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Preface

This book presents information about composite materials, which have a variety of 
applications in engineering and aeronautics, transportation, construction, sports, 
recreational activities, and so on.

Composite materials have anisotropic behavior, which makes these materials resis-
tant to corrosion with a good weight-to-stiffness ratio. They are often reinforced 
with fibers or other particles and have the excellent capability for integration with 
other materials.

Composite materials consist of two or more constituents that have different 
physical and chemical properties. One of the constituents is the matrix, which 
can be polymer, ceramic, or metal. Among the most used matrix materials for 
composites are thermoplastic and thermoset polymers. Thermoplastics are the 
most common polymers and include polypropylene, polyvinyl chloride (PVC), 
polyethylene, nylon, polyethylene terephthalate (PET), acrylonitrile-styrene-
butadiene (ABS), and others. These polymers are used in medical devices, tablets, 
vehicles, panels, frames, interior components, buildings, roads, air- and spacecraft, 
and so on.

Matrix materials can be metallic, such as aluminum, magnesium, and titanium, 
which can be used as catalysts as well as for energy storage and corrosion resistance. 
They can also be ceramic, including carbon, silicon carbide, and alumina. These 
materials can be used in tools, wear components, bioceramics, heat exchangers, 
coatings, and more.

This book reports on composite materials in two sections: “Composite Materials 
with Polymer Matrix” and “Composite Materials with Other Kind of Matrix.”

The first section evaluates the thermal and mechanical properties of thermoplastic 
and thermoset polymers reinforced with particles (SiC/SiO2, metallic particles, etc.) 
and fibers. The section includes information on using the finite element method to 
analyze these materials at different temperatures, as well as discusses polymers such 
as polyaniline (PANI) and epoxy and their electrical and electronic properties and 
preparation methods.

The second section discusses new 2D composites such as thin films and porous silicon 
for biosensors devices, as well as modification of composites based on ferrite with 
Co2+ and Ti4+ and their conductivity and shielding properties.

In discussing the different materials, this book includes information on the design of 
the materials, their structure, and their preparation methods. Composite Materials 
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Chapter 1

The Role of Novel Composite 
of 2D Materials and Their 
Characterization, Properties, and 
Potential Applications in Different 
Fields
Zahra Sayyar and Zahra Jamshidi

Abstract

Thin layers or coating of transition metal dichalcogenides (TMDs) is a new class 
of two-dimensional (2D) inorganic materials with unique physical and chemical 
properties. This book chapter covers the recent research of thin film of 2D materials 
using various novel technologies to synthesize and grow monolayer 2D materials 
on different substrates in different fields based on the knowledge available in the 
literature. Thin film on substrate can be enhanced with the favorable properties. 
Therefore, selection of methods can play a key role in characterizing the coating. 
The novel coating processes on composite materials and their characterization, 
properties, and process and potential applications also have been discussed. The 2D 
materials that have been investigated created a thin film through different methods 
and were used to serve different biomedical purposes such as modifying drug 
release, improving energy efficiency and storing energy, catalysts, and so an.

Keywords: 2D materials, thin film, application, synthesize

1. Introduction

Nowadays, the potential of nanotechnology confirms us to use nanomaterials in 
all fields such as biotechnology, engineering, and medical; therefore, nanotechnology 
opens up new frontiers for innovation in these fields [1, 2]. There are diverse classes of 
nanomaterials in nanoscience, for example, the zero-dimensional (0D) class of quan-
tum dots; one-dimensional (1D) class of nanoribbons, nanotubes, and nanowires; 
two-dimensional (2D) class of single-atom thick materials; and three-dimensional 
(3D) class of nanoballs and nanocones [1, 3]. Their dimensionality is important prop-
erties to distinguish these categories of nanostructure. If the same chemical elements 
or compounds have different dimensions, they will exhibit different properties.

Two-dimensional (2D) layered materials have attracted attention of research-
ers because of their unique electrical, mechanical, thermal, and optical properties 
[4, 5]. These types of materials include a few atoms or monomer units: thin sheets 
exhibiting covalent in-plane bonding and weak interlayer along with layer-substrate 
bonding resulting in unique chemical reactivity and several physical properties. 
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Graphene, hexagonal boron nitride (h-BN), and transition metal dichalcogenides 
(TMDs, e.g., MoS2, MoSe2, WS2, and WSe2) are kinds of these materials that they 
can exhibit high charge carrier mobilities, chemical inertness, and high mechanical 
strength [3, 5, 6]. In addition, 2D materials have the large specific surface area to 
use them in surface-active applications, for example, catalysis, sensing, separation, 
energy storage and conversion, and other related fields. There are various nano-
structures such as metals, metal oxides, and metal chalcogenides that have estab-
lished effective in reaching developed properties and creation of different purposes. 
Additionally, properties like atomic thickness and high anisotropy could be used to 
produce wearable electronic devices based on 2D materials due to their admirable 
mechanical flexibility and optical transparency, which these properties cause to 
develop 2D material-based electronic devices and wearable devices [7, 8].

In this chapter, we will mention the process of the synthesis and chemistry of 
synthetic elemental 2D materials and their application in different fields. Finally, 
we will offer perspectives and challenges for the future of this emerging field.

2. Methods of synthesis and chemistry of 2D thin film

Coating is the most widely used technology to enhance surface properties of 
substrates, and nanotechnology has played an important role in improving the 
coating action [9]. In the case of 2D materials, the monolayers can be arranged on 
top of one another in a selected arrangement to produce unique, heterogeneous 
multilayers, leading to van der Waals heterostructures [10]. Moreover, homoge-
neous multilayer materials, inorganic 2D materials, organic, and organometallic 
have also increased interest of researchers, which include 2D covalent organic 
frameworks and metal-organic frameworks. The structural varieties of organic 
ligands and the numerous linkage chemistries cause the best properties as desired 
composition, size, thickness, crystal phase, and surface property [7].

There are different synthetic methods based on “top-down” and “bottom-up” 
approaches for the synthesis of 2D materials. The “top-down” approaches contain 
the physical mechanical technique such as mechanical sonication, shear force, 
ion intercalation, and exchange. Despite a potential tool to produce large-scale 
single-layer or few-layer 2D materials at the ambient condition, this method has 
various disadvantages such as the broad distribution of sheet thickness and lateral 
size as well as low yield, low structure integrity, and high tendency of restacking. 
But, the “bottom-up” approaches, including chemical vapor deposition (CVD), 
physical vapor deposition (PVD), solid state reaction synthesis, and wet-chemistry 
synthesis, can overcome these disadvantages, and it can control the morphology 
and the structure of inorganic 2D materials. It also has numerous advantages such as 
up-scalability, solution processability, and eco-friendliness [6, 11–13].

2.1 Developed techniques of material production

Over the last decade, thin film of 2D materials such as grapheme has attracted 
worldwide research interest. However, there are many other materials in layered form 
with interlayer interactions, which made by van der Waals forces. Nowadays, these 
materials can be thinned with proper techniques to a few layers and even monolayers. 
Different methods can be used to create these layers, which are the following:

One of the main methods used to obtain monolayers is mechanical exfoliation. 
The process depends on the probability of cleaving the crystal of bulk materials 
and the bonding of metal. Therefore, only a monolayer is moved onto the desired 
substrate [14].
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There is a simple method for synthesizing 2D materials such as chemical vapor 
deposition (CVD). This method does not control the grown materials exactly and 
creates inhomogeneous films. Park group has recently established homogeneous, 
wafer-scale films like MoS2 and WS2 using metalorganic chemical vapor deposition 
(MOCVD). Therefore, they synthesized high-quality and large-area materials. 
Temperature, pressure, chemical reagents, and concentrations as experimental 
parameters can effect on the shape, size, morphology, and uniformity of the 
solution-grown nanostructures. Moreover, this method can control shape, size, uni-
formity, and layer thickness. Inappropriate conditions to produce colloidal solutions 
can cause agglomeration [15, 16]. Other technologies of the coating on composite 
materials recently concentrate great attention on researchers compared to Table 1 
with their distinct applications.

