a tensile strain rates above ~10° s~
The presence of large grains prevents the rapid growth of these cracks and leads to an increase
in plastic work per unit volume. Thus, UFG alloys with bimodal distribution of grain sizes
under dynamic loading have a higher ductility compared to UFG counterparts with unimodal
distribution of grain sizes.

Tensile stress in the spall zone is shown in Figure 26. The representative volume of Al 1560
aluminum alloy consisted from ~75% of large grains with a size ~20 pum. The average size of
fine grains was assumed equal to 1 um. The relaxations of stresses in a spall zone have been
accelerated by the damage accumulation.

The use of multi-pass ECAP leads to stochastic distribution of large grains in the volume of
alloys. As a result, fracture of UFG alloys with bimodal grain size distribution under dynamic
loading has probabilistic character. Large grains can be formed in the NS and UFG alloys as a
result of dynamic recrystallization [56, 57].

In the used model, Eq. (18) takes into account the influence of nanostructured precipitates on
dislocation kinetics. Wang et al. showed that in the UFG Al the deformation mechanism is
operated by the dislocation interactions at high strain rates, while in the lower strain rate
range, the deformation mechanism may be related to grain boundary sliding [58].

The increase in the concentration of nano-size precipitates leads to the growth of the yield
stress of both large and small grains of alloys. The concentration of precipitates in UFG alloys
affects the grain size distribution and the distance between the shear bands. These results agree

G, (kPa)

Tension —_—
aiooes 100 0(1Lm)

0.0 50 100 {j0m)

Figure 26. Tensile stress in RVE of Al 1560 aluminum alloy.
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with experimental data [59]. Chrominski et al. showed that the grain size, grain boundary
character, and dislocation substructure are strongly depended on the precipitation in 6082
aluminum alloy. It was found that needlelike precipitates are homogeneously distributed in
the grains of micron-size [59].

The ductility of UFG alloys increases when a specific volume of coarse grains is decreased. The
ductility versus specific volume of coarse grains in Al-Mg alloy with a bimodal grain size
distribution is shown in Figure 27. Experimental data [45, 48, 49] are shown by filled symbols.
Decreasing of the specific volume of large grains in RVE of UFG alloy is accompanied by a
decrease of average strain to failure under quasi-static and dynamic loading.

Figure 28 shows the dependence of strain to fracture of aluminum and magnesium alloys on
logarithm of strain rates.

Experimental data reported by Ulacia for coarse-grained magnesium alloy AZ31 are marked
by filled symbols [60]. Data for aluminum alloys are shown in circular and triangular sym-
bols [48, 49]. UFG Al-Mg alloys have fine-grained size of 1 um and coarse-grained size of
20 pm.

0,181+— : . : :

0,12

' 1 1
0,0 0,5 1,0
Specific volume of coarse grains

Figure 27. The strain to fracture of Al-Mg alloy with a bimodal grain size distribution versus specific volume of coarse
grains.
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Figure 28. Strain to fracture of aluminum and magnesium alloys versus logarithm of strain rate.

The calculated values of total strain to failure of coarse-grained magnesium alloy AZ31 versus
the logarithm of strain rate are depicted by dashed Curve 1 in Figure 28. Rodriguez [61] later
received that the experimental values of strain to failure of AZ31 alloy at quasi-static loading
conditions confirmed the adequacy of the prediction.

Curve 2 shows the calculated strain to fracture of Ma2-1 magnesium alloy with volume
concentration of large grains about ~70%. Curve 3 shows strain to fracture for magnesium
alloy with specific volume of large grains about ~10%.

Curve 4 shows the ductility of Al-Mg alloys with a bimodal grain structure in a wide range of
strain rates. Curve 5 displays decreasing dynamic ductility of Al-Mg alloys with a bimodal
grain structure and specific volume of large grains ~10%.

The plasticity of the alloys under quasi-static tension increases when specific volume of large
grains in UFG Al-Mg alloy is more than 30%.

The calculated strain to failure for Al-M alloys can be described by the equation

ef = 0.01exp(Ceq/0.363), (32)

where ¢f is the strain to failure under quasi-static tension and Ccg is the specific volume of

coarse-grained size.

Eq. (32) describes ductility of UFG Al-Mg alloys with a bimodal grain distribution versus the specific
volume of large grains. Results of simulation agree with the available experimental data [48, 49, 52].
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6. Conclusions

The study of the mechanical behavior of NS and UFG alloys under intensive dynamic loadings
allows you to deepen understanding of the basic laws of deformation and failure of alloys in
extreme states.

Experimental studies have shown that the difference between the Hugoniot elastic limits of
alloys with UFG and CG structure can be negligible.

The spall strength and the yield strength of UFG alloys are depended not only on grain size but
also on distribution of grain sizes, a concentration of a nano-sized precipitates.

Fine precipitates in alloys not only affect the hardening but also lead to change the influence of
the grain size distribution on volume concentration of shear bands.

Multiscale computer modeling can be used to study the regularities of deformation and
fracture of advanced structural alloys at high strain rates.

It was shown that the use of models taking into account the unimodal and bimodal distribu-
tion of grain size allows predicting the strength and ductility of a UFG alloys at high strain
rates under compression and tension.

The results of computer simulation showed that the dynamic strength and ductility depend
on the distribution of grain size in the HCP and FCC alloys processed by severe plastic
deformation.

Experimental and numerical studies have shown that strain to failure of UFG alloys with a
bimodal grain size distribution nonlinearly decreases with the increase of specific volume of
submicrometer grains.

The dynamic ductility of UFG alloys is decreased when specific volume of submicrometer
grains is above ~70%.

It should be noted that researches on the influence of grain size distribution of UFG
alloys on dynamic strength and ductility are at an early stage. The peculiarities of the
mechanical behavior of UFG alloys under dynamic loading at elevated temperatures are
insufficiently studied.
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Abstract

The synthesis and measurements of nanomaterials have yielded significant advances in
the past decades. In the area of thermal conduction, the nanomaterials exhibit anoma-
lous behavior such as size-dependent thermal conductivity, thermal rectification, and
ultra-high thermoelectric properties. The theoretical understanding and modeling on
these behaviors are much desired. In this chapter, we study the thermal conduction in
nanomaterials through the thermomass theory, which models the heat transfer from a
fluid mechanics viewpoint. The control equations of the equivalent mass of the thermal
energy are formulated following the continuum mechanics principles, which give the
general heat conduction law. It incorporates nonlinear effects such as spatial acceleration
and boundary resistance, which can overcome the drawbacks of the traditional Fourier’s
law in nanoscale systems. By the thermomass theory, we successfully model the size-
dependent effective thermal conductivity in nanosystems. Furthermore, the thermal
rectification as well as the thermoelectric enhancement in nanosystems is also discussed
with the present framework.

Keywords: thermomass theory, nanomaterial, thermal conductivity, thermal rectifica-
tion, thermoelectric

1. Introduction

The Fourier law proposed in 1822 [1] is the fundamental of thermal conduction. It indicates that

the heat flux passing through a material is proportional to the local gradient of temperature
qg=—xVT (1)

where g is the heat flux, VT is the local temperature gradient, and « is the thermal conductivity,

which represents the material capability of transferring heat. In a long term, the Fourier law
can accurately model the heat conduction. In the middle of twentieth century, theoretical
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physicists started to question the Fourier law because of its contradiction to the second law of
thermodynamics [2]. After that, the heat waves were observed in low-temperature experi-
ments [3] and aroused people’s interest as well as controversy. In 1980s, the short pulse laser
experiment stimulated a lot of research and led to several relaxational [4], hyperbolic [5], or
lagging types [6] of models, which can be regarded as the generalization of Fourier law. The
above research focused on the distortion of ordinary heat transfer in short time scales. On the
other hand, the shrink of space scales caused another type of distortion and began to be
realized in the early 1990s, when sign of failure of Fourier law was perceived in thin dielectric
films [7]. The phenomena of anomalous heat transfer in small scale materials can be funda-
mentally understood through the kinetic theory of phonons, that is, the thermal conductivity
of dielectric materials can be formulated as [8, 9]

K= %Cw\ (2)

where C is the specific heat per unit volume, v is the average group velocity of phonon, and A
is the phonon mean free path (MFP). When the material size is much larger than MFP, the MFP
can be regarded as a constant and is dominated by the intrinsic phonon-phonon scattering and
phonon-defect scattering rates. Therefore, the thermal conductivity is independent on the
system size. In contrast, when the material size reduces to comparable value with the MFPF,
the phonon-boundary scattering becomes considerable. In this condition, the smaller system
size induces higher boundary scattering rates and consequently shorter effective phonon MFP.
By using Eq. (2) one figures out the reduction of thermal conductivity of nanomaterials.

The reduced thermal conductivity of nanofilms is a disadvantage for the heat dissipation in IC
chips or semiconductor lasers. Nevertheless, it is an advantage for the thermoelectric devices.
Experiments showed that the silicon nanowires have very high figure of merit (ZT) [10, 11]. The
nanocomposites also demonstrate considerable ZT benefiting from the nano-sized superlattice or
grains significantly scatter the phonons and reduce the effective thermal conductivity [12, 13].
Therefore, a lot of effort has been made to fabricate materials with ultra-low thermal conductiv-
ity through nanotechnology with the target at high ZT for the applications in advanced heating
and cooling, waste heat recovery [14], as well as solar thermoelectric generators [15].

Due to the fast growth of energy-related nanomaterial synthesis and its transition from labo-
ratory to industrial applications, modeling the thermal conducting behavior in nanosystems is
in urgent need. Ideally, it should rise from a perspective of characterizing the fundamental
physics and approach to simply structured theory which can be conveniently used by engi-
neers. Nevertheless, this goal has not been satisfactorily achieved and current research is
paving toward it. The gray model proposed by Majumdar is a pioneer work in this path. It
predicts the effective thermal conductivity as [7]

Keff 1 1
Zett = 3
Ko 1+pf 1+pKn ©)

where «.s is the effective thermal conductivity, ko is the thermal conductivity of the bulk
material, L is the characteristic size of system, and f is a dimensionless parameter. Except that
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the temperature is much lower than the Debye temperature, the phonon scattering at most
engineering surfaces can be regarded as diffusive. In this case, it was derived that for the in-
plane heat conductivity of nanofilms, g = 3/8. For the cross-plane heat conductivity of nanofilms,
B = 4/3. For the longitudinal heat conductivity of nanowires, § can be selected as 4/3 [16]. Kn is
the Knudsen number, which is the ratio of MFP over L. Kn is actually a concept in gas dynamics,
and it is well known that rarefaction effects should be considered in high Kn situations [17].
Eq. (3) was derived from an analogy between photons and phonons as wave packets of energy.
Therefore, radiative transfer was assumed for phonons. It is easily found that Eq. (3) retreats to
the Fourier law when the system size is much larger than MFPF, that is, at the bulk limit. When the
system size is comparable with the MFP, Eq. (3) delineates the size dependency of thermal
conductivity. However, along with the progress in measuring the thermal conductivity of thin
silicon films [18-21], the accuracy of Eq. (3) was questioned. It was claimed that the MFP of
monocrystalline silicon should be around 300 nm to match the experiment results [19], while the
value based on Eq. (2) is around 42 nm. Chen et al. [22-24] proposed that the phonon MFPs of
single-crystal Si at room temperature should be 210-260 nm considering that the phonons of
different frequencies contribute differently to the heat conduction. This amendment partly
resolves the inaccuracy of gray model. However, it still exhibits considerable deviations to
predict the experiment value of nanowires [25]. McGaughey et al. [16] developed a model which
accounts the full dispersion relation and the directional dependent scattering chances with
surfaces. This model matches well with experiments for nanofilms, while still overestimating
the experiments for nanowires.

The phonon hydrodynamics [26-31] is another pathway to model the nanoscale heat con-
duction. It originates from the solving of linearized Boltzmann equation. An additional term
representing the second order spatial derivative of heat flux, qu, is involved in the
governing equation of heat conduction. Since the heat flux is similar to a fluid flow flux,
V?q is in analogy with the viscous dissipation term in Navier-Stokes equation for fluid
mechanics. Therefore, the heat flux could be nonuniform in the heat transfer cross-section
due to the drag from the boundary, forming a Poiseuille flow of heat. This behavior induces
the terminology of “phonon hydrodynamics.” The analysis based on phonon hydrodynam-
ics indicated the effective thermal conductivity of nanosystems should be inversely propor-
tional to the square of Kn due to the nonuniform distribution of heat flux profile. However,
the experiments indicated that the effective thermal conductivity is approximately linear to
the characteristic size rather than the square of size. It is thereby further elucidated that the
boundary velocity slip would happen in case of large Kn [29, 31]. By introducing the slip
boundary condition into the governing equation, the linear size-dependent effective thermal
conductivity can be achieved. The drawbacks of present phonon hydrodynamics analysis
are: 1. The arbitrary in choosing the style and parameters of slip boundary condition. 2. The
deviation from the physical picture of original derivation of Boltzmann equation, where it
was the normal (N) scattering processes that induced the second order spatial derivative of
heat flux. The present phonon hydrodynamic models just simply use the MFP of resistive (R)
scattering processes as the parameter of qu.

Upon the abovementioned progresses and their defects, the development of better models charac-
terizing heat conducting in nanomaterials should base on capturing the essential feature of its
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physics. In recent years, the thermomass theory has been developed in our group, which proposes
a mechanical analysis framework for heat transfer [32-35]. The generalized heat conduction
governing equations are established based on such analysis. In the following sections, we will
present the application of thermomass theory in nanomaterial heat conduction. The size depen-
dency of thermal conductivity, thermal rectification, and thermoelectric effects will be addressed.

2. Thermomass theory

In history, the nature of heat was regarded as either a fluid, that is, caloric theory. The caloric
theory regards heat as a weightless, self-repulsive fluid. In the eighteenth and the first half of
nineteenth centuries, the caloric theory was the mainstream theory. It was extinct after the mid-
nineteenth century and replaced by the dynamic theory that the nature of heat is the random
motion of particles in a body. In twentieth century, Einstein’s relativity theory introduced the
well-known mass-energy equivalence relation, E = mc?, where c is the speed of light. According
to this theory, the thermal energy should correspond to a certain amount of mass. To illustrate
his theory, Einstein elucidated “a piece of iron weighs more when red hot than when cool”
[36], which means the adding of the thermal energy into material, that is, raise its temperature
and at the same time increase the mass. The mass increase induced by heat was defined as
“thermomass,” which is very small in ordinary conditions. For example, the thermomass of Si
at room temperature is 10~ '? of the total mass. Such small amount of mass is negligible when
dealing with the dynamic problem, like movement and balance of the body. However, the heat
conduction is the movement of thermomass itself relative to molecular or the lattice. It is
driven by the pressure gradient induced by the concentration difference of thermomass among
the materials. The forces and inertia of thermomass are comparable and lead to the limited
acceleration and drift velocity of it. The advantage to bring in the concept of thermomass is
that the analysis of heat conduction can follow a mechanical framework. The corresponding
forces, velocities, accelerations, and momentums can be properly defined.

Consider the dielectric solids, the phonons are the main heat carriers. In this case, the internal
energy per unit volume, ¢, is the summation of all phonon energies [9]

e=CT=(Q2m) >y J [ha"f" (k, x, £)]d°k

! 4)
=Y Lhw”f” (k,x, )

where 7 is the reduced Planck constant (Dirac constant), w is the phonon frequency, k is the
wave vector, and n denotes the index of phonon branches. f is the phonon distribution func-
tion. In equilibrium state, f obeys the Bose-Einstein distribution

-1

fo = [exp(hw/ksT) — 1] ©)

where kg is the Boltzmann constant. The density of the thermomass, that is, the equivalent
mass of the phonon gas, is obtained by using the Einstein’s mass-energy equivalence relation



Thermomass Theory: A Mechanical Pathway to Analyze Anomalous Heat Conduction in Nanomaterials
http://dx.doi.org/10.5772/67780

CcT

Pmm = 2

(6)
It should be reminded that the frequently used expression for thermal conductivity of phonon
systems, Eq. (2), is from the analogy between gas and heat carriers. The scattering of phonons
induces resistance on heat transport. Generally, the scattering accounted for thermal resistance is
the R processes, including the Umklapp scattering, defect scattering, and boundary scattering.
These scattering events eliminate the quasi-momentum of phonons. The MFP defined in Eq. (2)
refers to the traveled distance of a phonon between succeeding R scatterings. However, in ideal
gas systems, the collision among gas molecules does not perish the momentums. Therefore, the
R processes of phonons are more resemble to the collision of gas molecules to residential barriers.
It is the case when a gas flows through a porous medium. The collision frequency between gas
molecules and material skeleton determines the resistance experienced by the gas flow. In the
porous flow, the Darcy’s law describes the effective flow velocity is proportional to the pressure
gradient

ux—Vp @)

The pressure gradient can be regarded as the driving force of flow. From a viewpoint of force
balance, the driving force is actually balanced by the friction force. Thereby Eq. (7) essentially
depicts that the friction force is proportional to the flow velocity. It is a general case in laminar flow.

In analogy to the gas flow in porous medium, the velocity of thermomass is defined as

-1
UtmM = CT (8)

The mass and momentum balance equations of thermomass can be derived as [32-34]

0
paiM + V- (prytirm) =0 ©)
ou
PTM% + (prvttnv - V)ur + Vpry = fry (10)

where pr\ is the phonon gas pressure, and fry is the friction force impeding the phonon gas.
Eq. (9) gives the energy conservation equation by applying Eqs. (6) and (8). Eq. (10) character-
izes the heat transport, which is the motion of thermomass through the materials. To obtain the
explicit heat transport governing equation, the pressure and friction terms need to be deter-
mined. If the phonons are viewed as moving particles with finite mass, the pressure of them
can be derived by accounting the momentum change when these particles hit and rebound
from a unit area of the container surface, in analogy to the kinetic theory of gas. In a result, the
pressure of phonon gas can be expressed as

1v2 1
Prm = gc_;gCT = §V§PTM (11)

where v is the group velocity of phonons. For bulk material, the friction experienced by
thermomass can be extracted from Eq. (7). When discussing the nanosystems, the boundary
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effect needs to be considered. The Darcy’s law for porous flow was extended to Darcy-Brinkman
relation when the boundary effect is nonnegligible [37, 38]

—Vp = %u — uViu (12)

where y is the viscosity, K is the permeability with a unit of m”. Eq. (12) indicates that the boundary
slip velocity attenuates from the boundary with a characteristic length of K2 to the uniform
velocity in the porous medium. The introducing of a second-order spatial derivative term also
makes Eq. (12) the same order as the governing equations for free flow. In the steady flow, the
driving force is balanced with the friction force. Following the form of Eq. (12), when the boundary
effect is considered, the friction of thermomass can be formulated as

frn = —XPrytirm + fay Vit (13)
where x is the friction factor. The permeability of the thermomass in heat conducting medium is

Ky = 1M (14)
XPt™m

In large systems, the boundary effect is negligible. Then, Eq. (13) reduces to the Darcy’s law
with the first term much more important than the second term on the right hand side.

When the spatial gradient and changing rate of physical quantities are not significant, the first
and second terms in Eq. (10) can be neglected. In this case, Eq. (10) exhibits the balance between
driving force and friction force. The heat conduction is steady in such a nonequilibrium system.
Combining Egs. (13) and (10) leads to

xq=-V (; véCT) (15)

For the simplest case, vy and C are assumed to be temperature independent. Then, Eq. (15)
actually gives the Fourier law with

X= VéC/3K (16)

When the boundary effect is considerable, the second term in Eq. (13) needs to be accounted. In
this case, the combination of Egs. (13) and (10) gives

—kVT = q - Vg 17)

where [ equaling to the square root of Ky is a characteristic length.

Eq. (17) is a generalization of Fourier law when boundary effect needs to be considered. It
predicts the reduction of effective thermal conductivity in nanosystems by the additional resis-
tance term. When the system size is bigger, the spatial gradient of g is smaller. Thus, ¢ increases
with the system size growing larger. Nevertheless, to quantitatively predict the size dependency
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of k¢ and compare it with experiments, the exact value of /g needs to be determined for certain
material. The thermal conductivity is a macroscopic physical quantity, which is usually obtained
by experiments. Similarly, with plenty of experimental data, the value of thermomass permeabil-
ity and g could be evaluated. However, nowadays the experiments in nanosystems are still
expensive and have large uncertainty. Therefore, in the following, a bottom-up strategy, namely,
raising from microscopic phonon properties, is used to extract the value of I.

3. Phonon Boltzmann derivation
For dielectric solids, the Boltzmann equation describes the evolution of phonon density of state
as in Ref. [26, 27]

Df(k,x,t) = Cf (k,x,t) (18)

where D is the drift operator and C is the collision operator. Eq. (18) indicates that the phonon
gas can freely drift without the disturbance of collision. The drift operator is

Df(k,x,t) = (%4— Vi V)f” (19)

where vy is the phonon velocity in one Cartesian direction. The collision, such as the phonon-
phonon scattering, reshapes the phonon distribution function. In phonon theory, the collisions
can be sorted to R and N processes. The R processes break the phonon quasi-momentum, while
the N processes conserve it. In this sense, the collision operator can be simply formulated as

ik, =10 T_Rf : +L>T;f : (20)

where 7 and Ty are the characteristic relaxation time between succeeding R and N events. f; is
the equilibrium distribution given by Eq. (5), fp is the displaced distribution

B 1
fo= exp[(hw — hik - up) /kgT] — 1

@)

where up is the drift velocity of phonon gas. Eq. (20) illustrates that the R processes tend to
bring fback to f;, while N processes tend to bring f to fp.

If f can be approximated with fp, a solution of Eq. (20) can be obtained with a second-order
Taylor expansion of f5 around fy and then integrating [33]
og, 15 a4 1

2 q;
Wi Dy I ey i )
o T16" e 3%V = (22)

If the friction force in Eq. (10) only has the first term, which is linear to the thermomass velocity,
Eq. (22) is identical to Eq. (10) except the coefficient 15/16 in ahead of the second term on the
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left hand side. This difference is caused by the Doppler Effect during the drift motion of
phonon gas. From this perspective, the phonon gas is slightly different from the real gas. The
phonon energy varies due to the dispersion, causing the “eclipse” of the convection term. In a
nondispersive medium, the frequency is independent of k. Then, Eq. (22) is consistent with
Eq. (10). Nevertheless, the second-order spatial derivative term, like in Eq. (17), is dismissed. In
nanosystems, the boundary condition should be considered in solving Eq. (18). For example, if
the boundary is completely diffusive, the drift velocity in Eq. (21) is dragged to zero. In this
case, the phonon distribution function is assumed to have the following form.

f=fo+venVfp (23)

It indicates that with the diffusive boundary, the N processes induce a deviation from fp, with
the relaxation length Ay = vy, i.e., the MFP of N processes. The additional term in Eq. (23)
gives a second-order spatial derivative term. By the integration of Eq. (18), one gets

. 1 i
i+—5vjqeq]+

2
2ror 9 ™NYg oo
5 T 16 v, CV,T = + Vg

1
38 TR 5 J

(24)

Keep in mind that the thermal conductivity in bulk limit is expressed by Eq. (2), in steady state,
one-dimensional heat conduction case, Eq. (24) can be simplified to

fKVT:quR;\N

V2 (25)

Eq. (25) can be regarded as the first order Chapman-Enskog expansion [17] of the phonon
distribution function. In fluid mechanics, the viscous term in Navier-Stokes equation can be
derived from the first order Chapman-Enskog expansion of the state distribution function of
fluid molecular. Without the Chapman-Enskog expansion, the solution of Boltzmann equation
gives the Euler equation, which is the dynamic equation without the viscous dissipation. This
case happens when the interested region is far away from the boundary, or the boundary layer
thickness is negligible compared with the flow region, like the large Reynolds number flow
around the aircrafts. The difference between the thermomass flow and ordinary gas flow is that
the R processes causes residential friction forces to the flow, which makes the transfer diffusive.
In low temperature crystals, or low dimensional materials, such as graphene, the R processes can
be rare. Then the heat conduction will exhibit obvious hydrodynamic behaviors. Therefore,
based on the phonon Boltzmann derivation, the value of I in Eq. (17) can be determined as
152 = ARAN/5.

4. Phonon gas flow in Si nanosystems

Based on Eq. (25) we can calculate the effective thermal conductivity of nanosystems. The
silicon nanofilms and nanowires are investigated here because the experimental results are
available for comparison. The geometries of nanofilms and nanowires are shown in Figure 1.
The direction of heat conduction is in-plane for nanofilms and longitudinal for nanowires.
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(b)

Figure 1. Heat conduction in nanosystems. (a) In-plane nanofilm; (b) nanowire.

Assume the boundary is completely diffusive, i.e., the phonon gas drift velocity is zero on the
boundary. The solution of Eq. (25) for a nanofilm is [39]

B cosh(y/Ip)
90) = _KOVT[I a cosh(l/ZlB)} (26)
qdy
Kl = L— = xo[1 — 2Br - tanh(1/2Br)) (27)

—VTIl

where [ is the thickness of film and Br = I/] is the Brinkman number. The solution for nanowire is

_ Jo(iy/Is)
q(y) = —xoVT |:1 _](j)(llW] (28)
= (4Br)~*
: >
nw __ ](1/237’) _ = i"(t"—l)'
= w10 ] =1 Z“T) )
tt!

where [ is the diameter (thickness) of the wire and ] is the cylindrical Bessel function

AT 2
1= ()" S (30)

H(t +n)!

Egs. (26) and (28) show the heat flux is nonuniform at the cross-section. If the system size is
much larger than Ig, (y) tends to be constant. Then, the effective thermal conductivity renders
the bulk limit, «o. If the system size is comparable with Ig, 4(y) is significantly affected by the
boundary. Thereby, «. is strongly reduced.

The analytical derivation of Egs. (26)-(30) is based on the assumption that the Iz is con-
stant. However, in nanosystems, the phonon would scatter with boundary, which shortens
the MFPs. For the pure diffusive boundary, the scattering on boundary will terminate the
MFPs. It can be seen as the additional collision event into the ordinary scatterings. If
the boundary is located at r away from the originating point, the effective MFP of phonons
can be expressed as
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Aeff - T
/\_0 =1 exp( A0> (31)

In this way, the effective MFPs in nanosystems can be obtained by integrating over the sphere
angle. For nanofilms, the local value of MFPs is [40]

/\eff (y)
Ao

_1 +% [(a=1)e* + (B—1)e — &Ei(a) - B°Ei(B)] (32)

where a = (I/2—y)/Ao, B = (1/2+y)/A, and Ei(x) = flm t~le~%dt. For nanowires, we have

« cos 0+ /2/4 — y2sin20
Aetr(y) _ 1 J J {1 exp (_y [A-y )] sinpdgd6 (33)

Ao oo Agsing

Therefore, the MFPs are significantly shortened in nanosystems. It reveals that the boundary
has dual effects on heat conduction in nanosystems. First, the second spatial derivative of heat
flux, which represents the viscous effect of phonon gas, imposes additional resistance on heat
transfer due to the nonslip boundary condition. Second, the collision on boundary changes the
effective MFPs. This effect is similar to the rarefaction of gas flow in high Kn case. By account-
ing both the dual effects, the thermal conduction in nanosystems is described as

_ /\RA,eff (T) KoVT _ C](T) _ /\R,eff (r)SAN,eff(r) qu(r) (34)

R,0
It is worth noting that in fluid mechanics, the rarefaction is not necessarily happened at the
same time of viscous effect based on the Darcy-Brinkman relation. Consider the water flow
in porous material. The permeability of porous flow is determined by the size of pores,
which typically is in the order of micrometers. The MFP among water molecule is typically
subnanometer. Therefore, the square root of permeability differs much from the MFP.
The effects of Darcy-Brinkman boundary layer and rarefaction can be unconjugated. On
the other hand, if the fluid is replaced by gas, the MFP of fluid could be comparable to the
square root of permeability. In this case, the Darcy-Brinkman boundary layer and the rare-
faction should be considered simultaneously. For the phonon gas flow, the relative magni-
tude of Ag, Ay, and I decides the conjugation of boundary layer and rarefaction. Ag
represents the “size of pores” while Ay represents the viscosity of phonon gas. The bulk
limit is achieved when [ >> Ag and | >> An. If Ag >> [ >> Ay, the first term on the right
hand side of Eq. (34) is less important than the second term. The flow mimics a dense fluid
passing through a sparse medium. The boundary transmits momentum efficiently across the
flow region. The phonon hydrodynamics can be observed. If Ay >> [ >> Ag, the flow
mimics a dilute fluid passing through a dense medium. The velocity profile will be close to
linear. In this case, only the rarefaction effect needs to be considered. If Ayy >> [l and Ag >> |,
both the rarefaction and boundary drag affect the resistance on flow and need to be modeled
simultaneously.
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The numerical solution of Eq. (34) gives the effective thermal conductivity for Si nanofilms and
nanowires at room temperature, as shown in Figure 2. The physical properties are adopted as g
=148W/(m K) (standard experiment value for monocrystalline Si), Ag o =42 nm (according to the
direct calculation based on Eq. (2)), Ano = 360 nm. The predictions based on the gray model [7],
McGaughey model [16], and Ma model [31] are also presented in Figure 2. It shows the gray
model and McGaughey model overestimate the thermal conductivities. Ma model gives close
results to experiments. However, Ma model assumes a MFP of 210 nm, which is lack of physical
support. It also shows an unreasonable drop at D = 1000-2000 nm for nanowires. According to
Figure 2, our model achieves the best agreement with current available experiment and numer-
ical results.

(a) 150 (b) 150

Nanowire

Nanofilm

< 1001 T 100

4 X

|E IE

= =

= 50¢ < 50

0-+ T T 0 " "

10° 10° 10° 10°
Thickness (nm) Diameter (nm)

Figure 2. Effective in-plane thermal conductivities of single crystal Si nanosystems at room temperature. Bottom solid
line: present model (Eq. (34)); top solid line: gray model [7]; solid and circle: McGaughey model [16]; dash line: Ma model
[31]. (a) Nanofilm. Symbols E1-E4 are experimental results from Refs. [18-21]. (b) Nanowire. Square is experimental
results from Ref. [25]. Triangle is numerical results from Refs. [41, 42].

5. Thermal rectification in nanosystems

Thermal rectification refers that the heat conduction in one direction of the device leads to
higher heat flux than following the opposite direction, even though the same temperature
difference is applied. It currently raises much interest since the first experimental report by
carbon nanotubes [43]. The thermal rectification effect is anticipated to realize thermal diode
[44], thermal logic gate [45], or thermal transistors [46, 47]. Though much effort has been paid
for searching useful mechanisms and realizing considerable rectification ratio, the ambitious
goal that controlling heat as electricity is still far away [48].

The mechanism of thermal rectification has been widely studied. It is found that various
effects can induce rectification, such as the different temperature dependences of the thermal
conductivity at the different parts of the device [49], the asymmetric transmission rates of
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phonons across the interfaces [50], and the temperature dependence of electromagnetic
resonances [51]. Here, another rectification mechanism is proposed through the thermomass
theory, following an analogy to fluid mechanics. In Navier-Stokes equations, the convective
acceleration term indicates when the fluid experiences speed up or slow down. Therefore, if
the cross-section area of a flow channel is changing (e.g. the trapezoidal channel), the flow
rate under the same pressure difference is different in the convergent direction or in the
divergent direction. In the convergent direction, the channel serves as a nozzle, which
accelerates the fluid and converts part of its potential energy to the kinetic energy. In the
divergent direction, the channel serves as a diffuser, which decelerates the fluid and converts
part of its kinetic energy to the potential energy. The acceleration of fluid increases the
velocity head and consumes the dynamic head of flow. Therefore, the total fluid flux in the
convergent direction will be less than that in the divergent direction. In terms of thermal
conduction, it means that with the same temperature difference between the heat source and
sink, the total heat flux in the wide-to-narrow direction is smaller than that in the narrow-to-
wide direction, which is the thermal rectification. Nevertheless, it should be stressed that for
a flow channel with large angle of divergence, the flow separation could happen when the
fluid velocity is high. In case of flow separation, the effective resistance of the diffuser will be
much increased. It may cause the total heat flux in the wide-to-narrow direction larger than
that in the narrow-to-wide direction, that is, the reverse of rectification.

In steady state, the generalized conduction law, Eq. (10), can be reformulated as

9:4

.ej —xVT =g, - 5V%q (35)

—TRV]'

The difference between Egs. (35) and (25) is the additional convective term, —trV;q;q;/e. The
first term on the left hand side mimics to the spatial inertia term in fluid mechanics. It
induces rectification effect. Consider a trapezoidal material with heat conducting through
the symmetry axis, as shown in Figure 3. The thickness of the material is H; the widths at the
narrow and the wide ends are Ly and Ly, respectively, and the separation between these
ends is L. If L is much larger than Ly and Ly, the heat conduction can be assumed as quasi-
one-dimensional. The mainstream of heat flux is in the x direction, g, >> g,. The total heat
flux (Q) at each cross-section perpendicular to x direction is constant. Due to the boundary
friction, the Laplacian of g, in the y direction is much larger than in the x direction. Then, the
x component of Eq. (35) is

oT 04 , O , O
Ka—qx<1+TRaC—?}) 7lBa—y2qx:qx(1+CR)lewqx (36)
where Cg consists of two terms
0 T
Cr = TR 07,  Trq,OT (37)

 CTox CT? ox
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Figure 3. Trapezoidal nanoribbon for demonstrating thermal rectification.

The sign of the first term of Cr will be positive for the heat conduction in a convergent channel,
which means the acceleration of heat flux creates additional effective resistance, and reduces
the total heat flux. Oppositely, heat conduction in a divergent channel will increase the total
heat flux. The second term of Cr will not change sign with the direction of heat transport. It
characterizes the acceleration due to density variation since thermomass is compressible. It is
insignificant except for the case of ultra-high heat flux [52].

To enhance the thermal rectification, the directional sensitive part in Eq. (36) should be ampli-
fied over the directional non-sensitive part. If the diffusive boundary condition is replaced
with slip boundary condition, or the system size is large compared with the boundary layer,
the Laplacian term of heat flux can be neglected. In room temperature, the second term of Cr is
usually much less than the first term. In this case, Eq. (36) can be simplified to

oT _ TR qu

Consider a silicon ribbon with the average temperature 300 K. Assume that H = 1000 nm,
L =300 nm, Ly = 300 nm, L,, varies from 300 to 2000 nm. The relaxation time 7y is set as
1.5e—10s based on experimental results [53]. The temperatures on both ends are 330 and
270 K, respectively. By numerically solving Eq. (38), we can get the rectification ratio
(defined as the thermal conductance in narrow-to-wide direction over that in the opposite
direction), as shown in Figure 4. It shows that the rectification ratio grows with L, from
zero to a considerable value of 32.3%. This value is large enough to construct thermal diode
or thermal logic gate.
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Figure 4. Thermal rectification ratio depending on L,, of the trapezoidal silicon ribbon.

6. Thermoelectricity of nanosystems

The ZT for nanomaterials could be much enhanced [10-13]. The mechanism of such enhance-
ment can be that the nanostructures reduce the thermal conductivity by strong phonon-
boundary scattering while maintaining the electrical conductivity. Although a lot of work has
been done in searching high ZT materials through nanotechnology, the thermodynamic anal-
ysis and the role of nonlocal and nonlinear transports, which are highly possible to happen in
nanosystems, are not fully discussed [54, 55]. In recent years, the nonlocal effects raised by the
MFP reduction due to geometry constraint [56], the electron and phonon temperature [57], and
the breakdown of Onsager reciprocal relation (ORR) [58, 59] in nanosystems have been inves-
tigated from the framework of extended irreversible thermodynamics (EIT). These works
showed that the nonlinear and nonlocal effects influence the efficiency of devices. The break-
down of ORR not only possesses theoretical importance but also shed light on approaches to
further increase efficiency.

Here, we analyze the thermoelectric effect from the thermomass theory perspective. There
could be various effects when the individual motion of phonon gas and electron gas is
separately considered. The most apparent one is the energy exchange between phonons and
electrons [60]. In a one-dimensional thermoelectric medium, the conservation of energy gives

Vg—IE=0 (39)

where [ is the electrical current and E is the electrical field. IE equals the adding or subtracting
rate of thermal energy. Dividing Eq. (39) by ¢ illustrates that the electrical current performs as
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the mass source or sink of thermomass. The nonconservation of mass brings additional term in
Eq. (10). In steady state, we obtain the governing equation of thermomass momentum as

(PTM”TM : V)”TM +utmV - (PTM“TM) + Vorm = frm (40)

The second term on the left hand side is nonzero because of the energy conversion. It increases
the spatial inertia of thermomass. For simplicity, we do not consider the Brinkman extension of
the friction force and assume the material cross-section is constant, and then Eq. (40) turns to

oT
—r==q,(1+ Cr) (41)

where

. ZTRI _ Tqug

CR=crE -2 or

(42)

Compared with Eq. (37), the first term of Cr has a coefficient 2 because of the energy exchange
between phonons and electrons. The electrical current couples with the heat flux and induces
additional spatial acceleration force on the thermomass flow. This inertia increase is insignifi-
cant in ordinary conditions due to the small value of 7. It could be considerable in case of
strong power thermoelectric convertor with large electrical current and intense electrical field.
Neglecting the second term of Cg, it can be derived that the effective thermal conductivity and
Seebeck coefficient change to

K =(1+Cr) 'k (43)

S=(1+C)'S (44)

Since ZT is S’0/xT, the effective ZT is (1 + Cg) "' of the original one without considering the
inertia effect of thermomass. Therefore, when IE > 0, the electrical energy converts to thermal
energy. It is typically the case of thermoelectric cooler. The heat flux is additionally impeded.
The ZT is decreased. When IE < 0, the temperature gradient drives electric current. It is
typically a thermoelectric generator. The heat flux is further pumped, and the effective ZT is
enhanced. The inertia effect could be beneficial for a higher ZT of the device in this case.