3. Characterization of 2D material coating

Coating texture, morphology, and appearance, particularly for viscosity and 
color, are important to characterize coating film. There are several nondestructive 
techniques to analyze and characterize these coatings in use, according to their film 
surface functionality. Extreme sensitivity and high magnification are involved due 
to the thin nature of films developed. In this section, to investigate morphology and 
texture of coating, some of the techniques are investigated. Electron microscopy 
techniques, such as scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM), and the sensitive atomic force microscopy (AFM) can be used 
to evaluate morphology and texture of coating. AFM is a high-resolution imaging 
tool, which measures and manipulates matter at a nanoscale. It shows significant 
changes on the metal and coating surfaces. It offers 3D visualization, qualitative, 
and quantitative information on size, morphology, surface texture and roughness, 
statistical distribution, surface area, and volume distributions. TEM determines 
particle size and shape. Also, histograms of TEM images can be employed to count 
individual particles formed. Furthermore, TEM imaging has been employed to 

Method Advantage Disadvantage Ref.

Sol-gel Suitable to obtain high quality 
films up to micron thickness

To limit the use of metallic as 
subtracts for coating. To exhibit 
several drawbacks involving 
crack ability and thickness limits

[17]

Thermal spray (gas-
flame, plasma)

To make nanocomposite 
coatings with a matrix of metal 
or alloy

High temperature [18]

Cold spray To allow fabrication of coatings 
at the lower temperatures with 
low porosity

High pressure [19]

Spin coating Preparation of polymer 
nanocomposite coatings. To 
create uniform thin films on 
substrates.

High speed [20]

Electrodeposition For the fabrication of 
nanocomposite coatings, which 
contain organic nanofillers

Formation of microcrack [21]

Table 1. 
Advantages and disadvantages of some methods.



Composite Materials

4

Graphene, hexagonal boron nitride (h-BN), and transition metal dichalcogenides 
(TMDs, e.g., MoS2, MoSe2, WS2, and WSe2) are kinds of these materials that they 
can exhibit high charge carrier mobilities, chemical inertness, and high mechanical 
strength [3, 5, 6]. In addition, 2D materials have the large specific surface area to 
use them in surface-active applications, for example, catalysis, sensing, separation, 
energy storage and conversion, and other related fields. There are various nano-
structures such as metals, metal oxides, and metal chalcogenides that have estab-
lished effective in reaching developed properties and creation of different purposes. 
Additionally, properties like atomic thickness and high anisotropy could be used to 
produce wearable electronic devices based on 2D materials due to their admirable 
mechanical flexibility and optical transparency, which these properties cause to 
develop 2D material-based electronic devices and wearable devices [7, 8].

In this chapter, we will mention the process of the synthesis and chemistry of 
synthetic elemental 2D materials and their application in different fields. Finally, 
we will offer perspectives and challenges for the future of this emerging field.

2. Methods of synthesis and chemistry of 2D thin film

Coating is the most widely used technology to enhance surface properties of 
substrates, and nanotechnology has played an important role in improving the 
coating action [9]. In the case of 2D materials, the monolayers can be arranged on 
top of one another in a selected arrangement to produce unique, heterogeneous 
multilayers, leading to van der Waals heterostructures [10]. Moreover, homoge-
neous multilayer materials, inorganic 2D materials, organic, and organometallic 
have also increased interest of researchers, which include 2D covalent organic 
frameworks and metal-organic frameworks. The structural varieties of organic 
ligands and the numerous linkage chemistries cause the best properties as desired 
composition, size, thickness, crystal phase, and surface property [7].

There are different synthetic methods based on “top-down” and “bottom-up” 
approaches for the synthesis of 2D materials. The “top-down” approaches contain 
the physical mechanical technique such as mechanical sonication, shear force, 
ion intercalation, and exchange. Despite a potential tool to produce large-scale 
single-layer or few-layer 2D materials at the ambient condition, this method has 
various disadvantages such as the broad distribution of sheet thickness and lateral 
size as well as low yield, low structure integrity, and high tendency of restacking. 
But, the “bottom-up” approaches, including chemical vapor deposition (CVD), 
physical vapor deposition (PVD), solid state reaction synthesis, and wet-chemistry 
synthesis, can overcome these disadvantages, and it can control the morphology 
and the structure of inorganic 2D materials. It also has numerous advantages such as 
up-scalability, solution processability, and eco-friendliness [6, 11–13].

2.1 Developed techniques of material production

Over the last decade, thin film of 2D materials such as grapheme has attracted 
worldwide research interest. However, there are many other materials in layered form 
with interlayer interactions, which made by van der Waals forces. Nowadays, these 
materials can be thinned with proper techniques to a few layers and even monolayers. 
Different methods can be used to create these layers, which are the following:

One of the main methods used to obtain monolayers is mechanical exfoliation. 
The process depends on the probability of cleaving the crystal of bulk materials 
and the bonding of metal. Therefore, only a monolayer is moved onto the desired 
substrate [14].

5

The Role of Novel Composite of 2D Materials and Their Characterization, Properties…
DOI: http://dx.doi.org/10.5772/intechopen.92707

There is a simple method for synthesizing 2D materials such as chemical vapor 
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Method Advantage Disadvantage Ref.

Sol-gel Suitable to obtain high quality 
films up to micron thickness

To limit the use of metallic as 
subtracts for coating. To exhibit 
several drawbacks involving 
crack ability and thickness limits

[17]

Thermal spray (gas-
flame, plasma)

To make nanocomposite 
coatings with a matrix of metal 
or alloy

High temperature [18]

Cold spray To allow fabrication of coatings 
at the lower temperatures with 
low porosity

High pressure [19]

Spin coating Preparation of polymer 
nanocomposite coatings. To 
create uniform thin films on 
substrates.

High speed [20]

Electrodeposition For the fabrication of 
nanocomposite coatings, which 
contain organic nanofillers

Formation of microcrack [21]

Table 1. 
Advantages and disadvantages of some methods.
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observe certain fabrication features between smart nanocontainers and inhibitors. 
SEM shows particle size and shape. Side view of the SEM images also provided 
dimensions of coating thickness on the brass substrate studied. UV-visible spectro-
photometry is required for determining the reduction of metal ions to nanoparticles 
via surface plasmon resonance, which is also responsible for their unique colors 
upon reduction. Optical properties of the metallic nanoparticles are permissible. 
Fourier-transform infrared spectroscopy (FTIR) identifies possible molecules 
responsible for the reduction, stabilization, and capping of micro and nanopar-
ticles coupled with coatings formed via IR absorption spectra. X-ray diffraction 
(XRD) determines particle crystallinity and nature of metallic particles in the 
coating types. Also, phase structure of metal nanoparticles was identified for some 
nanoparticles. Estimation of coating performance is usually employed in terms of 
coating degradation, corrosion kinetics, and electrochemical techniques. Scanning 
vibrating electrode technique (SVET) provides information on corrosion reactions 
initiating in small areas and also examines the inhibitor action in the coatings by 
monitoring both the cathodic and anodic corrosion activities through measuring 
current density maps over the selected surface of the sample. While GC-MS had 
been employed to determine the contents of encapsulated amines, micro-Raman 
spectroscopy determined the chemical composition and displayed the bands. 
Mechanical characterization is an essential aspect when characterizing a smart coat. 
It also determines functional recovery in self-healing coatings. Static fracture test-
ing, fatigue testing, tear testing, microcapsule-induced toughening, microhardness 
test, scratch hardness test, pencil hardness test, and cross hatch adhesion test are 
among the relevant tests in use [17, 18, 22, 23].

4. Doping and heterostructures of 2D materials

There are different parameters that impact on properties of 2D materials. 
Substrate is one of them that is a new modification parameter in the synthesis of 2D 
materials. To produce any thin film, at any of its dimensions, typically needs a sub-
strate. Combining novel substrates with 2D materials can make unusual properties.

Another effective way to modify properties is doping and functionalization with 
other atoms or molecules. If an even number of atoms is omitted, the structure will 
be more unstable and more chemically active due to hanging bonds. Therefore, 
reactive sites could subsequently be doped with foreign atoms to improve the 
specificity of the hanging bonds for binding other molecules.

It is important to be reminded that the “doping” here is different from the one 
generally being used in semiconductor physics. Replacement of heteroatom atoms 
in materials lattice can sometimes reach relatively high doping levels [24].