7. Conclusion

In this chapter, we present a mechanical analysis on the thermal conduction in nanosystems
with the thermomass theory. Firstly, the boundary resistance in nanosystems on heat flow is
modeled with the Darcy-Brinkman analogy. The permeability of thermomass in materials is
derived based on the phonon Boltzmann equation. The size-dependent effective thermal
conductivity of Si nanosystems thereby is accurately predicted with the present model.
Then, the spatial inertia effect of thermomass is shown to induce the thermal rectification in
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asymmetry nanosystems. The predicted rectification ratio can be as high as 32.3% in a

trapezoidal Si nanoribbon. Finally, the energy conversion in thermoelectric devices can be
coupled with the spatial inertia of thermomass flow. The ZT tends to be increased in case of a
thermoelectric generator.
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Abstract

Surface nanomechanics of biomolecules and supramolecular systems is an interdisci-
plinary and vital area of current research, with implications/applications spanning from
synthetic biology to regenerative medicine, from smart surfaces to molecular machines.
Biomolecule surface transformations and nanomachinery arise upon “wiring” them
onto surfaces and interfaces. Surface confinement of biomolecules is a common feature
of biological systems (e.g., cell membranes) and often a mandatory step for translating
their properties into real-world applications (e.g., biosensors). On surfaces biomolecules
undergo peculiar transformations and interactions which they do not experience in solu-
tion. Such unedited effects open challenges in synthetic systems, for example, by altering
or hindering the designed/expected property, but also disclose a wealth of opportunities
and surprises. Based on our latest research, this chapter will bring fresh excerpts from
the field. It will start with an accessible description of thermodynamics of surface nano-
mechanics of biomolecules and supramolecular systems and then will show how it can
be implemented to gain understanding of grow factor cell signaling, to single out small
ligands able to inhibit protein misfolding, to measure energetics of surface confined fer-
ritin during iron loading, and to realize a universal probe for ammine-based designer
drugs.

Keywords: molecular transformations, surface, nanomechanics, nanomechanical
sensors, grow factors, ferritin, abiotic supramolecular receptors, designer drugs

1. Describing and probing molecule collective surface nanomechanics

The section introduces the description of surface molecule transformations by classical inter-
facial thermodynamics. This will be helpful to better grasp the working principle of nanome-
chanical sensors, which will be presented in the next subsection. Nanomechanical sensors are
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90 Nanomechanics

the basic technology used to probe and quantify molecule collective surface nanomechanics.
The level of the treatment is kept concise and accessible to a wide readership; those interested
in the throughout treatment are redirected to Refs. [1-3].

For simplicity, let us restrict to the case of a solid supported monolayer of proteins that can only
switch between two conformational states, A and B. The switch from A to B can be directed
by changing the electrolyte (salt) molar concentration of the solution in which the system is
immersed. This changes the amount of ions bound to the protein and the Debye-Hiickel screen-
ing of the charge interactions on the protein, which in turn trigger the exposition to the solution
of peptide groups that were buried in conformation A, driving the protein into conformation B.

With the visual help of Figure 1, it can be intuitively seen that the switch from state A to state
B involves a change of the in-plane interactions between the proteins, because the switch is
intertwined with several nanoscale and subnanoscale changes, such as intermolecular dis-
tances, surface charge and monolayer thickness. This can be thermodynamically described
by an additional surface work that accompanies the surface transformation with respect to
the same transformation occurring in “free” solution. In particular, it can be shown [2, 3] that
the surface standard molar Gibbs energy, A G, of the surface switch from state A to state B is
composed by the sum of an excess surface work, w’, and the molar Gibbs energy of the same
transformation occurring in bulk solution, A G:

MICROCANTILEVERS
Vil !

CONAMORE

a b

Figure 1. Working principle of nanomechanical sensors in the representative case of a solid supported monolayer
of proteins switching between state A (left images) to state B (right images) upon binding to cations. The switch
drives the overall variation of surface tension Ay, triggered at the nanoscale by the change of in-plane interactions
between proteins.



Surface Nanomechanics of Biomolecules and Supramolecular Systems
http://dx.doi.org/10.5772/intechopen.68293

AGl= AGI+W (1)

0
In addition, W’ can be further detailed as [2, 3]

We = == 2

where Ay is the thermodynamic surface tension, for simplicity hereafter referred as surface
tension, that gathers both the mechanical, Ao, and electrostatic, »*, contributions, and I is the
surface density of proteins in state B. From a (nano)mechanical view point, one can say that
Ay exerts a surface stress on the surface that supports the molecular monolayer or thin film.

The above considerations and equations have general validity. Molecular transforma-
tions, recognition, binding and nanomachinery at a solid-liquid interface involve nano-
mechanical work with point of application at the surface. This arises from a very complex
co-operative action of electrostatic, steric (hydration) and thermal fluctuation (entropic)
forces triggered by the transformation that macroscopically appear as a variation of the
surface tension, or the applied surface stress. The nature of the forces is determined by the
specific solid-solution interfacial environment, that is, by the molecules and their bind-
ing partners, the molecule surface density, the solution composition and ionic strength,
the solid surface and modification chemistry, the solid geometry and nanostructure, and
so on. This phenomenon is leveraged by static nanomechanical sensors [4]. In particular,
the molecular transformations confined on the sensor surface cumulate and perform an
overall surface tension change in the order of mN/m [2] that can be probed and translated
by tensiometric techniques such as contact angle [5] or microcantilever (MC) beams [6], as
sketched in Figure 1.

The working principle of MC biosensor is quite simple: the MC surface is functionalized
with a receptor that can selectively bind the target species. Adsorption and binding site
interactions of the targets change the mechanical response of the MC system (because of
the surface stress generated by changes in Gibbs free energy), providing the transduction/
sensing mechanism. CONAMORE (COntact Angle MOlecularREcognition) technique is
based on the sessile drop contact angle principle. When a droplet containing the target
species is placed onto a solid surface functionalized with a receptor, it reaches equilibrium
with the surface and the surroundings under the action of the interfacial tensions at the
contact line at which drop, surface, and surroundings meet, forming a definite contact
angle [5].

The variation of the overall surface tension Ay can be directly determined by CONAMORE
measurement, where the molecular transformations can be univocally associated with the
differential of the solid-solution interfacial tensions of the systems represented in Figure 1a
and b. In case of MC experiments, Ay can be easily calculated through the relation between
Ay and MC deflection, Az, given by the Stoney equation [7]:

_ __AzZEP
AY = T (3)
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where Az is the cantilever deflection (with the z axis individuated by the unitary vector nor-
mal to the top surface of the cantilever base, i.e., Az< 0 for a downward cantilever bending), E
is the cantilever Young’'s modulus, f is the cantilever thickness, L is the cantilever length, and
v is the cantilever Poisson’s ratio.

Application of nanomechanical sensors to biosensing has become in the last 15 years a break-
through in biochemistry, life science and medicine, depicting how nanomechanics and biology
can grow together [6, 8, 9]. Research in this direction is growing substantially after the milestone
work of Fritz and coworkers in 2000, in which they report the specific transduction driven by
the surface stress change of DNA hybridization without reported labels [6]. Several experiments
have been successfully performed afterwards, revealing DNA hybridization and DNA switch
[10-12], detecting proteins and antibodies [5, 13, 14], single virus particles [15] or bacteria [16].

2. Surface nanomechanics of biomolecules

2.1. Role of nanomechanics in the activation of cell membrane growth factors

Ligand-receptor protein interactions are a fundamental mechanism for every biological system,
in both physiological and pathological conditions. In particular, the interaction between cell
membrane growth factor receptors and their key ligands plays an important role in different
processes, including cancer [17]. The growth, survival, and metastatic spreading of solid tumors
strongly depend on the formation of a novel vessel network (tumor angiogenesis), making the
pro-angiogenic molecular machinery a target for new strategies in cancer therapy [18, 19]. This
approach requires to disentangle the complex array of transduction signals activated by the
interaction of pro-angiogenic growth factors with their cognate cell membrane tyrosine kinase
receptors [20].

In view of this, a nanoliter CONAMORE assay was assessed to investigate the interactions of
the vascular endothelial growth factor receptor-2 (VEGFR2), which is the major pro-angio-
genic receptor expressed by endothelial cells [21], with the canonical ligand VEGF-A, which is
the major pro-angiogenic factor of the VEGF family. The activated complex has a crucial role
in physiological and pathological angiogenesis through distinct signal transduction pathways
regulating endothelial cell survival, proliferation, migration, vascular permeability, tubulo-
genesis, and gene expression [22].

The CONAMORE assay scheme and working principle are sketched in Figure 2. The rec-
ognition between the VEGF-A ligand at nanomolar concentration and the surface confined
VEGFR?2 was characterized in different scenarios: in the presence of noninteracting proteins,
in competitive binding experiments and testing the detection of binding of small peptide
ligands to VEGFR2 [23]. In particular, the VEGFR2/VEGFA recognition was clearly detectable
in the presence of a ten-fold molar excess of an unrelated protein (1.0 uM BSA) and com-
bined with irrelevant immunoglobulins. It was also distinguished from the nonspecific inter-
actions occurring after denaturation of the receptors. The specificity and robustness of the
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Figure 2. Scheme of the CONAMORE assay in sessile drop configuration for quantification of the nanomachinery of
VEGF-A/VEGEFR?2 surface recognition. (a) Initial state with ligands free in solution. (b) Ligand-receptor recognition
equilibrium.

technique were confirmed also by a competition experiment, where the interaction VEGF-A/
VEGFR2 was suppressed by a neutralizing anti—-VEGF-A antibody, and by a successful detec-
tion of an interaction between VEGFR2 and a low molecular weight (LMW) molecule (2k
Dacyclo-peptide).

These preliminary studies set the basis to investigate the role of nanomechanics in the activa-
tion of cell membrane growth factors [24]. We started from observations that identified the
bone morphogenic protein-antagonist gremlin as a novel pro-angiogenic ligand of VEGFR?2,
distinct from canonical VEGFs, increasing the complexity of extracellular interactions involv-
ing this receptor [24].

VEGF-A/VEGFR2 and gremlin/VEGFR2 surface recognition were first characterized by
Surface Plasmon Resonance (SPR) spectroscopy, which is a gold-standard mass-based bio-
sensor [25]. The SPR isotherms of VEGF-A and gremlin overlapped, demonstrating that a
similar number of VEGF-A and gremlin molecules interacting with VEGFR2 (VEGF-A and
gremlin have very close masses). But, to the contrary, we found the interactions significantly
differentiate in terms of binding kinetics and in-plane intermolecular forces, suggesting
that the binding of VEGF-A or gremlin induces different VEGFR2 conformational changes
and/or clustering in respect to gremlin. Such nanomechanical differences resulted exactly
mirrored and supported by the in-vitro experiments. In fact, we showed that VEGF-A trig-
gers a more rapid receptor clustering and a more potent biological response in endothelial
cells with respect to gremlin. The key nanomechanical experimental and results are sum-
marized below.

The SPR dose-response experiments were repeated with CONAMORE, by exploiting the fact
that with CONAMORE technique is possible to perform the nanomechanical sensing on the
same chips used for SPR experiments. Figure 3a shows the typical binding curves obtained
by plotting Ay, as a function of ligand concentration. In view of the SPR data, the extent
of binding of VEGF-A and gremlin matches at any concentration. Therefore, the isotherms
indicate that for the same extent of binding to surface-immobilized VEGFR2, VEGF-A exerts
a Ay, (blue dots) that is two- to fivefold higher than the Ay, exerted by gremlin (red reverse
triangle). At 100nM, Ay is (8.3 +2.1) mN/m and (3.7 £ 0.4) mN/m for VEGF-A and gremlin,
respectively. Remarkably, these values are consistent with MC measurements of cooperative
surface mechanical work performed by protein conformational changes [26].
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Figure 3. Results of VEGF-A/VEGFR2 and gremlin/VEGFR?2 surface recognition. (a) CONAMORE binding isotherms of
VEGF-A (blue circles) and gremlin (red reverse triangles) with VEGFR2 immobilized on surface. (b) Normalized Ay,
binding isotherms.

Figure 3b shows the normalized Ay, isotherms and the resulting fitting curves with a
Langmuir-like equation for monovalent binding. It is possible to estimate an apparent equilib-
rium constant that explains the nanomechanical aspects of ligand/VEGFR2 surface recognition,
named surface nanomechanical affinity, K”mech, and its reciprocal, K¢ mech = 1/K? mech, named sur-
face nanomechanical dissociation constant. The VEGF-A isotherm features a sharply steeper
rise with respect to the gremlin one, indicating a significant difference in terms of K/ mech. This is
supported by the fitting results, which give k! mech = (2.0+0.7) nM and K; mech = (32+9) nM, for
VEGF-A and gremlin, respectively. Thus, VEGF-A has about 16-fold higher surface nanome-
chanical affinity for VEGFR2 with respect to gremlin.

2.2. Nanomechanics and protein folding disorders

Protein conformational changes are a key event in protein’s activity, and their characteriza-
tion is a central goal of biology. Several diseases arise from protein misfolding, in which
the misfolded protein self-associates and becomes deposited in amyloid-like aggregates in
diverse organs, inducing tissue damage and organ dysfunction.

Beta2-microglobulin (32-m) is a key protein acting in the onset of the dialysis related amyloi-
dosis (DRA), that is a severe complication occurring in patients subjected to chronic hemodi-
alysis, where insoluble and toxic 32-m amyloid deposits (fibrils) localize in the skeletal tissues
[27]. The fibrils formation follows a complex and still unclear mechanism, where protein con-
formational changes, among other factors, play a crucial role.

MCs biosensors are suited to probe protein conformational changes, as the biomolecular
transformation confined on MC surface can be directly translate in MC bending [6]. In par-
ticular, silicon MCs with ad hoc copolymer coating were employed to probe the effect of an
unfolded intermediate of 32-m, driven by pH changes, and in turn to single out within a pilot
set of LMW ligands the ones able to influence or even suppress such effect. The working con-
cept is presented in the cartoon in Figure 4.

The set of small ligands were selected in order to cover the most relevant scenarios: congo red,
a dye that probes fibril formation, speeds up the protein refolding kinetics and can abolish in
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Figure 4. Cartoon representing the effect of small ligands on 2-m conformational stability probed by MC sensors
during pH switch. In the top scheme, the pH switch between 8.0 and 1.5 induces a 32-m conformational change that
drives MC deflection. In the bottom scheme, the presence of small molecule ligands prevents the protein conformational
transformation and in turn MC deflection.

vitro fibril deposition [28], suramin, a urea derivative which also binds the protein but does
not interfere with its refolding and without antiamyloid activity [28], and a reference sulfo-
nated molecule that does not bind the protein, hereafter referred as nonbinder.

The pH switch, set between 8.0 and 1.5, drives the MCs functionalized with the native form
of 32-m to a mean differential deflection of Az= (-8 +2) nm (Figure 5 “no ligand”). To test the
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Figure 5. Experimental MC results and related binding-conformational scenarios of incubation of 2-m with the selected
small molecule ligands. See the main text for the explanation.
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activity of the selected set of small ligands, the 32-m MCs were incubated ex situ in a 6 uM
solution of congo red, suramin or nonbinder (see Ref. [29] for the ligand concentration). Then,
the 32-m MCs system was exposed again to the pH switch. Figure 5 reports the results and
cartoons to explain the different binding-conformation scenarios. The 32-m MCs incubated
with congo red show no differential deflection (Az =0) after the pH switch. To the contrary,
2-m MCs incubated with suramin and nonbinder drive a deflection of about —10 nm, that is
compatible with the deflection of the native p2-m MCs. MC deflection therefore indicates that
only congo red is able to stabilize the f2-m in its native conformation and prevent the confor-
mational change upon the applied pH shift, while suramin and the nonbinder compound fail.
Remarkably, it is known that suramin binds to 32-m with the same binding affinity of congo
red (in order of 10° M) [29, 30], but only congo red exerts an in vitro antiamyloid activity [28],
matching the nanomechanical results.

These findings demonstrate how nanomechanical sensors can be an extraordinary platform
for the screening small ligands of proteins involved in pathological processes.

2.3. The nanomechanical side of ferritin iron loading

Sections 2.1 and 2.2 refer to nanomechanical biomolecular recognition driven by ligand-recep-
tor interactions and molecular switches, where deflection is determined mostly by biomolecu-
lar conformational changes. Instead, in the following section, the study of a class of proteins
with negligible conformational rearrangements is presented. In the particular case herein dis-
cussed, the surface energy change does not take origin from conformational changes, but is
related to the electrostatic interaction between the inorganic new-born nanocores in ferritin
cage proteins and other nonspecific short range forces, such as steric, bridging and depletion
forces. These findings give the first observation on the in-plane forces arising upon ferritin
iron loading confined at a solid-liquid interface [31].

Ferritin is a mineralization protein dedicated to the storage of intracellular free iron and per-
oxides, protecting the cell from oxidative damage [32]. Mammalian ferritin is made of 24
subunits that self-assemble in a 12 nm shell structure with an inner cavity of 8 nm in diameter
able to accommodate up to about 4500 iron atoms [33]. The potential application of ferritin
in the field of nanotechnology and nanomedicine [34], together with the rapid development
of novel nanomaterials [35, 36], increases the need to understand and control the properties,
interactions and iron loading activity of surface confined ferritin.

The rationale depicted in Figure 6 shows a ferritin-MC assay based on recombinant human
ferritin H chain (FTH) and a mutant without ferroxidase activity (Mutant). A thin film of
active FTH (green circles) is deposited onto a MC, which balances by bending the variation of
surface energy triggered by iron loading. A control MC is prepared by the surface function-
alization with the Mutant that is not able to take up iron in the experimental conditions (light
blue circles).

Figure 7a reports in dark gray line the absolute deflection of the MC modified with FTH
(FTH-MC), in light gray line the absolute deflection of the reference MC modified with the
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Figure 6. Cartoon depicting the ferritin-MC assay based on recombinant human ferritin H chain (FTH, green circles) and
a mutant without ferroxidase activity (Mutant, light blue circles). The variation of surface energy triggered by the iron
loading in FTH drives the FTH MC deflection, Az.

Mutant (ref-MC), and in red line the differential deflection between the two signals, Az.
Vertical arrows indicate a sequential injections of Fe(Il) solution necessary to reach a pro-
gressive iron loading and to limit the oxidation of nonloaded Fe(Il) on the outer structure
of the protein leading to Fe(IIl) precipitation. The presentation of Az signal reduces any
contribution to MCs deflection due to unspecific adsorption of Fe(II) and/or other compo-
nents of the buffer solution. The trend depicted in Figure 7a is confirmed by the bar chart
plot in Figure 7b that shows the mean equilibrium Az over 4 replicate MC (the error bars
represent the SD of the mean).The Az value reaches a plateau value at Az=(28.1+9.6) nm,
corresponding to a net tensile surface stress change, Ao = (6.0 +1.5) mJ/m? By further cal-
culation (see Ref. [31] for details) is possible to convert the Az value at saturation in in-
plane interferritin interactions force of about 40k, T at room temperature, coming along
the formation of iron cores. This value indicates long-lived van der Waals and electrostatic
interactions [37], consistent with reports on nanomechanical biomolecular recognition.
Finally, by building up a purely attractive model between the iron cores, described by van
der Waals (VDW) interaction potential, it comes out that the 40% of the measured energy
variation of the interactions can be ascribed to VDW attractive forces between the newborn
ferritin iron cores, and the remaining part ascribed to nonspecific short-range forces typi-
cal of biomolecule surface confined systems, such as hydration, steric, bridging and deple-
tion forces [37, 38].
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Figure 7. MC responses upon sequential injection of Fe(II). (a) Single MC deflection signals of: FTH-MC (dark gray line),
ref-MC (light gray line) and differential deflection (red line). (b) Mean differential deflection, Az, signals at equilibrium
at each injection step.

3. Breaking good. Probing designer drug family with a unique
supramolecular nanomechanical sensor

The systems presented in previous sections relate in general to biological systems and, in
particular, to interactions of biomolecules confined at solid-solution interface, neglecting the
large pool of available synthetic receptors. Nanomechanical sensors are limited, in fact, by
the availability of coatings that interact selectively with the target analyte. By introducing
the phosphonate cavitands as a versatile class of synthetic receptors [39] that are capable of
binding inorganic and organic cations [40, 41] as well as neutral molecules [42] is possible to
extend the surface nanomechanics to supramolecular systems.

Phosphonate cavitands are synthetic abiotic receptors (hosts) [39, 40, 43] with molecular
recognition properties that have been exploited in gas sensing [44], supramolecular poly-
mers [45, 46], surface self-assembly [47], and product protection [48]. They are specifically
designed to target small molecules bearing amino-functionalities via a synergistic com-
bination of weak interactions such as H-bonding, dipole-dipole, and CH-m interactions.
Probing small molecules bearing amino-functionalities is a key issue from both the funda-
mental and the applied sides. N-Methylated moieties, in particular, are present in a broad
range of biologically active compounds, from drugs [49] to cancer biomarkers [50] and
neurotransmitters [51].

In the Section 3.1, we will present the preliminary study toward the viability of cavitand-
MC nanomechanical sensors for probing small molecules bearing amino-functionalities. In
Section 3.2, we show how we implemented these results to realize a nanomechanical device
for label-free detection of amine-based illicit and designer drug in water.
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3.1. Alkyl ammonium series

Figure 8 sketches a label-free selective detection of N-methyl-ammonium salts in methanol
attained thanks to the use of MCs functionalized with tetraphosphonate cavitands. These
molecules are LMW species of a mass equal to or lower than 150 Da, differencing only by a
methyl group, which is 15 Da.

The bar chart reported in Figure 9a shows the mean value of the deflection peaks of MCs func-
tionalized with the cavitand. The highest interaction intensity is obtained when methylbutyl
ammonium chloride is injected, Az = (-80 + 10) nm. A comparable deflection is measured with
dimethylbutyl ammonium chloride and butyl ammonium chloride, with deflection values
of Az=(-55+6)nm, and the weakest response comes from trimethyl butyl ammonium chlo-
ride, Az=(-10 = 2) nm. The trend is confirmed also by independent ITC experiments shown in
Figure 9b. Deflection results can be read in terms of the applied surface stress driven by the
host-guest complexation, determined to be Ao =(-17 +2) mJ/m? for methylbutyl ammonium
chloride, and A¢ = (-12 + 1) mJ/m? for the interaction with dimethylbutyl ammonium chloride
and butyl ammonium chloride. The stress was much lower for the interaction between the
cavitand and the last guest, Ao =(-2+0.4) mJ/m* At the molecular level, the overall surface
stress is triggered by the interplay between host-guest complexation, cavitand desolvation,
and interface adsorption, as also suggested by the order of magnitude of Ag, which falls in the
range of intermolecular forces [52].
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Figure 8. Scheme of the detection of N-methylammonium salts by cavitand-functionalized MCs. (a) Cavitand-MC
architecture and (b) MC deflections driven by the different binding energies of N-methyl-ammonium salts and cavitands
complexation.
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Figure 9. Bar chart of (a) the mean value of the deflection peaks of MCs functionalized with the cavitand and of (b) the
mean value of K evaluated by ITC experiments.

3.2. Illicit and designer drugs

The next level application of the supramolecular nanomechanical device based on the com-
bination of tetraphosphonate cavitands and silicon MCs depicted in previous section can be
enrolled to the frontier of designer drugs identification.

Designer drugs pose serious challenges when it comes to recognizing them with the current
assays, which are tailored for identification of currently illicit substances but poorly effective,
or even useless, for novel designer drugs. Actually, designer variants, featuring minor modi-
fications with respect to an existing drug, show a different chemical composition and are cur-
rently not illegal in many jurisdictions. The cavitand-MC system overcomes this shortcoming
for methamphetamines, being capable to recognize the methyl-amine portion that is common
to the entire drug family [53].

Data reported in Figure 10 show the implementation of the cavitand-MC system on the
detection of ecstasy (MDMA), cocaine and amphetamine in the presence of an interferent,
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Figure 10. (a) Absolute deflection signal of cavitand-MC system upon injection of MDMA, Cocaine, Amphetamine and
Caffeine and (b) mean deflection signal referring to different replicates.
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such as caffeine. The different drugs drive MC responses with the same kinetics but dif-
ferent final equilibrium values (Figure 10a). Namely, the latter range from an average of
55 nm for MDMA and cocaine to 22 nm for amphetamine (with a 10% of uncertainty). The
surface stress generated by the interaction gives (in modulus) Ao =12 mN m™ for MDMA
and cocaine and Ao =5mN m™ for amphetamine, in fully agreement with several previ-
ously reported studies, all related to biomolecules, where it is reported that recognition
triggers 1 mN m™ <Ag< 50 mN m™ [26, 54-56]. Other common excipients used in drug for-
mulation, such as lactose and glucose, were investigated with the cavitand-MC system,
and both MDMA and cocaine are recognized with high fidelity in the presence of the
excipients [53].

Finally, the device was tested against a real “street” sample, containing 45% of 3-fluorometh-
amphetamine (3-FMA) and glucose as excipient. Signals reported in Figure 11 (as absolute
deflection curves in Figure 11a and related bar chart in Figure 11b) show the successful detec-
tion of the drug also directly in a real sample.

This research, that moves from advanced understanding of molecular recognition at the
solid-liquid interface to complement the analytical toolbox for small molecules bearing amino
functionalities, has broader horizons, including neurotransmitters and cancer biomarkers.
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Figure 11. (a) Absolute deflection signal of cavitand-MC system upon injection of the street sample at two different
concentrations and (b) mean deflection signal referring to different replicates.
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Abstract

This chapter presents the experimental investigation and numerical simulation of micro-
membranes supported by serial-parallel connected hinges. The micromembranes can be
used in optical applications or as the flexible mechanical element in radio frequency micro-
electromechanical system switches. A method to determine the micromembrane stiffness is
presented. Experimentally, the out-of-plane micromembranes deflection is performed using
an atomic force microscope. The dependence between deflection and the applied force gives
the sample stiffness. The flexible plate of micromembranes is directly deflected to substrate,
and the adhesion force is measured. The micromembranes are electroplated with gold, and
two series of the serial connected hinges are investigated. Each of them has different parallel
connected hinges. The experimental results of stiffness and adhesion force are compared with
analytical and numerical results. The presented method is also applied to determine the
stiffness of micromembranes supported by other types of hinges.

Keywords: micromembrane, stiffness, modeling, experimental investigation

1. Introduction

The micromembranes are microelectromechanical system (MEMS) components that accomplish
one double role of supporting other components, which are regularly rigid and of providing the
necessary flexibility in a microdevice that has moving parts [1-3]. A micromembrane has three
significant parts: the mobile plate that is moved in different planes in response of an acting signal,
the anchors that connect the flexible structures to substrate, and the hinges that connect the mobile

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc SN
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plate to anchors. Micromembranes have their thickness much smaller than in plane dimensions
and can be implemented in RF-MEMS switches, MEMS accelerometer, or in optical applica-
tions [3]. The micromembranes are mechanically characterized here by means of their stiffness.
Tribological investigations include the adhesion force measurement between micromembranes
and their substrate.

The reliability issue concerning on MEMS has been developed in recent years. First step to
understand MEMS reliability is to know the failure modes. The failure of a microsystem
depends on the behavior of integrated microcomponents. For different MEMS applications,
the mechanical flexible microcomponents are integrating on the same structure with electrical,
optical, thermal, or magnetic components. In such systems, a multiphysics interaction occurs
and the failure of one microcomponent means the failure of all system [4]. The flexible
mechanical microcomponents from a MEMS device, such as sensor or actuator, can be a
microcantilever, a microbridge, or micromembranes with different geometrical configurations.
These structure MEMS are sensitive from mechanical structure point of view to phenomena
like creep, fatigue, delamination, wear or adhesion [5].

Two of the main failure causes of micromembranes under large deflections are excessive stress
in hinges and the stiction. Stiction is one of the most important and unavoidable failure
problems of micromembranes under large deflection. Stiction is the adhesion of contacting
surfaces due to surface forces (van der Waals, capillary forces, Casmir forces, hydrogen bridg-
ing, and electrostatic forces) [6]. The restorative force (pull-off force) of a micromembrane from
substrate, opposite to the adhesion force, depends on the micromembrane stiffness.

There are several applications which include micromembranes as mechanical flexible compo-
nent. For example, in a pressure sensor, a capacitive micromembrane deflects when the pres-
sure is applied, changing the distance between electrodes and the capacitance. In optical
MEMS, the micromembranes are used as micromirrors supported by hinges with high mobil-
ity. In an interferometer, where the laser light brought into the sensor by optical fiber and the
light beam crosses a micromembrane, the deformation of micromembrane changes the light
properties, and different propagation speed can result in phase shift. Micromembrane surface
stress sensors from chemical and biological applications are fabricated from thin gold layer.
The molecular interaction between probe and target molecules generates a surface stress on
micromembrane. This surface stress causes the structural deflection of micromembrane which
generates the capacitance change in electrical sensing [4].

One important parameter characteristic to micromembranes is their mechanical stiffness. The
micromembrane stiffness is related to the geometry and material properties. Of micromembranes
that are connected by hinges to the anchors, their mechanical stiffness is given by the geometrical
and structural characteristics of hinges. Microhinges are utilized as joints in MEMS that provide
relative motion between two adjacent rigid links through elastic deformation. The geometrical
configuration of hinges has influence on the micromembrane response related to the mechanical
stiffness. Hinges are deformed in bending or torsion as a function of the applied force.

This chapter presents a study case of micromembranes supported by serial-parallel connected
hinges. The analysis includes theoretical approach, and numerical analysis of the out-of-plane
stiffness of micromembranes is followed by experimental tests performed using an atomic force
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microscope (AFM). Moreover, the adhesion effect between flexible part of micromembranes and
substrate is experimentally determined and compared with analytical results. In order to com-
pute the analytical adhesion force, the roughness of the contact surfaces is measured using the
AFM taping mode. Discussions and comparison with the other micromembranes supported by
other type of hinges with different geometry is included at the end of chapter.

2. Geometry and dimensions of micromembrane with serial-parallel
connected hinges

The samples for experimental tests are electroplated gold micromembranes with two different
serial-parallel connected hinges (Figure 1). The flexible part of investigated micromembranes
is suspended at 2 um above a silicone substrate. Gold is the most used material from optical
and electrical MEMS applications.

The geometrical dimensions of investigated micromembranes according to Figure 2 are the
following;:

* lengths: [; = 65 um, I, = 100 um, I3 = 85 pm, Iy = 50 um;
e widths: w; = 18 um, w, = 180 um (Figure 1a), and 288 um (Figure 1b);
e thickness: t =3 um;

* number of hinges 7, is 2 for the first investigated micromembrane and 4 for the second
micromembrane (Figure 1a);

* number of hinges 1, is 4 for the first investigated micromembrane and 6 for the second
micromembrane (Figure 1b).

Figure 1. Micromembranes supported by serial-parallel connected hinges: (a) micromembrane supported by 2 x 4
connected hinges; (b) micromembrane supported by 4 x 6 connected hinges.
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Figure 2. Dimensions of the micromembrane supported by connected hinges (half geometry).

3. Analytical and numerical analysis of stiffness of micromembranes with
serial-parallel connected hinges

Castigliano’s second theorem, known as the displacement theorem, is utilized herein to derive
the stiffness of investigated micromembranes and to compute the dependence between force
and the sample-bending deflection. The force is considered to be applied in the mid position of
the mobile plate as in experimental investigations [3]. A general formulation is derived here
enabling stiffness computation for any combination of serial-parallel connected hinges. The
analytical results of micromembranes with 2 x 4 and 4 x 6 serial-parallel connected hinges are
compared in Section 6 of this chapter, with numerical and experimental results. As a conse-
quence, a bending stiffness expression of micromembranes supported by serial-parallel
connected hinges is obtained as following;:

2
(Sl —|—52+53+54)

ky = (1)
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In these expressions, 1, I, I, and I, are the characteristic lengths of hinges and mobile plates
(Figure 2), and I3, I, I, and I, are the bending moments of inertia given by the micromembrane
thickness and widths and influenced by the number of connected hinges 1, and n, as:

w1 t3 Wy t3 w1 t3

Ilznl’ﬁf IZZI4ZT/ 13:7”12’T

Using the stiffness expression given by Eq. (1), a theoretical analysis of the number of connected
hinges influence on the membrane stiffness is performed (Figure 3). As the number of hinges
increases, the stiffness increases respectively.

A numerical analysis of micromembranes stiffness was performed by Finite Element Analysis
(FEA) using the static structural module in ANSYS Workbench 13 software. The mesh of the FEA
model for the micromembrane with 2 x 4 serial-parallel connected hinges (Figure 1a) consists of
318,200 nodes and 58,786 hexahedral elements with a size of 2 pm. For the micromembrane with
4 x 6 serial-parallel connected hinges (Figure 1b), the created mesh has 534,835 nodes and 102,601
hexahedral elements with the same size. Boundary conditions applied on the bottom surface of
the anchors correspond to a fixed support. A unitary force (1 uN) is applied in the mid position of
the mobile plate, and the out-of-plane displacement is simulated. Considering the applied force
and the resulting displacement, the bending stiffness is computed. The simulation is performed
considering a value of modulus of elasticity equal by 72 GPa [7]. The own weight of the mobile
plate upon the hinge deformation is very small and has been neglected.

40
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Figure 3. Analytical stiffness variation as a function of the number of connected hinges 1, xn, (1, represents the number
of hinges that connect the membrane to anchor and #, represents the number of hinges between mobile plates).
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B s e b A

Figure 4. Finite element analysis of micromembrane supported by: (a) 2 x 4 connected hinges; (b) 4 x 6 connected hinges.
The force is applied in the mid position of the mobile plate.

A maximum displacement of 103.2 nm is simulated of the investigated micromembrane sup-
ported by 2 x 4 connected hinges (Figure 4a) that give a numerical stiffness equal by 9.69 N/m.
For the investigated micromembrane supported by 4 x 6 connected hinges, an out-of-plane
displacement of 60.19 nm is obtained (Figure 4b) for a unitary force applied in the mid position
of the central mobile plate that gives a bending stiffness equal to 16.61 N/m.

4. Experimental investigations on stiffness of micromembranes with
serial-parallel connected hinges

The aim of experimental investigations is to estimate the mechanical stiffness of micromembranes
using an atomic force microscope (AFM) type XE-70 fabricated by Park System Co. The AFM
probe used to deflect the micromembranes is TD21562 with a nominal value of the spring
constant equal to 144 Nm ", the radius of tip smaller than 25 nm, the tip height of 109 pum, the
length of cantilever 782 um, and the thickness 24 um. The tests were performed at room temper-
ature (22°C) and a relative humidity (RH) of 40%. During experimental tests, a mechanical force
given by the bending deflection of AFM probe and its stiffness is applied in the mid position of
the central plate and deflect it directly to substrate (Figure 5).

During experimental tests, the vertical displacement of the scanning head (D,) is controlled,
and the deflection of AFM probe (D apnm) is optically monitored (Figure 6).

The experimental AFM curve gives the dependence between vertical displacement of scanning
head that is controlled by software and the bending deflection of AFM probe detected by a
photodetector. The experimental AFM curve has two different slopes (Figure 7). First part of
the curve (A and B) from the loading curve (lower curve) corresponds to the bending of AFM
probe and samples (position b from Figure 6), and the second part (B and C) is given by the
bending only of AFM probe (position ¢ from Figure 6) [3]. In the point B (Figure 7), the sample
reaches the substrate. After the point C, the scanning head and the AFM probe are coming to
the initial position (the blue curve).
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Figure 5. AFM probe in contact with the micromembrane supported by 1, x 1, =2 x 4 connected hinges.

Detector

Darw

Figure 6. Bending deflection of AFM probe and investigated micromembranes: (a) the initial contact between AFM probe
and sample; (b) bending of AFM probe together with sample; (c) bending only of AFM probe (the sample touch the
substrate).

The AFM data from the first part of curve (A and B) are used to estimate the sample deflection
(D,) as the difference between the controlled displacement of the scanning head (D) and the
detected deflection of AFM probe (D agm).

D; =D, — Darum (2)
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Figure 7. AFM experimental dependence between vertical displacements of the scanning head [um] versus deflection of
AFM probe [nm] for the investigated micromembrane with 2 x 4 connected hinges.

The force used in experiment can be determined based on the known stiffness of AFM probe
and its bending deflection. This force and the determined deflection of sample given by Eq. (2)
are used to compute the sample stiffness as:

k=5 (3)

The experimental dependence between the sample deflection and the applied AFM force is
presented in Figure 8. The slope of this curve gives the micromembrane bending stiffness.

Force [UN]

0 T T T 1
0 0.5 1 15

Sample deflection [um]

Figure 8. Force [uN] versus deflection [um] of the micromembrane with 2 x 4 connected hinges. The slope of experimen-
tal curve represents the bending stiffness.
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The stiffness of the investigated micromembrane supported by 2 x 4 serial-parallel connected
hinges (Figure 1a) is 8.930 7N/m (Figure 8). The same experiment is performed in order to
estimate the stiffness of the micromembrane supported by 4 x 6 serial-parallel connected
hinges (Figure 1b). For this micromembrane, a bending stiffness equal to 18.18 N/m is deter-
mined if the force is applied in the mid position of the mobile plate (Figure 5). The tests were
repeated several times, and the results of micromembrane stiffness have closed values.

5. Analysis of adhesion force between micromembrane with serial-parallel
connected hinges and the silicon substrate

Stiction is one of the main failure causes in MEMS, and it occurs when surface forces are too
large and, as a consequence, the surfaces brought in contact cannot be separated again. Inten-
sive experimental and theoretical research has been conducted in order to determine the effect
of the main factors on the surface forces especially on the adhesion force. For example, the
influence of material properties, surface characteristics, and environmental conditions on the
adhesion force has been experimentally determined and mathematically validated for several
MEMS structures [8].

Researchers have developed several mathematical models for computing the adhesion force by
taking into consideration the possible contact types between surfaces. For example, if two
surfaces are characterized by high roughness, their contact was approximated by the contact
between two elastic spheres (see DMT and JKR models [9]). Another example is the case of the
elastic contact between a surface with high roughness and a surface with low roughness. The
already mentioned mathematical models can be easily customized for this case [10]. However,
the ideal case of elastic contact is rare at micro and nano scale, determining in some cases large
differences between experimental and theoretical values. As mentioned in [8], when two
surfaces are bought in contact, the highest asperities suffer a plastic deformation. Therefore,
in order to correctly estimate the adhesion force between two rough surfaces, a plastic adhe-
sion index has to be computed [8]:

T H*r0

= sayeEn @

where H is the material hardness, r, is the mean radius of curvature of asperities, o is the
standard deviation of peak heights, Ay is the work of adhesion, E* is the equivalent Young’s

module given by:
1-v3 1-03
E* — 1 2
( E B ) ®)

E1, are Young’s moduli and v, are Poisson’s ratios of the two surfaces. The work of adhesion
is computed according to [10]:
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Ay =y1+7 =71 (6)

where y; and y, are the surface energies of the two materials brought in contact, and y; , is the
interface energy of contacting materials and was computed according to [11].