Magnetism properties of materials can be improved by using both electric field 
and electrostatic doping. Some researchers demonstrate that doping can control 
magnetism in both monolayer and bilayer [25].

Overall, the doping of materials like graphene could be roughly classified into 
two groups: electrical doping and chemical doping. Electrical doping is done by 
varying the gate voltages, and chemical doping is prepared using chemical methods 
that can be considered as an efficient method [25, 26].

Yang et al. demonstrated that a chloride molecular doping method decreases the 
contact resistance (Rc) in the few-layer WS2 and MoS2. This result makes high elec-
tron doping density; therefore, Schottky barrier width declines significantly. This 
doping method offers a highly practical technique to reduce the Rc in 2D materials 
and improve the performance in 2D nanoelectronic devices [27].
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5. Coating of 2D materials using metal organic frameworks

Metal organic frameworks (MOFs) or porous coordination polymers (PCPs) 
as distinctive porous solids have attracted great attention. MOFs have a number 
of advantages rather than the other customary porous materials (e.g., porous 
carbon, mesoporous silica, and zeolite) such as high surface chemistry, structural 
flexibility, and variable pore size in the nanometer range. Therefore, inserting 
2D nanomaterials and their hybrids in MOF materials can develop their potential 
applications [28, 29].

The encapsulation of other types of 2D nanomaterials and their related com-
posites in MOF matrices to form 2D core-shell structures has been demonstrated by 
other researchers. For example, Huang et al. displayed the coating of numerous 2D 
materials counting MoS2, graphene oxide (GO), and reduced graphene oxide (rGO) 
nanosheets as well as their hybrids with metal nanoparticles (i.e., Pt-MoS2, Pt-GO, 
and Pt-rGO) with MOFs (i.e., ZIF-8). They have demonstrated the coating of 
various 2D nanomaterials such as MoS2, GO, and rGO nanosheets and their hybrids 
with metal nanoparticles (i.e., Pt-GO, Pt-rGO, and Pt-MoS2) with ZIF-8 that 2D 
materials as core and MOFs as shell are in these 2D core-shell structures. The TEM 
image of the Pt-rGO@ZIF-8 and Pt-rGO@ZIF-8 hybrid material are shown in 
Figure 1a and b, respectively [30].

6. Application of some thin film of 2D material

In recent years, layered transition metal dichalcogenides (TMDs) have been 
studied in the applications of photodetectors, photocatalysis, solar cells, optical 
modulators, and so on that some examples of their application will discuss in the 
following sections. For example, a great number of active sites could be created by 
the 2D-layered materials with high-specific surface areas for numerous reactions. 
Furthermore, nanosized 2D-layered materials could use as a support to produce 
different composites with a large interfacial contact. Various 2D-layered materials 
such as MoS2 composed of Mo and few-layer MoS2 nanosheet coated TiO2 nanobelts 
exhibit photocatalysis activity [31].

Figure 1. 
(a) TEM image of Pt-rGO@ZIF-8 hybrid nanostructures. (b) Magnified TEM image of a Pt-rGO@ZIF-8 
hybrid nanostructure [30].
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6.1 Strong saturable absorption of 2D SnS2 nanosheet film

SnS2 thin film is a kind of transition metal dichalcogenide monolayers with a 
structure of an atomic layer of Sn between two atomic layers of S (S-Sn-S layers) as 
shown in Figure 2. The range of bandgap is from 2.1 to 2.81 eV. It has many applica-
tions such as field-effect transistors, photodetectors, and photocatalysts. The range 
bandgap of SnS2 is close to the MoS2 and WS2. Therefore, SnS2 thin film can have 
high saturable absorption property like these materials. SnS2 can be also considered 
as a proper saturable absorption material with low cost. He et al. deposited SnS2 
film on transparent quartz using magnetron sputtering method by sulfuration of 
Sn film. The thickness of a SnS2 thin film is measured to be 18.4 nm. The saturable 
absorption intensity of SnS2 thin film was higher than other thin films that the SnS2 
thin film displayed strong saturable absorption behavior to use potential applica-
tions in mode-locked lasers for femtosecond pulse generation [32].

6.2 Water purification using 2D nanostructures

One of the global concerns is issue of the insufficient availability of drinkable 
water. Nowadays, pollution of water has increased. Nanoporous graphene membranes 
could be considered an ideal separation membrane because of its 2D nanostructures, 
large surface area, and transporting selected molecule properties (Figure 3) [33].

However, graphene is impermeable against all gases and liquids. Moreover, gra-
phene pores were engraved with ion etching and modified with negatively charged 
nitrogen and fluorine and also positively charged hydrogen atoms. Therefore, pore 
selectivity will be improved using coupling between ions and functional groups 
positioned at the edge of the nanopore [34].

The passage of Li+, Na+, and K+ ions is permitted by F-N-pore, and H-pore 
permits penetration of Cl− and Br − ions. Moreover, ion size has impact on the 
flow rate. Finally, the pore size, shape, and number of functional ligands attached 
can be effective on ion selectivity to enhance performance of the graphene 
membrane.

Figure 2. 
(a) Schematic diagram of preparation of SnS2 film. (b) Top view and (c) side view of the atomic structures of 
SnS2 [32].
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Recently, use of 2D thin film materials for water treatment has attracted atten-
tion of researchers from the industry. A multilayered graphene thin film can be 
prepared on a support using shear force alignment to spread the viscous, uniformly 
arranged fluid. Multilayered graphene thin film for selective sieving can be used to 
charge and uncharge organic probe molecules and monovalent and divalent salts 
with rejection efficiency over 90%. Currently, Arvia Technology based on water 
and wastewater treatment uses a graphene-based thin film membrane for the treat-
ment of toxic wastewater [35, 36].

6.3 2D materials for energy storage applications

Energy crisis is one of the critical issues in our modern society. Currently, 
demand for efficient, low cost, lightweight, flexible, and environmentally has 
increased. Therefore, use of any scale energy storage devices has raised. There are 
high performance energy storage devices with a high energy density at high power 
such as 2D materials’ graphene thin film or other layered systems. Graphene has 
exposed excessive potential in energy storage applications as active components 
because of their remarkable electrochemical properties, elemental compositions, 
and different crystallographic structures, which can act as electrode materials for 
high-performance electrochemical energy storage device. Other 2D materials as 
layered materials of graphene analogues (GAs) refer to layered materials with a 
structure similar to graphene, with planar topology. This thin film can be used in 
energy storage. There are numerous attempts using a single-layer sheet and size to 
preserve their morphology to synthesize a wide range of GAs homogeneously and to 
control their thicknesses.

A fundamental understanding on the structures of electrodes, the electrode/
electrolyte interfaces, and charge storage mechanisms plays a key role in layered 
material application in energy storage. Additionally, the effect of defects on 
the electrochemical properties of layered materials needs to be studied. The 
overall electrochemical performance (e.g., gravimetric energy density and 
power density) will improve by increasing the operating voltage and choosing an 

Figure 3. 
Nanoporous graphene membrane for desalination [35].
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appropriate electrolyte with a high operating voltage window (organic electro-
lytes or ionic liquids) [37].

The lithium ion intercalation mechanisms play a key role in Li-ion batteries. 
Figure 4a shows the main power sources working for movable electronics and 
electric vehicles. However, lithium-ion batteries based on graphite anodes and 
customary cathode materials (with stable layered structures such as layered lithium 
metal phosphates and lithium transition metal oxides) are useful for energy storage 
devices with high energy density and efficiency and low cost. To develop energy 
storage devices with a larger capacity, higher rate ability and longer cycle life are 
necessary. Li-alloy-based anode materials such as silicon, tin, and tin oxide can 
exhibit high capacity. In recent years, extraordinary capacities in Li-ion batteries 
to store energy can be seen in batteries based on pure lithium metal anodes, such 
as nonaqueous lithium-oxygen (Li-O2) batteries (Figure 4b) and lithium-sulfur 
(Li-S) batteries (Figure 4c). Li-O2 batteries produce an insulated solid state dis-
charge product of Li2O2 with high potentials. Furthermore, intermediate discharge 
products of lithium polysulfides were produced in Li-S batteries that are soluble and 
can dissolve into the electrolyte, thereby migrating to the anode side [38].

6.4 Application of 2D materials in biomedical

Recently, application of TMDCs has increased in different biomedical fields, 
such as drug delivery agents, therapeutics, bioimaging elements, and biosensors 
because of its layered structure and weak interplanar Van der Waals forces between 
these layers [39].

6.4.1 Photothermal therapy

Currently, there are a lot of treatments of tumors through the production of 
highly efficient and multifunctional nanomaterials. Photothermal therapy (PTT) 
has a lot of advantages such as a noninvasive, controllable, and targeted strategy 
to remove tumor cells. The photothermal performances can be improved using 
functional biomedical and bioactive nanomaterials [40]. Light is an external 
stimulus for cancer phototherapeutic modality. Typically, photothermal agents 
accumulated within tumors as internal energy absorbers can be hired by PTT to 
convert near-infrared (NIR) light energy into heat, producing necrosis and/or 
apoptosis of cancer cells. Two fundamental parameters of extinction coefficient (ε) 
and photothermal conversion efficiency (η) are used to determine photothermal 

Figure 4. 
Design of (a) Li/Na-ion batteries (M represents the anode material, and N represents the cathode material), 
(b) nonaqueous Li/Na-O2 batteries and (c) Li-S batteries [38].
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performance of a phototherapeutic agent used for photothermal conversion. 2D 
inorganic photothermal agents are able to increase photothermal conversion effi-
ciency in converting the light into heat [49]. Recently, scientists have done a series 
of breakthroughs on exploiting ultrathin 2D transition metal carbides nanosheets 
(MXenes) for PTT, including effective photothermal ablation of tumors in both in 
vivo and in vitro as mouse model (e.g., Ti3C2 MXene) [41].

6.4.2 Biosensing

2D materials’ thin film could also be hired as novel biosensing device for the 
detection of biomacromolecules and bioeffects. Recently, 2D layered molybdenum 
sulfide (2D MoS2) nanosheets have displayed high potential for the development of 
next-generation platforms for efficient signal transduction. Opportunities to design 
and create highly sensitive, specific, and commercially viable sensing devices have 
increased through combination with DNA as a biorecognition medium and MoS2 
nanostructures. Monolayer MoS2 nanosheets have been used as a biosensor for DNA 
detection, which has been confirmed to bind well with the unique transduction 
properties of 2D MoS2 nanosheets. Sensors can be acted based on the principles of 
fluorescence, electro-chemiluminescence, and electrochemistry with many benefi-
cial features (e.g., strong biointerfacing through various conjugation chemistries, 
facile sensor assembly, high stability with regard to temperature/pH, and high 
affinity to target) [42]. In another example, a DNA biosensor was designed based 
on a 2D-g-C3N4 nanosheet utilizing affinity changes of g-C3N4 to DNA probes upon 
their targeting of analyte and the related positron emission tomography (PET) and 
the  fluorescence-based quenching effect. In comparison with traditional nanopar-
ticle-based biosensors, 2D layered nanostructures have the high surface-to-volume 
ratio with large-area immobilization of sensing targets and the fascinating perfor-
mances such as light-absorption capability and fast electron transfer fluorescence-
quenching effect based on the unique physicochemical property of 2D nanosheets. 
Indeed, there is a continuous demand for the development of highly sensitive, 
selective, efficient, and cost-effective biosensing platforms [40, 42, 43].

6.4.3 Antimicrobial activity

There are different 2D layer nanostructures with potential antibacterial activities. 
For instance, when the Zn-Ti layered double hydroxides (LDHs) were added to bacte-
ria suspension under visible light, the growth of microbial species such as S. cerevisiae, 
S. aureus, or Escherichia coli was strongly inhibited due to the effect of LDH unique 
properties and generation of ROS by Ti3+ under visible light. The antimicrobial behav-
iors of chemically exfoliated MoS2 (ce-MoS2) were investigated against E. coli and 
Bacillus subtilis bacterial culture and compared with other carbon-based nanostruc-
tures. In detail, the antibacterial activities of Ti3C2 MXenes were evaluated against 
E. coli and B. subtilis using bacterial growth curves and colony growth assays. Ti3C2 
displays a higher antimicrobial activity toward both E. coli and B. subtilis in compari-
son with GO, a well-studied antimicrobial agent. The cytotoxicity of Ti3C2 MXenes can 
be measured by LDH release from the bacterial cells exposed. It can damage bacteria, 
and such significant change in the cell morphology/structure could be contributed by 
detachment of the cytoplasmic membrane from the bacterial cell wall [41].

6.4.4 Advances in biomedical applications

Graphene (G) is highly hydrophobic material when it is decorated using oxygen 
containing hydrophilic groups, and graphene oxide (GO) will be prepared. Due to 
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appropriate electrolyte with a high operating voltage window (organic electro-
lytes or ionic liquids) [37].

The lithium ion intercalation mechanisms play a key role in Li-ion batteries. 
Figure 4a shows the main power sources working for movable electronics and 
electric vehicles. However, lithium-ion batteries based on graphite anodes and 
customary cathode materials (with stable layered structures such as layered lithium 
metal phosphates and lithium transition metal oxides) are useful for energy storage 
devices with high energy density and efficiency and low cost. To develop energy 
storage devices with a larger capacity, higher rate ability and longer cycle life are 
necessary. Li-alloy-based anode materials such as silicon, tin, and tin oxide can 
exhibit high capacity. In recent years, extraordinary capacities in Li-ion batteries 
to store energy can be seen in batteries based on pure lithium metal anodes, such 
as nonaqueous lithium-oxygen (Li-O2) batteries (Figure 4b) and lithium-sulfur 
(Li-S) batteries (Figure 4c). Li-O2 batteries produce an insulated solid state dis-
charge product of Li2O2 with high potentials. Furthermore, intermediate discharge 
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can dissolve into the electrolyte, thereby migrating to the anode side [38].

6.4 Application of 2D materials in biomedical
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such as drug delivery agents, therapeutics, bioimaging elements, and biosensors 
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6.4.1 Photothermal therapy

Currently, there are a lot of treatments of tumors through the production of 
highly efficient and multifunctional nanomaterials. Photothermal therapy (PTT) 
has a lot of advantages such as a noninvasive, controllable, and targeted strategy 
to remove tumor cells. The photothermal performances can be improved using 
functional biomedical and bioactive nanomaterials [40]. Light is an external 
stimulus for cancer phototherapeutic modality. Typically, photothermal agents 
accumulated within tumors as internal energy absorbers can be hired by PTT to 
convert near-infrared (NIR) light energy into heat, producing necrosis and/or 
apoptosis of cancer cells. Two fundamental parameters of extinction coefficient (ε) 
and photothermal conversion efficiency (η) are used to determine photothermal 

Figure 4. 
Design of (a) Li/Na-ion batteries (M represents the anode material, and N represents the cathode material), 
(b) nonaqueous Li/Na-O2 batteries and (c) Li-S batteries [38].
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of breakthroughs on exploiting ultrathin 2D transition metal carbides nanosheets 
(MXenes) for PTT, including effective photothermal ablation of tumors in both in 
vivo and in vitro as mouse model (e.g., Ti3C2 MXene) [41].

6.4.2 Biosensing

2D materials’ thin film could also be hired as novel biosensing device for the 
detection of biomacromolecules and bioeffects. Recently, 2D layered molybdenum 
sulfide (2D MoS2) nanosheets have displayed high potential for the development of 
next-generation platforms for efficient signal transduction. Opportunities to design 
and create highly sensitive, specific, and commercially viable sensing devices have 
increased through combination with DNA as a biorecognition medium and MoS2 
nanostructures. Monolayer MoS2 nanosheets have been used as a biosensor for DNA 
detection, which has been confirmed to bind well with the unique transduction 
properties of 2D MoS2 nanosheets. Sensors can be acted based on the principles of 
fluorescence, electro-chemiluminescence, and electrochemistry with many benefi-
cial features (e.g., strong biointerfacing through various conjugation chemistries, 
facile sensor assembly, high stability with regard to temperature/pH, and high 
affinity to target) [42]. In another example, a DNA biosensor was designed based 
on a 2D-g-C3N4 nanosheet utilizing affinity changes of g-C3N4 to DNA probes upon 
their targeting of analyte and the related positron emission tomography (PET) and 
the  fluorescence-based quenching effect. In comparison with traditional nanopar-
ticle-based biosensors, 2D layered nanostructures have the high surface-to-volume 
ratio with large-area immobilization of sensing targets and the fascinating perfor-
mances such as light-absorption capability and fast electron transfer fluorescence-
quenching effect based on the unique physicochemical property of 2D nanosheets. 
Indeed, there is a continuous demand for the development of highly sensitive, 
selective, efficient, and cost-effective biosensing platforms [40, 42, 43].
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be measured by LDH release from the bacterial cells exposed. It can damage bacteria, 
and such significant change in the cell morphology/structure could be contributed by 
detachment of the cytoplasmic membrane from the bacterial cell wall [41].