Considering the plastic deformation and assuming an exponential distribution of asperity
heights, the adhesion force is expressed as a function of the compression force F as follows:

b1 g (1)) .

while the total real contact area per unit area is given by:

A, =2nnr,0 (8)

and 7 is the number of asperities in contact per unit area.

The experimental determination of the adhesion force between the flexible part of the gold
micromembrane and the silicon substrate was conducted using the spectroscopy in point
mode of the AFM for the micromembrane with 2 x 4 connected hinges (Figure 9).

On the unloading AFM curve (Figure 7), the detachment of the micromembrane from sub-
strate is delayed based on the adhesion effect that occurs. This effect gives a jump in the
bending deflection of AFM probe that is directly proportional to the adhesion force. A zoom
of the experimental AFM curve obtained when performing the spectroscopy in point is illus-
trated in Figure 9, and the blue part corresponds to the unloading test. In the same figure, the
experimental value of the corresponding adhesion force given by the AFM software can be
observed, and it is equal to 1.278 pum.
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Figure 9. Adhesion force between the central part of micromembrane and the substrate in the case of micromembrane
with 2 x 4 connected hinges.
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In order to compute the adhesion force, the roughness of the contact surfaces is needed. To
perform this step, a micromembrane is cut close to anchor and moved with the backside up to
scan the contact surfaces [12]. The topography of the contact surfaces is taken using the tapping
mode of AFM. The 3D images for each of the two surfaces that come in contact are provided in
Figures 10 and 11, respectively, together with the statistical parameters provided for roughness
by the software used for interpreting the experimental data (XEI Image Processing Tool for SPM).

Statmacs
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| ™ Red -B8.360 54,682 A6.839 0000 143041 26065 18551 149518 06R8 344

Figure 10. AFM images and the surface parameters of the backside of flexible plate (gold).
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Figure 11. AFM images and the surface parameters of the substrate (silicon).
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The theoretical value for the adhesion force was obtained using the mathematical model
presented above. First, the work of adhesion was computed using a surface energy of 1.51 J/
m? [13] for the silicon substrate and of 1 J/m? [14] for the gold micromembrane, while the
equivalent Young’s module was computed using a value of 150 GPa for Young’s module and
0.17 for Poisson’s ratio for the silicon substrate and a value of 72 GPa for Young’s module and
0.42 for Poisson’s ratio for the gold membrane. Then, the adhesion force was computed for the
micromembrane with 2 x 4 connected hinges considering the real contact area between the
surfaces. Knowing that the compression force was 17.28 uN, an adhesion force of 1.34 uN was
obtained in good agreement with the experimental ones.

6. Results and discussions

First, using the AFM technique, the effect of geometrical configuration of hinges on the bending
stiffness of gold micromembranes was investigated. A method to estimate the out-of-plane
stiffness by AFM is provided in this chapter, including its validation by analytical and numerical
approaches. The mechanical force used to bend the flexible part of micromembrane is given by
bending deflection of AFM probe and its stiffness. Second, by considering Castigliano’s defor-
mation theorem, an expression to compute the bending stiffness of micromembranes supported
by serial-parallel connected hinges is provided. Moreover, simulation and finite element analysis
is developed using a unitary force applied in the mid position of the mobile plate as in the
experiments. The results obtained for out-of-plane stiffness in investigated samples are in good
agreement as observed in Table 1.

The differences between results are influenced by the accuracy of the experimental tests and the
differences of Young’s modulus. In analytical and numerical analysis, a value of Young’s modulus
taken from literature is used, and it can differ by its experimental value. Moreover, the analytical
model does not consider the influence of the holes from the plates. In any way, the holes have a
negligible effect on the samples stiffness as confirmed by numerical analysis. An important
influence of the holes can be observed if the micromembranes are dynamically actuated, because
the damping given by surrounding medium decreases. Using different serial-parallel connected
hinges to support the flexible part of micromembrane, different mechanical responses can be
obtained. The stiffness of samples depends on the number of hinges and their connection.

The adhesion force for the contact between the flexible part and the silicon substrate of the gold
micromembrane with 2 x 4 connected hinges was determined both experimentally and theo-
retically, and the results are in good agreement. The pull-off force of micromembranes from

Samples Stiffness [N/m]

Experimental Analytical Simulation
Micromembrane 2 x 4 8.93 10.33 9.69
Micromembrane 4 x 6 18.18 17.86 16.61

Table 1. Bending stiffness of investigated micromembranes.
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substrate depends on the adhesion force and the samples stiffness. Adhesion effect is influen-
ced by the roughness of contact surfaces and the operating conditions. The roughness is the
same for investigated micromembranes.

Depending on the micromembrane application, different types of hinges can be chosen in
order to obtain different stiffness for in-plane and/or out-of-plane movement. The same meth-
odology as presented in Section 3 of this chapter was applied to determine the stiffness of
micromembrane with the other types of hinges.

Micromembranes supported by serpentine hinges are characterized by the possibility of in-plane
and out-of-plane movements of the mobile plate [15]. Micromembranes supported by two and
four serpentine hinges are presented in Figure 12. The number of hinges as well as their length
have influence the micromembranes deflection under a mechanical force. Using the AFM tests,
the displacement of the central plate is monitored under a mechanical force, and the
micromembrane stiffness was determined. As the number of hinges and their length are modi-
fied, the stiffness is changed. The micromembrane 1 with two short hinges (Figure 12a) has an
out-of-plane stiffness equal to 64.4 N/m. If the length of hinges increases for the micromembrane 2
(Figure 12b), the bending stiffness decreases 4.3 times. In the case of the same micromembrane,
but supported by four hinges, the stiffness is modified. The micromembrane 3 with four short
hinges (Figure 12c) is characterized by a stiffness of 127.5 N/m, and its value decreases five times
if the length of hinges increases as in the case of the micromembrane 4 (Figure 12d). It can be
noticed that longer hinges ensure more flexibility and the number of hinges multiply the stiffness.

(a1) {h)

(c) {d)

Figure 12. Micromembranes supported by serpentine hinges: (a) Micromembrane-1; (b) Micromembrane-2; (c) Micro-
membrane-3; (d) Micromembrane-4.
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The other investigations using the same AFM method were performed on micromembranes
supported by bent beam hinges electroplated with gold in different geometrical dimensions are
presented in Figure 13 [16]. The structures are characterized by different widths of hinges and
different lengths of the central plate. Stiffness analysis considers fixed anchors and a central force
perpendicular to the central plate of micromembranes. Different stiffness of micromembranes
can be obtained if the geometrical dimensions are modified. The stiffness of micromembrane
increases with the dimensions of hinges and decreases for a longer mobile plate.

Other example, presented in Figure 14, is a micromembrane supported by folded hinges [3].
The same AFM tests were performed to determine the micromembrane behavior under a

Figure 14. Micromembranes supported by folded hinges.
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mechanical force. The stiffness was experimentally determined and validated by numerical
and analytical results. As in the case of investigated micromembrane with serial-parallel
connected hinges, the holes have a small influence upon stiffness under static deflection fact
demonstrated by the numerical simulation. The holes have significant effect on the dynamic
modulation because the mass of micromembrane is changed and the quality factor given by
the air damping is improved [17].
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Abstract

Static, vibration, and buckling analysis of nanobeams is studied based on modified
couple stress theory (MCST) in this chapter. The inclusion of an additional material
parameter enables the new beam model to capture the size effect. The new nonclassical
beam model reduces the classical beam model when the length scale parameter is set to
zero. The finite element formulations are derived for static, free vibration, and buckling
problems of nanobeams within MCST and the Euler-Bernoulli beam theory. The effect of
the material length scale parameter and geometry parameters on the static, vibration,
and buckling responses of the nanobeam is investigated in both the classical beam
theory (CBT) and MCST by using finite element method. Also, the difference between
the classical beam theory (CBT) and modified couple stress theory is investigated.

Keywords: nanobeams, couple stress theory, finite element method, static, vibration,
buckling

1. Introduction

With the great advances in technology in recent years, micro and nanostructures have found
many applications. In these structures, micro beams and micro tubes are widely used in
nanoscale electromechanical systems such as sensors (Zook et al. [1], Pei et al. [2]), actuators
(Senturia [3], Rezazadeh et al. [4]). In investigation of micro and nanostructures, the classical
continuum mechanics are not effort of describing of the size-dependent mechanics.
Nonclassical continuum theories such as higher-order gradient theories and the couple stress
theory are capable of explanation of the size-dependent behaviors, which occur in micro/
nanoscale structures.

At the present time, the experimental investigations of the micro/nano materials are still a
challenge because of difficulties confronted in the micro/nanoscale. Therefore, mechanical

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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theories and atomistic simulations have been used for nanostructural analysis. The process of
the atomistic simulations is very difficult and takes much time. So, continuum theory is the
most preferred method for the analysis of the micro and nanostructures. Classical continuum
mechanics does not contain the size effect, because of its scale-free character. The nonlocal
continuum theory initiated by Eringen [5] has been widely used to mechanical behavior of
micro/nanostructures.

The size effect is very effective in the mechanical behavior of nanostructures at nanometer
scale that the classic theory has failed to consider when the size reduces from macro to nano
(Toupin [6], Mindlin [7, 8], Fleck and Hutchinson [9], Yang et al. [10], Lam et al. [11]).
Therefore, higher-order theories of modified couple stress theory (MCST) and modified
strain gradient are used in the mechanical model of the nano/microstructures (Yang et al.
[10], Lam et al. [11]).

The determination of the micro/nanostructural material length scale parameters is very diffi-
cult experimentally. So, Yang et al. [10] studied the strain energy of the MCST with one length
scale parameter. After this, the MCST and the strain gradient elasticity theories have been
widely applied to static and dynamic analysis of beams (Park and Gao [12], Ma et al. [13],
Kong et al. [14], Wang et. al. [15], Asghari et al. [16], Wang [17], Simsek [18], Kahrobaiyan et al.
[19], Xia et al. [20], Ke et al. [21], Li et al. [22], Akgoz and Civalek [23, 24], Ansari et al. [25], Dos
Santos and Reddy [26], Simsek et al. [27], Wang et al. [28], Kocatiirk and Akbas [29], Kong [30],
Daneshmehr et al. [31], Akgoz and Civalek [32], Ziaee [33], Islam et. al. [34], Miandoab et al.
[35], Liu et al. [36], Tang et al. [37], Hosseini and Rahmani [38], Akbas [39, 40]).

The objective of this paper is to investigate static, vibration, and buckling solutions of
nanobeams based on modified couple stress theory (MCST). The finite element formulations
are derived for static, free vibration, and buckling problems of nanobeams within MCST and
the Euler-Bernoulli beam theory. The effect of the material length scale parameter and geome-
try parameters on the static, vibration, and buckling responses of the nanobeam are investi-
gated in both the classical beam theory (CBT) and MCST. Also, the difference between the
classical beam theory and modified couple stress theory is investigated.

2. Theory and formulations

A simple supported nanobeam of length L, width b, and height i, with X,Y,Z cartesian
coordinate system is shown in Figure 1.
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Figure 1. A simple supported nanobeam with X,Y,Z cartesian coordinate system and cross section.
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The modified couple stress theory was proposed by Yang et al. [10]. Based on this theory, the
strain energy density for a linear elastic material which is a function of both strain tensor and
curvature tensor is introduced for the modified couple stress theory;

U:J(ozeer:x)dV (1)
v

where ¢ is the stress tensor, ¢ is the strain tensor, m is the deviatoric part of the couple stress
tensor, x is the symmetric curvature tensor, defined by

o= A tr(e)] + 2ue @)
¢ = % Vot + (Vi) 3)

m=2Pux (4)
x =3[V +(V0)") 5

where A and p are Lame’s constants, [ is a material length scale parameter which is regarded as
a material property characterizing the effect of couple stress, u is the displacement vector and 6
is the rotation vector, given by

0= %curl u (6)

The parameters A and y in the constitutive equation are given by

Ev E
A=A a—ay P ai 7

where E is the modulus of elasticity and v is the Poisson’s ratio. According to the coordinate
system (X,Y,Z) shown in Figure 1, based on Euler-Bernoulli beam theory, the axial and the
transverse displacement field are expressed as

w(X, Y, 1) = uo(X, t) — Y% 8)
o(X, Y, t) = vo(X, ) o)
wX, Y, t)=0 1)

where u, v, w are the x, y, and z components of the displacements, respectively; uy and vy are the
axial and the transverse displacements in the mid-plane; and ¢ indicates time. Because the
transversal surfaces of the beam are free of stress,

0z =0y =0 (11)

By using Egs. (3) and (8)—(10), the strain-displacement relation can be obtained:
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u _dug(X,t) YGZUO(X, t)

_ov 12
€ =35 3% e (12a)
vbz 0o (X, t)
Ex; = & = Exy =0 (12¢)
By using Egs. (6) and (8)—(10),
aUO (X/ t)
0, = 3X 0,=0,=0 (13)
Substituting Eq. (13) into Eq. (5), the curvature tensor x can be obtained as follows:
1 GZUO(X, t)
XNz = E T){xx =Xy = Xyy = Xyz = Xz = 0 (14)
According to Hooke’s law, the constitutive equations of the nanobeam are as follows:
duo(X, t Rve(X, ¢
Oxx = Eéxy = E Ob(X ) -Y ;)((2 ) (15)

where 0., and &, are the normal stresses and normal strains in the X direction, respectively.
Substituting Eq. (14) into Eq. (4), the couple stress tensor can be obtained as follows:

_p 1%vo(X, 1)

My, =1u 2 axz (163)

My = My = My = My, = My =0 (16b)

where p is the shear modulus defined by Eq. (7). The elastic strain energy (Ui) of the nanobeam
is expressed as

u; =

N —

L
JJ(U,']' &ij + mjj )(fj)dA aX (17)
0A

By substituting Egs. (12) and (14)—(16) into Eq. (17), elastic strain energy (U,) can be rewritten
as follows:

A <6u0(X, t))z CEH (6227(X, t)>2 1 Pua <620(X, t))2 X a8)

X ax? 4 ox?

1L
U1:§J
0

where A is the area of the cross section, and I is the moment of inertia.
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L
_ 1 6u0 2 62)0 2 62v0 2
0
The potential energy of the external load can be written as
L
v
u, = j[f v(x) + P<a>] dX + Qv (20)

0
where f is load function, Q; is point loads which contains point forces and moments, P is axial

compressive load for buckling case. The nodal displacements g for a two-node beam element
contain three degrees of freedom at each node, as shown in Figure 2, namely,

{a®)}, = 1), 071, 0, u? (), o), 001" (21)

The displacement field of the finite element is expressed in terms of the nodal displacements as
follows:

W90 8) = 100 w(t) + 95700 i(e) = 1], } =l Nabu (22)
o (X, t) = @i (X) vi(t) + 9y (X) 0:(1) + @ (X) v5(t) + ) (X) 6;(1) (23a)
(41
0;
V] o ¢ = [0 Han (23b)
7]

where u;, v;, and 0; are the axial displacements, transverse displacements, and slopes at the two
end nodes of the beam element, respectively, and (pfu) and (pi(v) are the Hermite shape func-
tions for the axial and transverse displacements, respectively. The interpolation functions for
the axial displacement are,

=g ¢

Figure 2. Two-node beam element.
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P00 = o 00 9 00)] (24)

where
o1 (X) = (—LE + 1) (25a)
A0 = (1) (25b)

The interpolation functions for the transverse displacement are

T
") = [0 08 00) 9 () o} ()| (26)
where

3x2 2x°
(PEV) (X) = (1 Tz + L3> (27a)

2x% x°
(pé‘/) X) = <—X + T ?> (27b)

3x2 2x°
(P(3V) (X) = (Lz - L3> (27¢)
x> x8

(PE;V) (X) = (L - Lz) (27d)

with L. indicating the length of the beam element. The Lagrangian functional of the problem is
given as follows:

I=T- U+ U) (28)

After substituting Egs. (22) and (23) into Eq. (28) and then using the Lagrange’s equations, one
obtains the following equation:

ol 3 al
5w = 0k=123456 (29)
o 0f

where q,(f) indicates the time derivative of the nodal displacements 4.

The Lagrange’s equations can be employed to yield the system of equations of motion for the
finite element. By the usual assemblage procedure, the equations of motion can be obtained for
the entire structure. For the free vibration problem, the finite element equation is as follows:
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(K] = @’M]){g} =0 (30)
For the static problem, the finite element equation is as follows:
[Kl{q} = {F} (31)
For the buckling problem, the finite element equation is as follows:
([K] = Per[K6]){q} = 0 (32)
where w is the natural frequency, {7} is a vector of displacement amplitudes of the vibration,

{F} is the global load vector, [K] is the stiffness matrix, [M] is the mass matrix, and [K(] is the
stability matrix. The stiffness matrix [K] can be given as:

KY [0
k=) )
0] [K7]
where
T rap1” e
Ay _
K }_JEA{ L } [ e }dX (34a)
0
o 1, N\ [Re"" [a2p)
K" = |[EI+-IFuA ax 34b
! i< +3fun) ] [ (340)
The mass matrix [M] can be expressed as the sum of four submatrices as follows:
[M] = [Muy] + [My] + [Mg] (35)
where
Le
Mu] = [ pAlp " [p]ax (36a)
0
Le
M) = [ pale ™ fp i (36b)
0
Le
Mo] = [ g [p@ax (36
0

The stability matrix [Kg] can be given as:
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where

Le

oX

oX

- [ P R

0

The load vector {F} is expressed as

{F) =

x=0

{pOOYT fdX +Q

(37)

(38)

(39)

In the solution of the free vibration and buckling problems, the eigenvalue procedure is
performed in Egs. (30) and (32). When the material length scale parameter (I) is equal to zero,
the finite element formulations reduce to classical beam theory.