6.4.4 Advances in biomedical applications

Graphene (G) is highly hydrophobic material when it is decorated using oxygen 
containing hydrophilic groups, and graphene oxide (GO) will be prepared. Due to 
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unique surface chemistry, π-π stacking interactions and electrostatic interaction 
happen with other molecules in its area. Both physical and chemical bindings of 
drugs occur with the surface of G/GO for drug delivery applications [44]. In this 
section, we display these delivery mechanisms using G and GO in anticancer thera-
pies among other fields. GO was chemically functionalized with amino groups and 
mixed with carboxymethyl cellulose as drug carriers, biomolecule sensors, and cel-
lular imaging agents in anticancer therapies with a controlled and targeted release 
of the drug. Anticancer drugs can be released more slowly from G/GO composite 
supramolecular hydrogels than other hydrogel because of the higher binding attach-
ment of hydrophobic drugs with G/GO in the gels, which is important to control 
release of drugs [45, 46].

6.5 Photocatalytic activity of self-assembly of layered double 2D nanoplates

Among many inorganic solids, high photocatalytic activity for visible light-
induced generation of O2 is exhibited by a few semiconducting layered double 
hydroxide (LDH) such as Zn-Cr-LDH. In addition, to enhance the photocatalytic 
efficiency of semiconducting materials, the control of band structure such as an 
increase in the lifetime of photogenerated holes and electrons is necessary.

The chemical exfoliation process of the host material can be used to synthesize 
the 2D nanoplates of the LDH material. Meanwhile, the exfoliated LDH 2D nano-
plate owns positive surface charge; therefore, these can be easily assembled with 
negatively charged graphene nanosheets in terms of electrostatic attraction.

Strong electronic coupling between LDH and graphene species depends on 
the thickness of these 2D nanostructured components. Moreover, the formation 
of a mesoporous structure with an expanded surface area is extremely useful for 
the enhancement of the photocatalytic activity of component semiconductors. 
Gunjakar et al. synthesized the layer-by layer-ordered hybrid photocatalysts 
using the self-assembly of the 2D nanostructured photocatalyst with graphene 
nanosheets. For the first time, they studied mesoporous Zn-Cr-LDH-graphene 
nanohybrids with high photocatalytic activity for visible light-induced O2 genera-
tion via the electrostatically derived self-assembly of positively charged Zn-Cr-LDH 
nanoplates with negatively charged graphene nanosheets [10, 47].

7. Conclusions

The thin films of 2D materials can be prepared using different methods that a 
single monolayer or multilayer as thin film can be fabricated by mechanical exfolia-
tion or chemical techniques. In this chapter, we investigated the application of 2D 
thin films in different fields such as biomedical, energy storage, and water purifica-
tion. Processing and applications of 2D layered nanostructures have developed, 
while there are several challenges in this field. The properties of 2D nanomaterials 
are highly sensitive to surface chemistry, underlying substrate, neighboring materi-
als, and interfaces. Moreover, methods have major influence on the performance, 
reproducibility, and reliability of 2D nanomaterial heterostructure applications. 
Synthesis of 2D nanomaterials is important; therefore, careful consideration 
will be needed. There are also numerous important challenges to develop for 
commercialization.
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Abstract

This chapter describes the coating of silicon carbide nanoparticles on different 
types of silicon dioxide that varied in size and shape using sonochemical method. 
These composite particles were further infused into polypropylene polymer to 
increase its thermal and mechanical properties for various applications. A two-step 
process was used to fabricate SiC/SiO2/polypropylene nanocomposites. In the first 
step, SiC nanoparticles were coated onto four different types of SiO2 nanopar-
ticles. The coated nanoparticles were then characterized using a high resolution 
transmission electron microscope (TEM), X-ray diffraction (XRD) determined 
the morphology and crystalline structure, and X-ray photoelectron spectroscopy 
(XPS). These results showed that the nanoparticles were crystalline, spherical in 
shape, and were uniformly coated. In the second step, nanocomposite samples were 
extruded using a Wayne Yellow Label Top single screw extruder. The as prepared 
nanocomposite samples were then characterized for their thermal and mechanical 
properties. These properties show increase in their flexural strength and thermal 
degradation. These results show increase in mechanical properties. The importance 
of this work lies in the simple sonochemical synthesis of SiC/SiO2 hybrid nano-
materials and their filler applications in polypropylene polymer nanocomposites 
which are widely used for various application including automotive and electronic 
industries.
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1. Introduction

In recent years, there have been rapid growth predictions for polypropylene-
based composites, due to their applications in many fields such as automotive, 
home appliances, and construction industries [1–5]. Since the last decade, several 
nanoparticles have been incorporated into polypropylene and other thermoplastics 
as reinforcements, to produce stronger and lighter polymer composites [5–9]. There 
are many different thermoplastic polymers available on the market today such 
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as polypropylene, polyethylene, etc. Amongst these, polypropylene (PP) is one 
of the most widely used polymers due to the fact that it is inexpensive and offers 
attractive properties (rigidity, light weight, thermal and chemical stability, etc.); 
however, it has the disadvantage of being relatively brittle at room temperature 
and exhibiting poor resistance to crack propagation. Many investigations have 
been reported on fracture properties of polypropylene. It has thus been shown that 
fracture toughness of PP increases with increasing molecular weight and decreasing 
crystalline percentage. The temperature at brittle-ductile transition of PP has also 
been reported to increase with increasing crystallinity [10–13]. Most properties of 
polymers can be altered through the addition of fillers. Recent polymer nanocom-
posites have been an area of intense research because of their potential applica-
tions as multifunctional and high-performance materials. These nanocomposites 
are fabricated by simply adding small amounts of nanoparticles in the polymer 
matrices. The general class of nanocomposite is the mixture of organic and inor-
ganic materials. Significant effort is focused on the ability to obtain control of the 
nanoscale structures via innovative synthetic approaches. This is a rapid growing 
area of research and is expanding as it generates many new exciting materials with 
various properties. These properties of nanocomposite materials depend not only 
on the properties but also on their morphology and interfacial characteristics. The 
nanoparticles significantly enhance the mechanical properties, thermal stability, 
reduced gas permeability, and other physicochemical properties [14–19] of the neat 
polymer. To change the properties of these composites, relatively small amounts of 
the nanoparticle are needed, more often the percentage by weight (0.5–5%) which 
results from the particles having incredibly high surface to volume ratios.

Since the discovery of nanoparticles, researchers are aiming to achieve a uniform 
particles-polymer interaction rather than the polymer-polymer or particle-particle 
interaction to obtain the maximum benefit. Wetzel et al. [20] incorporated various 
amounts of Al2O3 nanoparticles into a polymer matrix and studied the influence 
of nanoparticles on the flexural strength, impact energy, dynamic mechanical 
thermal properties, and block-on-ring wear behavior, and their results show the 
improvement in nanocomposites as compared to the neat polymer. Zheng et al. 
[21] employed high frequency ultrasonic and mechanical procedures to disperse 
spherical SiO2 in epoxy resin. The results indicated that with the addition of 3 wt% 
of SiO2 into the resin, the tensile strength improved by 114%, the stiffness improved 
by 13%, and the impact strength improved by 56%. Wang’s et al. [22] reported 
that the dispersion of TiO2 nanoparticles was coated by an acrylic acid (AA)-
plasma-polymers in a glycol solution, and results indicated that the dispersion of 
TiO2 nanoparticles were greatly improved after AA-plasma-polymer coating. They 
noted that the surface energy played a vital role in the dispersion behaviors of TiO2 
nanoparticles. It is an effective way to improve the dispersion of nanoparticles by 
changing their surface energy by plasma polymer coating. Dai et al. [23] synthe-
sized β-SiC nanorods using the reaction of carbon nanotubes by using a mixture 
of Si and I2 or through the use of a volatile SiO2. In this study, there was a large 
quantity of β-SiC nanorods prepared which was wrapped with uniform amorphous 
SiO2 layers on the outside surface. The formation of β-SiC nanorod was based on the 
carbothermal reduction of silica xerogels with carbon nanoparticles embedded in 
the network, and the formation of SiO2 layer was from the reaction of decomposed 
SiO and O2.