After integration processing, the finite element matrixes can be expressed as follows:

=
I

M] =

EA
I 0 ‘ L
0 12(EI + 0.25uA)  —6(EI + 0.25uA) 0
L} L?

o O(El+ 0.25PuA)  4(EI+0.251uA)
L2 L,
EA EA
L 0 0 I
o T12(EL+ 0.25PuA)  6(EI+ 0.2517uA)
L} L2
o O(EL+ 0.25PuA)  2(EI+0.2517uA)
L2 L,
i pALe pALe
0 0
) AL, 6pl 1pAL2  pl ¢
1 -1
o (B0RL L DAL P g
35 5L, 210 10
0 (—1lpALE2 pl) (pALf 2pILE)
210 10 105 15
P IZLE 0 0 PAL:
0 (9pALg B @) (713pAL32 p_I)
70 5L, 420 10
0 (13pAL82 pl) —pAL;? B pILg)
L 420 10 140 30

0 0
—12(EI+ 0.25PuA)  —6(EI + 0.25*uA)
LB L2
6(EL4+0.251°uA)  2(EI+0.25PuA)
L2 L,
0 0
12(EI+0.25PuA)  6(EI+0.25PuA)
L3 L2
6(EL4+0.25°uA)  4(EI+0.25PuA)
L2 L, i
(40a)
0 0
(9pALE B @) (13pAL82 B p_I)
70 5L, 420 10
(—13pAL92 p_I) —pALS®  plL,
420 10 140 30
0 0
(13pALg 6pI) (llpALez p_I)
35 5L, 210 10
(llpALez p_I) ( pAL. ZpILe)
210 10 105 15 7 J

(40b)
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0 g 01 0 O6 01
0 5_LL, E 0 S_LE ﬁ
0 ;1 & 0 l —Le
[Kg] = 0 10(; 1(15‘3 0 1(6)0 Sé) (40c)

0 — — 0 — —

5L, 10 5L, 10
o L ZLey 1 2L

L 10 30 10 15 |

3. Numerical results

In the numerical examples, the effects of the material length scale parameter and geometry
parameters on the static, vibration, and buckling responses of the nanobeam are presented in
both the classical beam theory (CBT) and MCST. Using the conventional assembly procedure for
the finite elements, the system stiffness, mass, stability matrices, and the load vector are obtained
from the element stiffness, mass, stability matrices, and load vectors. After that, the solution
process outlined in the preceding section is used to obtain the solution for the problem of
concern. In obtaining the numerical results, graphs and solution of the nonlinear finite element
model, MATLAB program is used. The nanobeam is taken to be made of epoxy (E = 1,44 GPa,

v=0.38, | = 17.6 um, p = 1600 %). In the numerical calculations, the number of finite ele-
ments is taken as 100. In the numerical integrations, five-point Gauss integration rule is used.

In order to establish the accuracy of the present formulation and the computer program devel-
oped by the author, the results obtained from the present study are compared with the available
results in the literature. For this purpose, the static deflections shapes of a simple supported
beam with rectangular cross section, which is subjected to a point load, are calculated for MCST
and compared with those of Alashti and Abolghasemi [41] by inserting the material and load
properties used in this reference. It is clearly seen that the curves of Figure 3 of the present study
are very close to those of Alashti and Abolghasemi [41].
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Figure 3. Comparison study: static deflections shape of the simple supported beam based on the MCST.
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Figure 4a—c shows the effects of the thickness (1) on the static, vibration, and buckling
responses of the nanobeam, respectively, in both the CBT and MCST. In these figures, static
deflections, fundamental frequencies, and critical buckling loads are calculated and plotted for
different values of the /i for b = ] and L = 30 I. In the calculation of Figure 3a, the nanobeam is

subjected to a transversal point load (P = 100 uN) at the midpoint of the beam in the transverse
direction.
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Figure 4. Effect of the thickness on the static, vibration, and buckling responses of the nanobeam for CBT and MCST; (a)
static analysis, (b) free vibration analysis, and (c) buckling analysis.

As seen from Figure 4, the difference between the results of the MCST and CBT decreases
significantly with the increase in the thickness of the nanobeam. Increase in the thickness of the

nanobeam leads to a decline on effects of size effect and difference between the results of
MCST and CBT.

In order to see the effect of material length scale parameter () on the static, vibration and
buckling of the nanobeam, static deflections, fundamental frequencies, and critical buckling
loads are displayed with different value of the dimensionless material length scale parameters
(/h) in both the CBT and MCST in Figure 5 for b = 1 um and L = 30 um. In this figure, for
different values of the dimensionless material length scale parameters (I/k), the material length
scale parameter (J) is varied when the thickness of the nanobeam (&) is kept constant as 1 um.

It is seen from Figure 5 that with an increase in the dimensionless material length scale
parameter [/h leads to a rise on the difference between the results of the MCST and CBT. Also,
the dimensionless material length scale parameter has no effect on the mechanical responses
for the classical theory, which is unable to capture the size effect. It is found that the deflections
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of the nanobeam by the CBT are always larger than those by the MCST. However, fundamental
frequencies and critical buckling loads by the MCST are always larger than those by the CBT. It
can be seen from figures that the difference between the CBT and MCST is very large when the
h and I/h increase. The material parameter and dimension of the nanobeam have a very
important role on the mechanical behavior of nanobeams.
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Figure 5. Effect of the dimensionless material length scale parameter (I/h) on the static, vibration, and buckling responses
of the nanobeam for CBT and MCST; (a) static analysis, (b) free vibration analysis, and (c) buckling analysis.

4. Conclusions

Finite element solution of nanobeams is investigated based on modified couple stress theory
within the Euler-Bernoulli beam theory. The finite element formulations are derived for static,
free vibration, and buckling problems of nanobeams. The effect of the material length scale
parameter and geometry parameters on the static, vibration, and buckling responses of the
nanobeam is presented and discussed in the numerical study. Also, the difference between the
classical beam theory and modified couple stress theory is investigated.

It is observed from the investigations that the material length scale parameter and dimension
of the nanobeam have a big influence on the static, free vibration, and buckling behaviors of
nanobeams. With the increase in the thickness of the nanobeam () and decrease in the
dimensionless material length scale parameter (I/h), the difference between the classical beam
theory and modified couple stress theory decrease considerably. It is observed from the results
that modified couple stress theory must be used instead of the classical beam theory for small
values of nanobeam height and high values of the material length scale parameter.
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Abstract

The technological and biomedical applications of low toxicity and eco-friendly organic
compounds are nowadays increasingly attracting the attention of researchers in nano-
science, who are aiming for more biocompatible and nanostructured systems for their
application in antineoplastic therapies. This study presents the significance of “green
components” in the production of graphene, metallic, and semiconductor nanoparticles,
due to their antioxidant and antitumor properties. The formation of nanostructures is
caused during green synthesis methods by organic molecules or carboxylic acid groups
present in some plant extracts; for this reason, we include here a recapitulation and
analysis of the role of carboxylic acids in those systems (organic). Furthermore, we pro-
pose the use of the extract from Opuntia ficus-indica cladodes to obtain metallic and car-
bon nanostructures, as an alternative biosynthesis method for the development of future
nanobiotechnological applications.

Keywords: green synthesis, nanoparticles synthesis, carbon nanostructures, carboxylic

acid

1. Introduction

Several nanoparticle synthesis methods are applied nowadays in different scientific fields;
furthermore, based on the type of process (physical, chemical, or biological) and the condi-
tions the synthesis is undertaken, they allow a control of the shape of the material, thus man-
aging their application more accurately [1, 2]. With the objective of adopting eco-friendly
methods that help to reduce the pollution caused by some toxic compounds and to exploit
the local natural resources, the biosynthesis of nanostructured materials (green methods)

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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has been undertaken through antioxidant microorganisms and agents obtained from local
plant extracts [3-5]. Thus, the use of green synthesis in nanotechnology is fundamental in
scientific research in nanoscience, mainly, in order to find medical applications of the nano-
structures that reduce toxicity risks while being biocompatible [6-8]. There is evidence of
nanoparticles obtained through size-tunable biosynthesis [9, 10] and different technological
and biocompatible applications. For instance, Ag nanoparticles show antibacterial and anti-
tumor properties and have potential use in antineoplastic treatments [11-14]; furthermore,
they are applicable in SERS (surface-enhanced Raman spectroscopy) [15]. Gold nanoparticles
between 20 and 25 nm present catalytic activity [16], and ZnO nanoparticles with a range
between 9.6 and 25.5 nm present antibacterial and photocatalytic applications [17]. Pooja et
al. synthesized biocompatible gold nanoparticles using karaya gum, which can be used in
the elaboration of antineoplastic medications [18]. Biocompatible silver nanoparticles were
obtained from the extract of Rosa damascen petals, which have anticarcinogenic properties
against pulmonary adenocarcinoma [19]. Patra et al. synthesized gold and silver nanopar-
ticles with Butea monosperma leaves; this nanoparticle system inhibits the growth of cancer
cells, and these authors consider that the synthesis of these nanoparticles is important in
biomedicine for the development of cancer treatments [20]. The biosynthesis of nanostruc-
tured systems thus appears to be a valuable tool for nano-biotechnological applications in
nanoscience around the world.

Similarly, the green synthesis is used in the graphene and bimetallic nanoalloys obtained.
Coconut water and pomegranate juice were reported as reducing and capping agents of
graphite oxide (OG) to obtained graphene [21, 22]. Other authors have obtained Au-Ag bime-
tallic nanoparticles with pomegranate juice [23] and extract from leaf of mahogany [24], as
well as the bioreduction synthesis in bimetallic nanostructure-type core/shell of Ti/Ni between
1 and 4 nm employing Medicago sativa [25]. Sheny and collaborators used plant extract of
Anacardium occidentale for the formation of bimetallic nanoparticles of Au-Ag, considering
that polyols play an important role in the reduction of metal ions [26].

Table 1lists a variety of plants that have been recently used for the synthesis of metallic, bime-
tallic, and semiconductor nanoparticles.

Nanoparticle Plant extract Size Reference
Ag Atrocarpus altilis 34 nm; 38 nm [27]
Artocarpus heterophyllus Lam. ~ 10.78 nm [28]
Vigna sp. L 24.35 nm [29]
Hydrangea paniculata 36-75 nm [30]
Andrographis paniculata 13-27 nm [31]
Ficus religiosa 5-35 nm [32]
Alternanthera sessilis Linn 20-30 nm [33]
Lycium barbarum 3-15nm [34]
Osmanthus fragrans 2-30 nm [35]

Sambucus nigra 26 nm [36]
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Nanoparticle Plant extract Size Reference
Au Citrus limon 32.2nm [37]
Morinda citrifolia 12.1-38.2 nm [38]
Terminalia arjuna 20-50 nm [39]
Zingiber officinale 5-15nm [40]
Dillenia indica 5-50 nm [41]
Plumeria alba flower 15.6 + 3.4 nm [42]
Citrus maxima 25.7+10 nm [43]
Gloriosa superba 20 nm [44]
Cinnamomum zeylanicum 25 nm [45]
Cassia auriculata 15-25 nm [46]
Cu Ginkgo biloba 15-20 nm [47]
Tamarind and lemon juice 20-50 nm [48]
Pt Azadirachta indica 5-50 nm [49]
Pd Chlorella vulgaris 5-20 nm [50]
Catharanthus roseus 38 nm [51]
Fe Citrus maxima 10-100 nm [52]
Eucalyptus 20-80 nm [53]
Ni Ocimum sanctum 12-36 nm [54]
Au-Ag Antigonon leptopus 10-60 nm [55]
Gloriosa superba 10 nm [44]
Guazuma ulmifolia 10-25 nm [56]
Ocimum basilicum 3-25nm [57]
Commelina nudiflora 20-80 nm 58]
Au-Pd Cacumen platycladi ~7 nm [59]
CuO Calotropis gigantea 20-30 nm [60]
Carica papaya 140 nm [61]
Punica granatum 10-100 nm [62]
ZnO Solanum nigrum 20-30 nm [63]
Ocimum basilicum L. 50 nm [64]
Agathosma betulina 15.8 nm [65]
Aspalathus linearis 4.08 nm [66]
TiO, Jatropha curcas L. 25-50 nm [67]
Eclipta prostrata 49.5 nm [68]
Cicer arietinum L. 14 nm [69]
5n0O, Aspalathus linearis 2.1-19.3 nm [70]
NiO Agathosma betulina 15-55 nm [71]

Table 1. Plant extracts used in the synthesis of metallic, bimetallic, and semiconductor nanoparticles.
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2. The role of carboxylic acids in nanoparticles

Nano-biosynthesis is classified as a chemical method that promotes the growth of a system by
the aggregation of the metallic atoms reduced from the atoms in precursor solutions. Literature
reports show that certain organic compounds are responsible for oxidation-reduction (redox)
reactions, which trigger the formation and stabilization of nanoparticles. For instance, in the
cases of the biometallic alloys Au, Ag, and Au/Ag, it is observed that polyphenols and polyoles
that carry antioxidant properties present in plants have an important role in the formation
of nanostructures [24, 72-74]. Quercetin (a flavonol with high antioxidant activity [75]) also
appears in the reports as a main component in the formation of metallic nanostructures [76].
It is thus important to highlight the role that the antioxidant activity of the substances used in
biosynthesis has on the fabrication of nanoparticles. Similarly, literature reports that carboxylic
acids are commonly used in biological methods as reducing and sometimes stabilizing agents
in the production and application of these materials. Yoosaf et al. show that it is possible to
stabilize nanoparticles through electrostatic interactions with carboxylic groups (using gallic
acid), which adhere to the surface of the nanoparticles [77]. This argument is supported by
Amornkitbamrung et al. who attribute the reduction of Pd”—Pd" to the functionality of the
carboxylate ion (R-COO-) [78]. On the other hand, Hosseini-M et al. address that carboxylic
acids are crucial in the morphology, size, and distribution of Fe,O, nanoparticles; furthermore,
they present a co-catalyst effect [79]. Au nanoparticles were synthesized with dicarboxylic acids
(oxalic, malonic, succinic, glutaric, and adipic) as reducing agents of HAuCl,, without the pres-
ence of any other surfactant agents, the synthesis resulted in different morphologies and SERS
applications [80]. Similarly, other reports reiterate the importance of the carboxylic groups in the
formation of nanoparticles [81, 82]. On nonmetals, Dwivedi et al. obtained selenium nanopar-
ticles of 40-100 nm using carboxylic acids (acetic, oxalic, and gallic acids) for the synthesis
method [83]. Propionic acid is used as a stabilizing agent in the fabrication of ZnO quantum
dots (3.6-5.2 nm) [84]; similarly, carboxylic acids were used in manganese oxide nanoparticles,
which work as catalysts in the conversion of CO to CO, [85]; additionally, pimelic dicarboxylic
acid is used as a nucleating agent for the synthesis of TiO, nanoparticles [86]. Thus, the carbox-
ylic acid groups stick to nanoparticles transferring stability (Figure 1), as reported by Zhi-Mei
Qi et al. who synthesized gold nanoparticles through infrared (IR) spectroscopy [81].

Carboxylic acids are the most common type of organic acids in the carboxylic group (made
by the fusion of one hydroxyl and carboxyl group) at the extreme end of the carbon chain.
Under certain conditions, proton donors transfer H* hydrons through heterolysis. The general
formula of the carboxylic acid group is R-COOH, where R is a monovalent functional group
(one hydrogen or carbon chain), when the carbon structure is replaced by t

wo functional carboxylic groups, the acid is dicarboxylic acid (HOOC-R-COOH). When the
proton H* is transferred to the remaining ion, the formula changes into R-COO- carboxylate
[87]. These acids are used in the food and pharmaceutical industries and in the manufacture
of detergent and surfactant agents, among other applications [88]. Recent reports have dem-
onstrated that when COOH groups are applied to certain biological complexes, they present
excellent antitumor and antioxidant activity [89]; furthermore, other reports indicate that the
carboxylic acids in Rhinacanthus nasutus show antiviral activity [90].
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Figure 1. Representation of the electrostatic interaction of the carboxylic acid group on the nanoparticles.
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The use of these compounds in the synthesis processes of metallic and nonmetallic
nanoparticles is increasing due to the biocompatible and antioxidant properties of car-
boxylic acids.

Table 2 shows scientific reports on carboxylic acids used in biosynthesis for the production of
nanomaterials; the table focuses on the different applications of the acids. In regard to the reduc-
tion-oxidation process of metallic ions, Zoya Zaheer and Rafiuddin [91] propose a reduction

Carboxylic acid NPs Size (nm) Function report. used as: Reference
Formic acid Ag 13-25 Formic acid —used as a solvent and reducing ~ [92]
O Pd 41-5.7 agent of Ag precursor. [93]
)J\ Formic acid as a reducing agent in the
resence of polyvinylpyrrolidone (PVP) for the
H OH P polyvinylpy
synthesis of size-tunable Pd NCs.
Propionic acid Au 12-41 Functionalization of gold nanoparticles [94]
synthesized on reaction of propionic acid with
H C\)J\ aqueous HAuCl,.
: oK
Caprylic acid Au 5-15 Gold NPs—synthesized by reduction [95]
o technique-based redox-active amphiphiles
/‘W‘VJLDH (e.g., caproic acid, caprylic acid, and capric
acid).
Nonanoic acid Ag 7.6 Silver nanoparticles—stabilized in nonanoic [96]
i acid. Capping agent.
CHalCHeleOH:™ "OH
Oxalic acid Ag 3.5-9 Colloidal silver nanoparticles were prepared [97]
] OH with oxalic acid in the presence of CTAB.

HO 0
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Carboxylic acid NPs Size (nm) Function report. used as: Reference
Malic acid Ag ~10 Citric acid present in S. lycopersicums fruit [98]
o] extract is used as reducing agent and malic
H'DY\I)'L " acid is used as capping agent of the bioreduced
o silver nanoparticles.
O OH
Gallic acid Au@Pt ~50 nm Gallic acid (GA) as both a reducing and a [99]
O OH protecting agent.

HO OH

OH
Acetic acid CuS 5 CuS nanoparticles using carboxylic acid (acetic, [100]

O CulnSe, 400 propionic) as a solvent have been developed [101]

The CulnSe, nanoparticles for thin-film solar
)I\ cells were synthesized using acetic acid as a
ch OH mineralizer.
Decanoic acid ZnO 100 Zinc oxide (ZnO) nanoparticles were examined [102]
0 using surface modifiers (oleic acid and
CH3(CH2}TCH—,-)LOH decanoic acid) in supercritical methanol.
Lauric acid Fe,O, 94+23 The nanostructured material was coated with ~ [103]
o} Ag 8 lauric acid. [104]

CHs(CH z}gCHz)LOH Capping agents.

Trifluoroacetic acid TiO. 5 Trifluoroacetic acid —used as an electron [105]

scavenger and a morphological control agent.

Benzoic acid ZnO 5-50 ZnO precursors—obtained by the intimate [106]
a mixing of zinc acetate dihydrate and carboxylic
b acids as capping agents.

Glutaric acid Ag 30-50 The morphologies of silver nanoparticles are [107]
0 ] NiO-Ni 22-41 impacted by glutaric acid. [108]
Nanocomposite has been fabricated via the
HO OH thermal decomposition of nickel salts by using
glutaric acid as a spacer agent.

Table 2. Influence of some carboxylic and dicarboxylic acids on the synthesis of nanoparticles.

mechanism of Ag* by oxalic acid (HOOC-COO-) with CTAB as the stabilizing agent; the reduc-
tion mechanism takes place in an aqueous solution with a pH control of pK=1.2 and pK2 =4.2.

Since the organic compounds of carboxylic acids can be found in nature (for instance, in
plants such as fungi) and they are not harmful for human consumption or the environment,
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they are used in the food and pharmaceutical industries. Studies on the synthesis of metallic
and semiconductor nanoparticles are beginning to be used in these fields in order to improve
processes that are beneficial to the environment and human beings. It is important to mention
that some carboxylic acids functionalized with nanoparticles are also used in technological
applications (Scheme 1).

A recent study shows a simpler unsaturated carboxylic acid (acrylic acid) that works with
silver nanoparticles in the process of membrane filtration that avoids nanoparticles to adhere
to the surface of the modified membranes, which at the same time show antibacterial/bacte-
riostatic properties [109]. The main reaction of acrylic acid is polymerization; thus, it is com-
monly used in the production of plastics, paints, and adhesives. Due to these characteristics,
Ag nanoparticles modified with polyacrylic acid was produced by the redox method showing
excellent water solubility, stability, and biocompatibility, as well as antibacterial properties
against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa [110]. Nanoparticles
and formic acid have a similar role, since the electrochemical oxidation process of formic acid
is an efficient energy supplier in direct formic acid fuel cells (DFAFCs) for mobile and portable
applications [111-113]. The biodegradability and low cost of formic acid makes it a valuable
resource in energy storage, in spite of its toxicity [114-117]. Thus, metallic and bimetallic
nanoparticles Pt [118], Pt-Cu [119], Pt-Au [120, 121], Pd-Ag [122], and so on are used as cata-
lysts in the electro-oxidation of formic acid.