Extrusion is one of the most widely used processing techniques for fabrication of 
thermoplastic polymers. It can be used as a “stand alone” machine to directly shape 
parts or it can also be used as a melting device that is coupled with other secondary 
shaping devices. The two main advantages of this process over other manufacturing 
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processes are its ability to create very complex cross-sections and work materials 
that are brittle, because the material only encounters compressive and shear stresses. 
It also forms finished parts with an excellent surface finish [24, 25]. Extrusion is 
also used in the dispersion of nanoparticles to prepare polymer nanocomposites. 
Mohammed et al. [26] investigated the effect of SiO2 infused into nylon-6 at wt% of 
0, 1, and 2, respectively, and extruded into filaments. Experimental results showed 
that by infusing nanoparticles into nylon −6 and extruding it increased its tensile 
modulus, yield strength, hardening modulus, and ultimate tensile strength. There 
was a 45% enhancement in tensile modulus and a 26% enhancement in ultimate 
tensile strength observed in the 2 wt% system while compared to the neat nylon-6. 
TGA results indicated more thermal stability found in the nanophased infused sys-
tems, while the DSC studies indicated a more moderate increase in Tg. Liu et al. [27] 
presented the effects of incorporated montmorillonite (MMT) on a surface and the 
bulk mechanical properties of as-synthesized polyamide-6/montmorillonite (PA6/
MMT) composites that were prepared using the twin-screw extruder mixing tech-
nique. Russo et al. [28] studied the effect of multiple extrusions on nanostructure 
and properties of nylon 6 nanocomposites. These researchers produced nanocom-
posites at different silicate loadings by melt compounding and submitted to further 
reprocessing by using single and twin screw extruders. Rheological, morphological, 
and mechanical analyses were carried out on as-produced and reprocessed samples 
to explore the influence of the number and the type of extrusion cycles on silicate 
nanodispersion. The results obtained displayed that the reprocessing by single screw 
extruder can modify the initial morphology since the re-agglomeration of the sili-
cate layers can occur. However, a better nanodispersion was observed in the hybrids 
reprocessed by twin screw extruder, which was a result of the additional mechanical 
stresses able to realizing a dispersive mixing that contributes to avoid re-agglom-
eration phenomena. The high shear stresses produced with twin screw geometry 
determined also a significant degradation of neat matrix, principally based on chain 
scission mechanism. All as-produced and reprocessed hybrids showed a substantial 
enhancement in tensile modulus with the adding of silicate. However, the entity 
of performance enhancements displayed by the reprocessed hybrids was found to 
be highly dependent on the degradation of both organoclay and polymer matrix as 
well as the silicate amount, the number, and the type reprocessing. Investigations 
were made by Yong et al. [29] on the effects of the coating amount of surfactant and 
the particle concentration on the impact strength of polypropylene (PP)/CaCO3 
nanocomposites. These nanocomposites prepared with monolayer-coated CaCO3 
nanoparticles had the best mechanical properties, including Young’s modulus, 
tensile yield stress, and impact strength because of the good dispersion of the 
nanoparticles in the polymer matrix, which in turn allowed them to study the effects 
of particle concentration on the impact strength of the nanocomposites. H-PP and 
E-PP, which were the low and high molecular weight PPs, respectively, were used as 
polymer matrices. Critical particle concentrations of 10 and 25 wt% corresponding 
to an abrupt increase in the impact toughness were determined for the E-PP and 
H-PP nanocomposites, respectively. Manolis et al. [30] observed a series of experi-
ments which were performed on both simply supported and on-grade circular slab 
specimens, reinforced with different volumes of fibrillated polypropylene fibers in 
order to gauge its influence on the slab’s impact resistance and natural frequency. 
Literature survey clearly suggests that there have been studies on polymer systems 
infused with nanofillers, but there are no reports on combination of silicon carbide, 
silicon dioxide coatings infused into polypropylene. Herein, this study we report the 
effects of reinforcement of silicon dioxide coated silicon carbide nanoparticles in 
polypropylene thermal and mechanical properties.
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2. Experimental

2.1 Materials

The nanoparticles used in these experiments were spherical silicon carbide, 
~30 nm in diameter. The β-silicon carbide nanoparticles were purchased from 
MTI Corporation, Richmond CA, USA. These nanoparticles were then coated 
with four different types of silicon dioxide nanoparticles, colloidal (Nissan 
chemicals), 80 nm, and areosil (Degussa), and needle shaped SiO2 nanoparticles 
(Nissan chemicals). The colloidal silica solution MP-1040 was procured from 
Nissan Chemical Corporation. This filler is composed of 40% nanoparticles that 
are spherical in shape and approximately 200 nm in diameter dispersed in 60% of 
water. The 80 nm silica was procured from MTI Corporation Richmond CA, USA. 
These particles are spherical in shape having an 80 nm diameter. Areosil silica is also 
spherical in shape with a smaller diameter of approximately 5–15 nm and was also 
procured from Degussa. The other silica used was the needle shaped silica solution 
MP-1040 which was procured from Nissan Chemical Corporation. This filler is also 
composed of 40% nanoparticles and 60% water; however, these nanoparticles are 
irregular in shape.

2.1.1 Polypropylene

The matrix material used in this experiment is polypropylene procured from 
Chem Point. The polymer molecular weight ranged from 40,000 to 100,000, its 
powder diameter is approximately 20 μm, and the density of polypropylene is 
between 0.910 and 0.928 gr/ml. The melting point of polypropylene is 160°C with 
>50 isotactic crystalline structure. This type of high melting polymer can be molded 
or machined into structural components [31].

2.2 Synthesis of SiC/SiO2 hybrid nanoparticles

In the first step, 250 mg of β-SiC was weighed and mixed along with 500 mg of 
powdered SiO2, 250 mg of pluronic F-127 and 60 ml of ethylene glycol. The reaction 
mixture was irradiated using high intensity ultrasound for 3 hours at 5°C under 
argon gas flow. This process was done for each of the two powdered types of SiO2; 
however for the solution types, when added to SiC nanoparticles, it was done using 
a weight ratio of 10:1. Upon completion of the sonication process, the silicon carbide 
coated silica nanoparticles were collected using a centrifuge at 12,000 rpm at 5°C for 
30 min. The coated particles were washed 5 times, the first four times using distilled 
water and the last time with ethanol. The final step was to allow the sample to dry 
under vacuum for 24 hours at room temperature. Once dried, the coated nanopar-
ticles were added to polypropylene at a ratio of 1:10 and then mixed using a Thinky 
mixer. The materials were placed in a special container and mixed under vacuum at 
1200 rpm for 10 min. This step was done three times to ensure proper distribution 
of particles, before being extruded. This non-contact mixing method [32, 33] proves 
to be very efficient at dispersing nanofillers in polymer matrices without having any 
cross-contamination. This non-contact method works by independently revolving 
and rotating a container at various speeds in a planetary manner. As the container 
rotates, it experiences a number of forces that results in the material inside of the 
container being mixed. Centrifugal force presses the material outwards to the inner 
wall of the container, while other forces cause the material to move in a spiraling 
downwards direction along the slope of the container wall. The material then moves 
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back to the center of the container and up to the top repeating the process and in 
turn mixing the sample. As the material circulates from top to bottom, it generates a 
kneading effect forcing trapped air out of the material.

2.3 Extrusion

In the second phase, nanocomposites of polypropylene, silicon carbide/silicon 
dioxides were then extruded using a Wayne Yellow Label Top single screw extruder. 
The extruder has a 19 mm diameter screw, which is driven by a 2HP motor complete 
with a toothed timing belt for smooth speed reversal. Present are five thermostati-
cally controlled heating zones that were used to melt the mixture before extrusion. 
Three of the zones were located inside the barrel and the final two were in the die 
zone set at respective temperatures of 340, 344, 350, 354, and 350°F. As the sample 
material passes through each zone, they are disintegrated into several branches and 
then combined again, which ensures proper distributive mixing of the nanopar-
ticles and polypropylene. As the dispersed nanoparticles containing liquid poly-
propylene passes through the 10 cm long steel tube, it arrives to the die plate. As the 
sample passes through the extruder, it enters and completely fills the die, which in 
turn forms the flexure sample. The process schematic is shown in Figure 1.

2.4 Characterization

2.4.1 Transmission electron microscopy (TEM)

JOEL-2010, High Resolution (Japan), Transmission Electron Microscopy 
(HRTEM), is used to study the size, shape, and extent of coating of SiC onto SiO2 
nanoparticles. The samples were prepared by dispersing the nanoparticles in 
ethanol and placing a drop of the solution on a copper grid.

2.4.2 X-ray diffraction (XRD)

Rigaku D/MAX 2100 X-Ray Diffractometer (Japan) was used to study the struc-
tural characteristics. The samples were prepared for XRD by uniformly spreading 
the nanoparticles on a quartz sample holder. The test samples were conducted from 
0 to 80° of two theta at room temperature. Characteristics XRD diffraction patterns 
were collected and matched with established data from PDF files. X-ray diffraction 
helps to determine the crystallographic configuration of the coated nanoparticles 
and its nanocomposites.

Figure 1. 
Fabrication of polypropylene/SiC/SiO2 nanocomposite.
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Rigaku D/MAX 2100 X-Ray Diffractometer (Japan) was used to study the struc-
tural characteristics. The samples were prepared for XRD by uniformly spreading 
the nanoparticles on a quartz sample holder. The test samples were conducted from 
0 to 80° of two theta at room temperature. Characteristics XRD diffraction patterns 
were collected and matched with established data from PDF files. X-ray diffraction 
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Figure 1. 
Fabrication of polypropylene/SiC/SiO2 nanocomposite.
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2.4.3 X-ray photo electron spectroscopy (XPS)

This surface analysis technique (2–10 nm analysis depth typically) XPS can 
identify elemental composition, oxidation state, and chemical bonding like cova-
lent bonds (oxides, nitrides, etc.) by evaluating binding energy shifts. This test was 
done at Cornell University Dr. Jonathan Shu’s lab. The pressure in the analyzing 
chamber was typically 1.3 × 107 Pa under operating conditions. Photoelectrons 
were collected at approximately 45° from the specimen surface normal. The X-rays 
created photoemission electrons, and the signature of the photoemissions identified 
each element present in the samples.

2.4.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a Mettler Toledo (USA) TGA 
apparatus to find out the thermal stability of the test sample. This test is most com-
monly used to determine polymer decomposition temperatures, residual solvent 
levels, the amount of moisture content absorbed, and the amount of inorganic 
filler in polymer or composite material compositions. The samples were prepared 
by cutting the samples into small pieces, then placing 5 mg of the material in a 
platinum sample pan, and heating at a constant heating rate of 10°C/min from room 
temperature to 900°C under nitrogen atmosphere of 40 ml/min. The initial sample 
weight is measured at room temperature, and as heat is constantly being applied, 
the machine monitors the change in sample weight as a function of temperature. 
This result in weight loss versus temperature graphs being plotted from the data is 
obtained. In this case, the decomposition temperature is considered at 50% weight 
loss of the material.

2.4.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) tests were carried out using a Mettler 
Toledo822e (USA) from 30 to 300°C at a heating rate of 5°C/min under a nitrogen 
atmosphere then cooled from 300 to 30°C at the same rate. These results were used 
in measuring the melting temperature and the crystalline temperature.

2.4.6 Flexural analysis

Three-point bending flexural tests were conducted using a Zwick Roell MTS 
(Germany) to evaluate the samples flexural properties. Ten samples were tested 
using ASTM D790-03 testing standards which are of nominal size 100 mm (length) 
× 12.5 mm (width) × 5 mm (thick) and a span/thickness ratio maintained at 16:1. 
The test were conducted at room temperature at a constant crosshead speed of 
2.0 mm/min. Stress-strain plots were obtained as the load displacement data were 
recorded through the data acquisition system equipped with the Zwick Roell MTS 
machine.

3. Results and discussion

3.1 X-ray diffraction (XRD)

XRD patterns were collected using a diffractometer operating in the Bragg-
Brentano geometry utilizing Cu Kα radiation. The X-ray tube was operated at 40 kV 
and 30 mA. A 2θ scan range from 30 to 80° in steps of 20/min was recorded.
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The SiC coated onto various SiO2 samples were analyzed to investigate the 
effects of ultrasonic irradiation on the nanoparticles. The XRD spectra of pure SiC 
can be seen below in Figure 2(a). Through the use of the Jade 6.0 software, the 
peaks appearing at 2θ of 35.6, 41.5, 60.0, 72.0, and 75.5° indexed as (111), (200), 
(220), (311), and (222), designates the crystal spherical structured Moissanite-3C 
SiC (JCPDS 29-1129). The XRD of silicon carbide coating onto silicon dioxide 
was shown in Figure 2(b)–(e), and it is evident that all of the SiC particles are 
crystalline in nature and all assigned to β-SiC. The background wide peak pattern 
is the characteristic of an amorphous SiO2 phase. In the sample, the XRD data 
indicate the presence of only silicon carbide and amorphous silicon dioxide. The 
plot has characteristic peak intensities of FWHM, and d-spacing values which can 
be found in Table 1. A sharp peak around 35.6° corresponds to a spacing of 2.5189 
A, which is attributed to the β-SiC (111) diffraction. There was an amorphous 
background present around 22° which is the result of the silicon dioxide pres-
ence. Deduced from the FWHM of β-SiC (111) diffraction peak. It is evident that, 
compared to pure SiC, the coated SiC FWHM peaks decreased significantly. In 
this case, the coated nanoparticles FWHM decreased compared to the neat, which 
results in coating of amorphous silica. The crystallite sizes of the particles were 
determined using Debye-Scherrer formula and FWHM method from the 100% 
peak of the pattern.

Figure 2. 
XRD patterns of SiC and coated nanoparticles.

Sample 2θ at 100% intensity FWHM(°) FWHM at 35.6°

SiC 35.612 0.673 0.673

Colloidal 35.746 0.389 0.612

Areosil 35.813 0.397 0.604

80 nm 35.694 0.343 0.674

Needle shaped 35.865 0.368 0.652

Table 1. 
XRD analysis of SiC and coated SiC, FWHM.
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3.2 Transmission electron microscopy (TEM)

The TEM micrograph in Figure 3 shows (a) as received SiC, (b) SiC coating on 
colloidal silica, (c) aerosol silica coated on SiC, (d) 80 nm silica coated on SiC, and 
finally (e) needle shaped silica coated on SiC. Figure 3(a) shows the SiC particles are 
spherical and particle sizes are about 30–50 nm. Figure 3(b) represents the coat-
ing of SiC on colloidal silica where the particles of silica are about 200 nm. The SiC 
particles are uniformly coated on silica spheres. Figure 3(c) shows that the particles 
of aerosol silica is coated on SiC nanoparticles. Since the aerosil silica is amorphous 
and also the particle sizes are about 5 nm, it is seen on the surface of SiC. In TEM 
Figure 3(d) and (e) shows the SiC particles and it was very hard to see the silica 
because of the silica is highly transparent to the electronic bean and difficult image.

3.3 X-ray photoelectron spectroscopy

XPS is a surface sensitive spectroscopic tool that provides information about 
chemical states and concentration of elements present in a sample with the excep-
tions of H and He. Each characteristic peak corresponds to the electron configura-
tion of the electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. This method uses soft 
X-rays to eject electrons from inner-shell orbital. The kinetic energy, Ek, of these 
photoelectrons is determined by the energy of the X-ray radiation, hν, and the 
electron binding energy, Eb, as given by:

 = ν −k bE h E – Ø  (1)

 ( )− −h  Plank's constant 6.62x10 34 J / s .  