Reports also show oxalic acid functionalized with biocompatible magnetite nanobars (oxalic
acid-Fe,0O,) prepared through the co-precipitation method for applications in electrochemical

Bactericidal
activity

Antitumor
activity

Carboxylic
acid - NPS

Electro-
chemical Bio-
sensors

Scheme 1. Some nanobiotechnological applications of carboxylic acids functionalized with nanoparticles.
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biosensors [123]. Additionally, oxalic acid and malic acid play an important role in the syn-
thesis of tungstite nanoplates and nanoflowers (hydrated tungsten oxide: WO,-H,O) which
show photocatalytic properties [124, 125]. Sedira et al. show that Ag nanoparticles oxidize
easily in aqueous solutions, which in combination with acetic acid cause the liberation of
Ag' and improve the bactericidal effect in a higher range than with zinc oxide quantum dots
[126]. Similarly, benzoic acid in the surface of TiO, nanorods increases the power conversion
efficiency of dye-sensitized solar cells (DSSCs), becoming at the same time an alternative and
efficient method for the production of electrodes based on TiO, nanorods [127]. It has been
shown recently that the synthesis of Se nanoparticles induced by carboxylic acids (acetic acid,
pyruvic acid, and benzoic acid) has antitumor properties with good potential in the treat-
ment of Dalton’s lymphoma (DLA) cancer cells [128]. On the other hand, caffeic acid (contain-
ing the functional groups phenolic and acrylic) is used as a reducing and stabilizing agent
in the preparation of silver nanoparticles, which show antitumor properties and works as
an alternative agent in human hepatoma therapies [129]. Reports show that green synthesis
of gold nanoparticles obtained with chlorogenic acid presents anti-inflammatory properties;
additionally, it has promising applications in nanomedicine [130]. Maleic acid (dicarboxylic)
functionalized with gold nanoparticles is used in the colorimetric detection of high efficiency
of lead [131]; correspondingly, copper nanoparticles functionalized with carboxylic acid act
as catalysts, when reducing 2-nitrophenol to 2-aminophenol in a few minutes [132]. Hence, it
can be concluded that the different applications of metallic and nonmetallic nanoparticles in
combination with organic agents such as carboxylic groups are of great importance in future
medical applications for the development of antineoplastic therapies.

3. Biosynthesis of nanoparticles with Opuntia ficus-indica

The cladodes from O. ficus-indica are characterized by their antioxidant properties, vitamin con-
tent, and by the presence of flavonoids and gallic acids [133-137], in addition to their content
of uronic acid, a type of sugar acid with carbonyl and carboxylic functional groups [138]. In
recent studies, gallic acid is used as a reducing and stabilizing agent in the mass production
of silver nanoparticles with antioxidant properties and low cytotoxicity for normal cells [139,
140]. Similarly, biocompatible gold nanoparticles are synthesized at environment temperature
through the reduction of HAuCl, with gallic acid and poly-(N-vinyl-2-pyrrolidone) (PVP) [141].
Thus, carboxylic organic agents (gallic and uronic acids) in the cladode extract are responsible
for the reduction and stabilization of the nanoparticles (Figure 2).

O. ficus-indica is well known for its anti-diarrheal, anti-inflammatory, antiviral, and anticarcinogen
properties [142, 143], as well as for being used in treatments for diabetes and indigestion. The plantis
commonly used as a nutritional complement, and its fruits and cladodes can be consumed in salads
[144-146]. In general, this plant contains vitamins, minerals, and sugars, indispensable for human
health. A recent study by E. Ramirez M et al. reports that O. ficus-indica cladodes improve the physi-
cochemical properties of corn tortillas [147]; additionally, it increases the antioxidant activity in the
blood and plasma of humans [148]. Furthermore, the extract has better anti-inflammatory potential
than the drug indometacin [149]. Similarly, metallic and nonmetallic nanoparticles obtained with
ecological methods are pioneering in the same fields as the extract O. ficus-indica (Scheme 2).
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Figure 2. Carboxylic acids in O. ficus-indica play an important role in the formation of nanoparticles.

0. ficus indica Nanoparticles

Antioxidant | | Anti-inflammatory | | Anti-viral Anti-cancer Anti-diabetic

Scheme 2. Nanoparticles and cladodes from O. ficus-indica have similar range of technological applications.

For instance, silver nanoparticles obtained from the extracts of R. indica and European black elder-
berry show anti-inflammatory properties [150, 151]. Gold nanoparticles from Inonotus obliquus
show antioxidant activity [152]. Synthesized ZnO nanoparticles from the root of Polygala
tenuifolia show antioxidant and anti-inflammatory activity [153]. In the same way, Au and Ag
nanoparticles obtained by biosynthesis are powerful nanomaterials in the control of diabetes
[154-156]. Thus far, literature only reports in vitro studies with antibacterial activity using O.
ficus-indica extract, applied in the biofabrication of silver nanoparticles, considering the syner-
gic affects against E. coli and S. aureus [133]. As a consequence, the organic agents such as car-
boxylic acids, in the cladode extract of O. ficus-indica, and the nanoparticles obtained through
eco-friendly methods, can improve the nanobiotechnological applications; furthermore, they
secure innovative developments of the several application fields and the modern technology.
It is still necessary to develop studies in order to validate the hypotheses presented in this
study, concerning the nanoparticles obtained from the extracts from the cladodes.

4. Experimental section

4.1. Metallic nanoparticles

In this study, we synthesized metallic nanoparticles Ag, Au, Cd, Cu, Pb, and Ti with cladodes
from O. ficus-indica in a colloidal medium. The synthesis presented excellent stability during
long periods of time. The following were used as precursors during the synthesis processes:
Nitrates AgNO,; Cu(NQ,),; Pb(NO,),; Cd(NO,),; Chlorides: HAuCl,. Small fragments of metal
underwent a thermal treatment in nitric acid for the synthesis of Ti nanoparticles (Figure 2).
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The method used in this study was made in collaboration with other authors [157]: 25 g of the
cladode was mixed in 50 ml of deionized water; subsequently, the solution underwent ther-
mal treatment at a constant temperature of 60°C, and magnetic agitation for 1 h. The resulting
solution is then filtered obtaining the O. ficus-indica extract. Three milliliters of the extract is
mixed with 25 ml of the precursor solutions (nitrate and chlorides) for the reduction of the
metallic ions. The solution undergoes the same thermal treatment and magnetic agitation
described above. The nanoparticles are formed and stabilized during these processes.

4.2, Carbon nanostructures

The organic molecules containing the O. ficus-indica extract may have hydrophilic proper-
ties. This represents of the extract of the plant a strong candidate for the obtaining of laminar
materials of carbon and small quantum dots both in colloidal means.

To obtain a few graphene sheets from commercial graphite, 5 ml of the extract of O. ficus-indica
was used as mentioned in the previous section. Subsequently, 2 g of commercial graphite was
added to 50 ml of deionized water and mixed with 5-ml extract of O. ficus-indica. The mixture
was kept in an ultrasonic bath for 30 min. Finally, floating material was collected on the liquid
surface with a slightly bright hue, to be analyzed by transmission electron microscopy (TEM),
Raman, and X-ray photoelectron spectroscopy (XPS). To obtain carbon quantum dots (CQDs),
a mixture with the same components was maintained under magnetic stirring and at 50°C for
30 min and then subjected to an ultrasonic bath for 30 min. In the first minutes of subjecting
the sample in the ultrasonic bath, a tone change in the surface of the liquid is observed. In the
same way, floating material was collected on the surface of the liquid, finding small CQD.

5. Results and discussions

Nanoparticles of the precursors mentioned in the experimental section were obtained
and characterized by transmission electron microscopy. In the case of the silver nanoparti-
cles, these mainly presented particle sizes that oscillate between 2 and 4 nm, and few cases
are observed with sizes between 10 and 15 nm (Figure 3a). In both cases, morphologies of
spherical type are observed. For the case of the precursor HAuCl, after performing the syn-
thesis process mentioned in the experimental section, gold nanoparticles with different mor-
phologies such as triangular, pentagonal, hexagonal, and quasi-spherical were obtained.
The mentioned macroscopic parameters allowed a diversity of morphologies for this precursor
as seen in Figure 3b. In the case of cadmium nanoparticles (Figure 3c), an irregular shape with
sizes located between 2 and 8 nm approximately was obtained.

In some cases, the organic molecules contained in the plant extract are manifested by inter-
acting with the surface of the nanoparticle, possibly as a consequence of molecular affinity.
As is the case with copper nanoparticles (Figure 3d), in these, a region between 2 and 3 nm
in thickness is observed that surrounds a nanoparticle with a diameter of approximately 10
nm. Another similar case was presented when synthesizing titanium nanoparticles; in the
TEM image (Figure 3f), we observed clusters of nanoparticles were stabilized by an organic
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Graphene IR Graphene 3o Carbon Quantum dots

Figure 3. TEM images of metallic nanoparticles and carbon nanostructures synthesized with cladode extract from O.
ficus-indica. a) Ag Nps, b) Au Nps, c) Cd Nps, d) Cu Nps, e) Pn Nps, f) Ti Nps, g) Graphene, h) Graphene, i) Carbon
Quantum dots.

medium. The nanoparticles of titanium have sizes located at approximately 5 nm; we assume
that this stabilizing medium may contain ascorbic acid, starches, proteins, and various vita-
mins naturally contained in the extract of the plant O. ficus-indica.

On the other hand, when using PbNQO, as a precursor of lead nanoparticles by the synthesis
method presented, nanoparticles below 10 nm were obtained with well-defined crystalline
phase as seen in Figure 3e. For the case of the synthesized metallic nanoparticles, we observed
that the extract of O. ficus-indica facilitates the obtaining for a size smaller than 10 nm. This has
several advantages for analyzing biomedical applications such as drug delivery, therapeutic
applications, bioimaging, and magnetic energy storage [158-160].

For the laminar carbon nanostructures obtained by green synthesis methods, there are currently
published results that start from graphite oxide as a precursor [161, 162]. In the present inves-
tigation, we use commercial graphite as a precursor, further reducing the costs of synthesis for
the nanostructured laminar final product. Figure 3g and h show graphene layers made up of
less than 10 layers. These were obtained by the simple ultrasonic sonication method shown in
the experimental section. We assume that the method presented can be made repeatedly until
a smaller number of graphene sheets are obtained because the hydrophilic components in the
extract of O. ficus-indica favor the exfoliation.
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The use of green synthesis to obtain CQD is rarely documented. Few numbers of articles show
evidence of the synthesis of CQD using plant extract [163, 164]. By combining the O. ficus-
indica plant extract with a small amount of commercial graphite and maintaining the mixture
at 60° C for 1 h, it was possible to collect the surface liquid from the solution for further
analysis by TEM and to find CQD (Figure 3i). In the same way as the metallic nanoparticles,
the extract allowed to obtain CQD with a size smaller than 5 nm. This favors the applications
of chemical sensors, photodetectors, and so on [165, 166].

6. Optical properties in metallic nanoparticles

As is well known, the metallic and semiconductor nanoparticles have new optical properties
in relation to the bulk material. These properties can be detected by ultraviolet/visible spec-
troscopy (UV/Vis) and are associated with the existence of surface plasmon. Surface plasmon
resonance (SPR) physically represents the oscillation of free electrons on the surface of the
nanoparticles, constituting a characteristic fingerprint of each nanostructured material. The
nanoparticles obtained using the extract of O. ficus-indica were analyzed experimentally by
UV/Vis spectroscopy. All spectra were considered from 200 to 800 nm.

In the case of silver nanoparticles, these showed an absorption band centered on 390-nm char-
acteristic of the SPR due to quantum confinement in silver, as seen in Figure 4a. The depen-
dence of the location of the SPR is associated with the morphology of the nanostructures as
well as the size. Silver nanostructures can be found in the literature with an SPR located at
408, 430, 440, and so on [167-169], associated with different sizes of silver nanoparticles.

The gold nanoparticles probably represent the most studied metal nanostructured in terms of
behavior and shifts of SPR. The gold nanoparticles have absorption bands located at 500, 550,
800, and so on, for nanoparticles with different morphologies. This indicates the dependence
and sensitivity of the location of the SPR with the morphology of the gold nanostructures
[170-172]. The gold nanoparticles obtained in this work show a large amplitude absorption
band associated with the presence of the SPR centered at 55 nm. We assume that this band
implicitly considers the contribution of several SPRs associated with the different morpholo-
gies obtained, as shown in Figure 4b. This can be seen in the large amplitude of the absorption
band, with a range from 500 to 670 nm. For cadmium nanoparticles, an absorption band cen-
tered at 232 nm is shown in Figure 4c. For lead, there are reports of nanocubes with absorp-
tion bands located at approximately 320 and 400 nm [173]. A band detected at 300 nm was
associated with SPR due to the confinement in these lead nanoparticles (Figure 4e).

The obtained copper nanoparticles had a well-defined absorption band centered at 580 nm
approximately as shown in Figure 4d. The synthesis of copper nanoparticles it faces to copper
oxidation easily in a colloidal medium, the extract of O. ficus-indica facilitates the stabilization
of these nanoparticles. Prabsash et al. obtained nanoparticles of copper with a size of 10 nm,
using chemical reduction by the reducing agent sodium borohydride [174].

On the other hand, titanium (metal) nanoparticles are difficult to find in the literature. There
are reports from Mohammadi and Halali who used the electromagnetic levitation melting gas
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Figure 4. Optical absorbance of metallic nanoparticles synthesized by O. ficus-indica extract.

method to evaporate titanium particles [175]; the nanoparticles obtained by them have sizes
between 28 and 40 nm. Although the method presented is effective, it represents a require-
ment of special equipment to carry out the synthesis of titanium nanoparticles. The titanium
nanoparticles obtained in the present work were based on the modified method presented
by R. Britto et al. [176], varying slightly the amount of extract of the plant O. ficus-indica. The
absorption band obtained for titanium nanoparticles (Figure 4f) was located at 350 nm, asso-

ciated with the SPR of this metal.
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7. Conclusions

In conclusion, the current importance of organic agents functionalized with nanoparticles in
the nanotechnological and biomedical fields has been exposed in this study. The properties
of carboxylic acids make the fabrication of biocompatible nanostructured systems attractive
for future attention. The biosynthesis process used in the fabrication of graphene layers and
nanoparticles initiates an ecological and low-cost alternative in biocompatible applications
for the treatment of diseases, mainly for antineoplastic therapies. The cladode extract from
O. ficus-indica is highly efficient in the formation of nanoparticles, which can play an impor-
tant role in the biocompatibility for the benefit of health and nutrition. Metallic and nonmetal-
lic nanoparticles with nanobiotechnological applications synthesized with ecological methods
(carboxylic groups) will be a fundamental tool for biocompatible applications in nanoscience
and nanotechnology.
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Abstract

In the current chapter, the results of the optimized organic and inorganic materials fea-
tures have been presented and discussed under the conditions when the material volu-
metric body and their surfaces have been structured. The dramatic change of the main
characteristics of the inorganic matrix which surface has been modified with oriented
carbon nanotubes and additionally treated by surface electromagnetic waves has been
established. The transmittance and reflection spectral change, of the micro-hardness and
of the wetting angle increase have been discussed due to the covalent bonding of the car-
bon nanotubes with the near-surface materials layers. Analytic and molecular dynamics
simulations have supported the data. The essential change of the basic macro-parameters
of the organic matrix, including the liquid crystal one, via their structuration with the
nano- and/or bio-objects such as the fullerenes, carbon nanotubes, shungites, quantum
dots, graphene oxides, DNA has been found. The spectral, photorefractive, and photo-
conductive characteristics modification has been discussed due to the drastic increase
of the dipole moment. The laser-induced change of the refractive index has been con-
sidered as the indicator of the basic materials macro-parameters changing. It has been
predicted that a scientific knowledge and the technology advances can be useful for the
solar energy, display technique, for the system to absorb the gas and impurities, for the
schemes with the compacted information recording as well as for the biomedicine.

Keywords: structuration process, carbon nanotubes, surfaces, coatings, conducting
quasi-graphene layers, inorganic and organic materials, spectra, mechanical properties,

refractive features, laser-mater interaction
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1. Introduction

Careful investigations of the structural, refractive, conductive, and wetting properties of the
innovative hybrid materials modified with effective nano- and bio-objects are timely and
quite popular [1-6] because of the relevance study of new physical and chemical effects in
them. Structured inorganic and organic materials, including liquid crystal ones, are able to
optimize the technological processes for nano- and bio-technologies, as well as to extend the
possible their application for the purposes of telecommunications, display, laser, biomedical
engineering, industrial production, etc.

It should be said that the study of the structural and optical effects in the materials has a
special place in the development of modern innovative technologies. This is due to the sub-
stantial increase in applications last, as the photon energy lies in the range of electronic and
vibrational transitions in matter, and therefore, this circumstance allows the use of light and
more particularly laser radiation, to obtain unique information about structural and dynamic
refractive properties of the materials. Moreover, it permits to manifest new and classic con-
firmation of the effects in them and to use laser sources for modeling properties of the inves-
tigated matrix systems.

This chapter partially summarizes the prospects of the process of surface structuring (e.g.,
some inorganic materials) and the volume (e.g., some organic systems) in order to create and
advocate new composites with unique improved their physical and chemical properties.

1.1. Features of structuration of the surface of inorganic model materials

Covalent bonding of the CNTs, as an indicator of enlightenment, the strengthening of materi-
als, changing their resistance and laser strength.

Among other perspective nanoparticles and nanostructures, the carbon nanotubes (CNTs)
occupy the special place. The basic features of carbon nanotubes are regarded to their
branched surface, high conductivity, strong hardness of their C-C bonds, little value of the
refractive index as well as to their complicated, and unique mechanisms of charge carrier
moving [7-10]. These characteristics permit to apply the CNTs materials with good advantage
in order to improve the physical and chemical properties of the inorganic systems especially
when the CNTs have been deposited on the material surfaces.

It should be mentioned that to modify the properties of the inorganic materials via their sur-
face treatment, the SWCNTs type #704121 with the diameter placed in the range of 0.7-1.1 nm
purchased from Aldrich Co. has been used. These nanotubes have been deposited on the
material surface using IR CO,-laser with p-polarized irradiation at wavelength of 10.6 um and
power of 30 W. Moreover, CNTs have been placed at the materials interface under the condi-
tions when an additional electric field of 100-600 V cm™ has been applied in order to orient
the nanotubes in the vertical position during the deposition process. This procedure has been
partially shown in the RU patents [11, 12]. The spectra of the nanotubes-treated materials
have been obtained using Perkin-Elmer Lambda 9 and Furrier FSM-1202 instruments as well
as using VIS SF-26 device operated in the range of 250-1200 nm. Surface mechanical hardness
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has been revealed using the CM-55 instrument as well as via using of the micro-hardness
device PMT-3M (produced by “LOMO”, Saint-Petersburg, Russia) with the ability to vary
an indenter forces. The laser strength has been checked with pulsed nanosecond Nd-laser.
The special accent has been given to observe the relief at the material surface via checking
the wetting angle. In this case, the camera with parameters as Compact F1.6 1/3 CS Mount
6.0-60 mm Manual Focal Iris Zoom Lens for CCTV Camera (Black) has been applied. The
modified surface analysis has been made using Solver Next AFM (purchased from NT MDT
Co., Zelenograd, Moscow region, Russia).

1.2. ITO conducting layer: spectral parameters, wetting phenomenon, laser and
mechanical characteristics

It should be mentioned that an emphasis has been given on the ITO-conducting layers modi-
fication due to the reason that these structures have so broad area of the application in the
general telecommunication systems, solar energy area, and biomedicine as well as in display,
gas storage and laser technique [13-20]. For example, if one of the optoelectronic key element,
such as electrically or light-addressed spatial light modulators (SLMs) can be considered, it
should be said that besides of the solution to obtain the high resistivity and good speed, some
other important problem should be resolved. It connected with the possible increase of the
transparency, mechanical and laser strength of the SLM elements as well. Thus, nanostruc-
turation process permits to find new ways to resolve the problem mentioned above with good
advantage. In this case, the influence of the surface treatment procedure on the materials basic
characteristics can be taken into account.

The data showed in Figures 1 and 2 as well as in Tables 1 and 2 support the spectral evidences,
the mechanical properties, the laser features, the resistance values, and the wetting angles. It
should be mentioned that an additional surface electromagnetic wave (SEW) treatment has
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Figure 1. VIS (a) and near IR-range (b) transmittance spectra of the ITO-layer covered with the vertically aligned CNTs
under the different electric field applied.
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Figure 2. Possible CNTs placement on the ITO surfaces: general view (a) and the dimension one (b).

been made to modify the ITO relief in order to decrease the roughness and resistivity as well
as to apply one as an orienting coating for the classical nematic liquid crystal cells [21, 22].

One can see from Figure 1 data that the structuration of the ITO surfaces with oriented CNTs
provokes the shift of the spectral parameters (a) and increase the transparency (b). The molec-
ular dynamics method based on the LAMMPS program [23, 24] has been made to support
these results. Data of this simulation have supported the bonding existing effect and testified
that the one has been coincided with the diameter and speed of the CNTs under the laser-ori-
ented deposition (LOD) conditions. The data presented in Figure 2 show the possible bonding
between carbon atoms and atomic surface layer.

It should be mentioned that this ITO surface modification reveled by LOD has provoked the
dramatically decrease of the resistivity. It can be explained by the formation of the possible
quasi-graphene layer due to the fact that CNTs reveal the large charge carrier moving from
the core of the nanotubes and show the donor acceptor properties too. Figure 3a presented

Resistivity before treatment, Ohm Resistivity after treatment, Ohm
1570 700

1400 500

600 200

390 120

195 70

155 52

150 43

100 46

100 40

Table 1. Comparative values of the resistivity of the pure ITO and of the transparent conducting layers under the
nanostructure process treatment.
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Materials Micro-hardness, Pa  Micro-hardness Energy density, Destruction provoked
increase, times Jx ecm™ energy density, ] x cm™

ITO 22x10° 0 0.3-0.4 0.65

ITO + CNTs 3.5 x10° ~1.6 0.6-0.7 ~0.75

ITO + CNTs + SEW 4.7 x10° 2 0.9 ~1.5

Table 2. Comparative values of the mechanical hardness and laser strength of the pure ITO and of the transparent
conducting layers under the nanostructure process treatment.

the tentative model picture to form the quasi-graphene layers on the ITO surfaces structured
by LOD. As an additional, the AFM-image is shown in Figure 3b in order to present the real
structured optimized relief.

To observe the change of the resistivity, one can see Table 1 data. Thus, the resistivity param-
eters can be change up to 2-3 times. It can be important for the future design of the telecom-
munication systems, such as light-addressed and electrically addressed SLMs, electrically
controlled display and holographic elements, etc., because it should provoke the essential
decrease of the applied voltage. Indeed, the data presented in Table 1 have been obtained for
the initial different pure ITO coatings with different their thickness and treated at different
annealing temperatures.

Among these advantages, the mechanical hardness and laser strength improvement have been
shown as well. The data of Table 2 support this fact. It should be testified that the mechani-
cal hardness and laser strength of the ITO-conducting layer can be successfully increased
via CNTs treatment. It should be mentioned that traditionally the HfO, coatings have been

i h

Figure 3. Possible model presentation to form the quasi-graphene layers on the ITO surfaces coated with oriented
CNTs (a) and AFM-image of the structured ITO relief (b).

171



172

Nanomechanics

deposited on the ITO surface to eliminate their roughness and increase the strength, but the
CNTs modification can provoke the better results via applying the LOD technique.

Some evidences to increase the wetting angle have been obtained too for the ITO relief stud-
ied. Thus, the pure ITO coatings additionally treated with the surface electromagnetic waves
have revealed the wetting angle close to 70-75°. After nanostructuration process using LOD
technique, the wetting angle has been increased and placed in the range of 85-89°.

Analyzing these evidences, it should be noticed that the ITO-relief obtained can be suffi-
ciently used especially in the display and SLM technique due to the fact that the modified
relief at the ITO surfaces can be considered as the conducting layer with the decreased resis-
tivity as well as the orienting one to align the LC dipoles with good advantage. Moreover,
these structured ITO can be prospectively using in the solar energy area and in the bio-
medicine as well as in the general optoelectronics too especially due to their increased
transparency.

1.3. MgF, and relative structures: spectral parameters, wetting phenomenon, and
mechanical hardness

Using the mentioned above designed laser technologies based on the oriented deposition of
the carbon nanotubes [11, 12] on the surface of optical materials including as well MgF,, CaF,,
BaF,, LiF, NaCl, KBr, KCl, etc. materials operated in the UV and in the IR spectral range, the
study of the spectrum of transmittance, micro-hardness, changing the ability to water absorp-
tion, etc. is important. Results for the obtained transmittance and the reflection spectra of the
group of randomly selected samples are shown in Figure 4. One can observe the essential
change of the spectral characteristics for the 200-500 nm and for the near-IR spectral range.
Moreover, for the BaF, structures, the reflection spectrum change has been obtained up to
16 micrometers.

Analyzing these data, it is evident that the process of laser deposition of CNTs on the surface
of the studied materials changes the spectral parameters, leading to a substantial increase of
transmittance and decrease of Fresnel losses due to the covalent binding of the CNTs to the
surface of the material [25, 26] with regard to the small value of the imaginary part of permit-
tivity of CNTs and their small refractive index that can be <1.1.

Moreover, dramatically change of the micro-hardness and the wetting angle has been
obtained for these systems. The comparative data before and after laser deposition of the
CNTs are shown in Table 3. Thus, micro-hardness can be increased more than 6-10%, and
the angle of wettability can be changed from 1.5 to 5 times. Of course, not only essential
mechanical properties of carbon nanotubes should be considered when one analyzes these
data, but also the formation of predicted covalent bonds between carbon nanotubes and
the surface atoms of the investigated materials. It should be mentioned that the analytical
calculations presented in the paper [26] for the model MgF, structure have shown that
in order to destroy the structured material surface we should firstly to bend the verti-
cally oriented nanotubes with energy of 1.8 x 10 J, which is in five times larger than
the one, which can be applied to simply remove the nanotubes from the surface after
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Figure 4. Transmittance spectral change of the LiF and KBr (a); MgF, (b), BaF, materials (c), and reflection spectral
parameters of BaF, (d). Curve 1 and curve 2 are regarded to the systems before and after nanotreatment. The sample
thickness was ~2 mm.

destroying MgC bonding. This simple model can be used to explain the results of the
dramatic increase of mechanical surface hardness of MgF, covered with nanotubes placed

by LOD technique.

No Materials Indenter, g Increase of the micro- Wetting angle, before Wetting angle, after
hardness, % CNTs deposition, CNTs deposition,

degrees degrees

1 NaCl 2 6-8 7 25

2 KCl1 10 4-6 10 30

3 LiF 10 3-5

4 KBr 10 6-10 5-7 25-30

5 MgF, 40 6 83-85 89-90

6 BaF, 2 12-15 55-56 67-70

7 CaF 40 9-10

Table 3. Comparative values of the mechanical hardness of the UV-IR materials under the nanostructure process
treatment.
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Analyzing these evidences, one can propose that some hydrophilic properties of the functional
UV-IR materials can be changed to reveal the hydrophobic features. That is very important in
the Fourier spectrometry devices, for the microscopy area, as well as for the biomedicine. For
example, the output windows of magnesium fluoride are used in the lamps for quartz treat-
ment of medical institutions. It also can be required for the some substrate of the spatial light
modulators which area of their operation should be extended to the UV and IR spectral ranges.

In addition, registered increase of the spectral characteristics, macro-hardness parameters and of
the wetting phenomena too indicates the novel tendency to find unique way to improve the tech-
nical parameters of these materials under the condition of the oriented CNTs laser deposition
technique for the purpose of the general optoelectronics, solar energy, and biomedicine systems.

1.4. Metal and semiconductor materials: spectral parameters, wetting phenomenon, and
mechanical hardness

Some materials from the metal and semiconductor groups have been studied in order to
accept the knowledge about the influence of the nanostructuration process on the basic physi-
cal parameters of this type of the materials. Partially, the data are presented in Figure 5.
It should be noticed that in the case of the analysis of the spectra, one took into account the
change of the spectrum with one-sided processing of the material and processing from two
their sides.
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Figure 5. Transmittance spectral change of the ZnS (a); ZnSe (b) materials, and reflection spectral parameters of Al (c),
and Cu (d).
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The micro-hardness results reveal the increase of these parameters too. Thus, for the Al, Cu,
ZnS, ZnSe materials, the micro-hardness has been increased up to 7, 9, 5, 5%, respectively.
It should be mentioned that the indenter with the forces of 30 and 20 g has been used to treat
the metal and semiconductor materials, respectively.

The molecular dynamics method has supported the results of the spectral and the mechani-
cal properties changing due to the incorporation of the CNTs into the materials surfaces and
due to form the possible bonding between the carbon atom and the original material surface
atoms of Al and ZnS materials. It should be mentioned that the penetration depth has been
depended on the velocity of the CNTs and their diameters. The molecular dynamics results
are shown in Figure 6. This analysis has been made using the procedure in the framework of
the LAMMPS program [23, 24].
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Figure 6. Dependence of the penetration on the CNTs velocity for the studied Al (a) and ZnS (b) materials under the
laser-oriented deposition process using the different diameter of the CNTs.
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It should be noticed that the interaction between Zn and S atoms in the penetration process of
CNT into Zn-S surface was described using Tersoff many-body potential in which parameters
are given in publication [27]. Interaction between Al atoms was described using embedded
atom method (EAM) [28] parametrized according to Ref. [29].

To describe the interaction between CNT and Al substrate, the 12-6 potential E = 45[(%)12— (%)6]
has been used. The interaction parameters were fit as: e=2.63 eV, 0=1.91 A based on inter-
layer distance between graphene and Al surface. To describe the interaction between CNT
and Zn atoms of the substrate, the parameters for 12-6 potential were fitted as e=0.011eV,
0=1.80 A. Interaction between C and S was taken two times smaller than for Zn-C. The inter-
action between carbon atoms in the CNT was described using Tersoff many-body potentials
with parameters described in Ref. [23].

The molecular dynamics simulations have been carried out at constant temperature about
300 K. The total time of simulation has been of 60 ps with the time step of 1 fs. The velocities
of the tubes have been varied from 100 to 600 mxs™ according to the experiments.

Thus, using the consideration based on the ITO, MgF, and relative structures, Al, Cu, ZnS and
ZnSe materials, the current study can propose the CNTs laser treatment as the innovative way
to modify the important physical and chemical characteristics of these inorganic materials.

Analyzing these evidences, one can remember that Al is the material used to fabricate the
aviation, aerospace, food processing and the production of tableware; copper is a material
for the manufacture of wires for electrical industry; ZnS and ZnSe are the materials for the
manufacture of space components and devices of technical sensors, etc. Thus, all of the men-
tioned above area of the application of the materials under the consideration can be essen-
tially exceeded via using the LOD technique with good advantage.

2. Features of the structuring of the volume of model polymers and liquid
crystals: change of the refractive parameters as indicator of the changes of
the photoconductive, spectral and structural properties

Using four-wave mixing of laser beams (see Figure 7) in the nanosecond range of durations,
at the wavelength of the second harmonic of a neodymium laser A =532 nm, with varia-
tion, as energy density or spatial frequency A, the investigation of the change of refractive
properties of a large group of conjugated organic materials by recording the diffraction
efficiency in the diffraction Raman-Nath has been made. The scheme and the conditions are
coincided to that considered before in the papers [14, 30]. It should be mentioned that for
all materials studied, the threshold value of the input energy density at which the revers-
ible process has been transfer to the irreversible one has been detected. Some AFM-image is
shown in Figure 8, which corresponded to thermal replica on the material surface to indi-
cate this fact. One can see that the spatial frequency approximately equaled to 90-100 mm™
has been formed.
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Figure 7. Experimental setup. 1 —Nd-laser with the second harmonic convertor (532 nm), 2,7 —filters, 3,4,8 —mirrors,
5,6—photo detectors, 9—samples, 10—an additional Nd- or He-Ne-laser to read-out, 11—recorded diffractive grating.

The values of light-induced additives to the refractive index have been calculated, and the
range of variation of cubic nonlinearity and nonlinear refraction has been defined. It is
established that these values are comparable with those obtained for three-dimensional
silicon structures. But, it should be noticed that the technology of obtaining thin films of
conjugated organic materials significantly easier and their thickness is an order of mag-
nitude less. The main results of the largest light-induced change of the refractive index
An_in a number of structured organic materials, for example, polyimide PI, 2-cycloocty-
lamino-5-nitropyridine (COANP) and nematic liquid crystals (NLC) with different con-
centrations of the sensitizers and treated at different energy densities are systematic and
presented in the comparative Table 4.

As nano- and bio-sensitizers the fullerenes, shungites, carbon nanotubes (CNT), quantum
dots (QD), oxides graphene, DNA has been used. The explanation of the change of the refrac-
tive properties of the organic conjugated systems with structuring volume of the medium is
given in the framework of the significant growth of the polarizability, dipole moment, and
the way of the transfer of charge carriers from intramolecular electron donor is not on the

Figure 8. AFM and optical images of the relief obtained on the material surfaces under the conditions when reversible
process becomes the irreversible one.
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Materials Nano-object content, wt.% Energy density, Jem™?  An,

Pure polyimide 0 0.5-0.6 10+-10°
Polyimide + QDs CdSe(ZnS) 0.003 0.2-0.3 2.0x10°
Polyimide + graphene oxide 0.05 0.2 2.7x103
Polyimide + graphene oxide 0.1 0.2 34x10°
Polyimide + C,, 0.2 0.5-0.6 42x10°
Polyimide + C, 0.2 0.6 4.68x10°
Polyimide + shungite 0.1 0.5 3.46x1073
Polyimide + shungite 0.2 0.1 5.3x107
Polyimide + CNTs 0.1 0.5-0.6 5.7 %107
Pure COANP 0 0.8-0.9 ~10°
2-cyclooctylamino-5-nitropyridine 5 0.9 6.21x1073
(COANP) +C,,

COANP+C,, 5 0.9 6.89 %107
LC + polyimide + C,; 0.2 0.1 12x103
LC+COANP +C, 5 17.5x10° 1.4x10°3
LC+COANP +C,, 1 30x 10 1.45x10°
LC + QDs CdSe(ZnS) + DNA 0.1 0.1 1.35x107

Table 4. Refractive characteristics modification via checking of the laser-induced change of the refractive index.

intramolecular acceptor but to the intermolecular acceptor with high electron affinity and
ability to delocalize of not one, but a larger number of carriers [31, 32]. Qualitative picture is
shown in Figure 9.

Analyzing the basic experimental data presented in Table 4, it should be remembered that
the different types of the sensitizers, their content, and energy density have been applied.
Moreover, the experiments have been performed at the close spatial frequencies and at the
same laser pulse width. One can see that the values of the laser-induced refractive index have
been exceeded the ones obtained for the chosen pure matrix systems. It should be mentioned
that the refractive features have been connected with the increase of the charge carrier mobil-
ity obtained via photoconductive experiments. The comparative analysis to check the increase
of the charge carrier mobility has been made via procedure shown in the paper [33].

It should be said that the calculated values of nonlinear refraction n, and third-order non-
linear susceptibility x® are included in a range of values: r,=10"-10" cm*>xW™" u x®=10""-
107 ecm3<erg™ [30, 31, 34-36]. The growth of refractive coefficients correlated with the change
of the photoconductive (increase of mobility of charge carriers), and it is connected with
the changes in the order parameter of the studied materials and with the infrared shift of
their spectral characteristics. It has been registered to the photosensitivity and has been
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Figure 9. Model to explain the formation of the intermolecular charge transfer complex between an organic matrix donor
and nano- or bio-objects as an effective acceptor (left) and the picture of the observed diffractive grating (right).

calculated via checking the charge carrier mobility. Moreover, the tendency of the change
of the nano-doping to bio-doping one has been discussed because the bio-doped organics
have shown the same refractive parameters change [37, 38]. The correlations indicated above
can be used, on the one hand, for the basis of the predicted paths to extend the use of organic
conjugated structured materials for the industrial and the biomedical applications, on the
other hand, for the assessing of the ability of the competing influence of bio-objects, in com-
parison with nano-objects, due to nontoxicity and easy renewability from the World Ocean
these biological structures.

3. Conclusion

Analyzing the obtained and discussed data, it should be concluded the followings:

1. Structuration of the inorganic material surfaces (based, e.g., on the ITO structures, MgF,
and relative systems, Al, Cu, ZnS and Znse ones) has predicted the spectral, mechanical
and wetting features change. The increase of the transparency, hardness, and wetting an-
gle has been revealed.

2. Structuration of the inorganic material surfaces based on ITO has shown and supported
the essential decrease of the resistivity. It can provoke the decrease of the applied voltage
when these ITO coatings are considered as the transparent conducting layers in the spatial
light modulators and in the related devices.
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3. Structuration of the inorganic material surfaces based on ITO via CNTs-oriented laser dep-
osition technique can provoke to form the possible quasi-graphene layers, which can easy
explain the change of the ITO resistivity due to large charge from the core of the CNTs and
their donor-acceptor properties.

4. Doping of the organic materials by studied nanoparticles has revealed the drastically
change of the laser-induced refractive index that is larger than the ones obtained for the
pure organic conjugated matrixes.

5. Calculated refractive parameters of the nanoparticles doped organics can be compared
with the analogous refractive parameters obtained for the classical inorganic bulk crystals.

6. The laser-induced change of the refractive index of the nano-doped organics can be com-
pared with the analogous refractive parameters obtained for the bio-doped organics mate-
rials based, for example, on the liquid crystal ones.

7. Applications of the materials, which body and interface can be modified with effective
nanoparticles, can be extended essentially. The solar energy, gas storage systems, infor-
mation technology, displays, and the biomedicine can accumulate the knowledge and the
practical results.
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