Using this technique, the surface of SiC and SiO2 were characterized from the 
surface to approximately 10 nm in depth. Each element shows a characteristic 
set of peaks in the photoelectron spectrum at kinetic energies of the elemental 

Figure 3. 
TEM images of (a) SiC, (b) SiC coated SiO2, (c) SiC coated areosil, (d) SiC coated needle SiO2, and (e) SiC 
coated 80 nm SiO2.
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composition of the surface region determined by the photon energy and the 
respective binding energies. Elements exhibit binding energy peaks whose relative 
position depends on the electronegativity of their surrounding atomic neighbors. In 
the case of a phase mixture where more than one bonding state exists, a particular 
element is expected to have various binding energies, caused by different coordi-
nation/neighbor. The intensity of the peaks is related to the concentration of the 
element within the sampled region.

As shown in Figure 4, it displays the XPS spectra of SiC/SiO2 nanomaterials. The 
most distinctive peaks present are the oxygen, carbon, and silicon peaks, respec-
tively. Using the CasaXPS software for XPS analysis, a detailed spectrum of Si 2p, C 
1s and O 1s of the chemical state of each element on the surface of the nanoparticles 
were identified and analyzed. Analysis of such element regions were done to confirm 
their attachment to the surface of the silicon dioxides. Silicon (Si 2p), carbon (C 1s), 
and oxygen (O 1s) elements can be found at binding energies of 102.8, 284.6, and 
532.0 electron volts (eV), respectively. Also in Figure 4 above, one can take a look 
at the as received SiC which clearly shows a Si peak, but also shows where adsorbed 
contaminations like oxygen and carbon were found on the top layer within about 
6 nm in thickness. This observation is consistent with other researchers [34, 35] and 
can be a result of the absorption of atmospheric oxygen. Figure 5(a) shows the high 
resolution scan of the deconvoluted XPS spectra of neat SiC for Si 2p peak and C 1s 
on the sub-surface layer. The spectra were Gaussian fitted based on the published 
data of the binding energies. The spectra emission line at binding energy (BE) of 
100.47 eV is associated with the SiC bonding. In addition to this, two more fitted 
chemical shifts were observed at BE of 98.4 and 102.9 eV, which were identified as 
Si° and SiO2, respectively, for the spectra of SiC for Si 2p peak.

For the spectra of SiC, the C 1s spectrum was deconvoluted into three peaks 
(Figure 5(b) of BE 285.5, 282.7, and 289.06eV. The peak at 285.5 eV signified the 
presence of carbon in the form of hydrocarbon, while the peak at 282.7 eV is due to 
the binding energy of carbon in the form of SiC, and in the form of carbon bonded 
to oxygen, this was observed at 289.06eV. The binding energy for oxygen or O 1s 
was found to be 532.6 eV and can be associated either with O2-Si or C-O bonding 
which can be a result of surface contamination. From the surface chemical com-
position, it can be seen that the ratio of Si/C was found to be 0.29, which is much 
lower than the theoretical value for pure SiC of 0.5 which clearly indicates surface 
contamination.

The coated hybrid nanocomposites of colloidal, areosil, 80 nm, and needle 
shape nanocomposites were also investigated using XPS for comparison with the 
neat sample. The chemical composition and binding energies were tabulated and 

Figure 4. 
XPS spectra for neat SiC and coated nanoparticles.
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presented in Table 2. The O/Si ratios from the table obviously doubled which 
indicated that surface contaminant oxygen was increased when SiC was sonicated 
with the four different types of SiO2. The concentration of C in the near surface 
decreases from 65.09% for neat SiC to an average of 43.26% for sonicated SiC in 
SiO2. This decrease is may be removal of carbon in the form of CO2. However, it 
can be seen here that, the as received SiC absorb oxygen which is enough to impart 
strong chemical double bonding in the system.

Figures 6–9 depict the deconvoluted XPS spectra for peaks Si 2p, C 1s, and O 1s 
of the coated samples of colloidal, areosil, needle shaped and 80 nm nanoparticles. 
For each of the nanoparticles samples made using high intensity ultrasound irradia-
tion, there were noticeable chemical shifts in peak observed indicating the coating 
of SiC onto SiO2 nanoparticles that took place. This was further confirmed from the 
elemental concentration at the surface. These spectra could be separated into two 
or three peaks based on the assumption that each peak consists of the Gaussian/
Lorentzian sum function. The Si(2p) peak was separated into the Si▬Si, Si▬C, and 
SiOx peaks, and the C(1s) peak was decomposed into the C▬Si, C▬C, C▬O▬H, and 
C═O peaks [34–39]. The energy positions of these peaks are listed in Table 3. The 
separation of the elements is not sufficient to precisely obtain the fraction of the 
bond. Therefore, as a rough estimation, the fraction of the bond was obtained from 
the ratio of the area of each peak [40]. The FWHM of Si▬Si and Si▬C are 2.13 and 
1.38 eV, respectively. The FWHM of C▬C and C═C are 2.1 and 1.2 eV, respectively. 
The ratio between C▬C and C═C bond concentration is 10.1.

Figure 5. 
Deconvoluted XPS spectra for SiC for (a) Si 2p peak (b) C 1s peak.

Samples Composition (atomic %) at the surface of nanoparticles Atomic ratios of O/Si

Si O C

As received SiC 19.05 15.86 65.09 0.83

Colloidal 20.91 33.64 45.45 1.60

Areosil
80 nm

23.59
19.82

34.51
37.28

41.35
42.90

1.46
1.88

Needle shaped 25.66 30.97 43.37 1.20

Table 2. 
Surface chemical composition of neat SiC and coated nanoparticles.
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Figure 6. 
Deconvoluted XPS spectrum of SiC/SiO2 (colloidal) for Si 2p peak and C 1s.

Figure 7. 
Deconvoluted XPS spectrum of SiC/SiO2 (Areosil) for (a) Si 2p peak and (b) C 1s.

Figure 8. 
Deconvoluted XPS spectrum of SiC/SiO2 (needle shape) for (a) Si 2p peak and (b) C 1s.
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The deconvoluted XPS spectrum of SiC/SiO2 (Colloidal) for Si 2p peak and C 1s 
is shown in Figure 5. Similar results were obtained such as, the BE of 103.35, 99.99, 
and 97.91 eV that were associated with SiOx, Si▬C, and Si▬Si bonding, respectively, 
for Si 2p. Fitted curve for C 1s also showed similar results of C▬C and C▬Si bonding 
occurring. The O 1s emission was also found at BE of 532.55 eV. The surface chemi-
cal composition of Si, O and C obtained from CasaXPS were 20.91, 33.64 and 45.45, 
respectively.

The deconvoluted XPS spectrum of SiC/SiO2 (Areosil) for Si 2p peak and C 1s is 
shown in Figure 7. The BE was found to be 103.48 and 100.089 eV for Si 2p which 
are associated with SiOx bonding and Si▬C bonding, respectively. Whereas, fit-
ted curve for C 1s at 284.76 and 282.88 eV of BE was indicating the C▬C and C▬Si 
bonding. The O 1s emission was found at BE of 532.55 eV, and the surface chemical 
composition of Si, O, and C obtained from CasaXPS were 23.59, 34.51, and 41.35%, 
respectively. There was evident of small amounts of Na 1s present that accounted 
for the remaining 0.56% of the chemical composition. This was believed to be the 
result of surface or apparatus contamination.

Figure 8 shows the deconvoluted XPS spectrum of SiC/SiO2 (needle shape) 
for Si 2p peak and C 1s. The BE was found to be associated with Si▬C bonding at 
100.61 eV, Si▬Si at 98.35 and 103.74 eV related with Si▬O bonding, respectively, 
for Si 2p. Fitted curve for C 1s was also obtained at 284.46 and 283.02 eV of BE was 
indicating the C▬C and the Si▬C bonding. In addition to these, the O 1s emission 

Figure 9. 
Deconvoluted XPS spectra of SiC/SiO2 (80 nm) for (a) Si 2p and (b) C 1s.

Bond Binding energy (eV)

Si▬Si 99.2

Si▬C 100.5

O▬Si▬C 101.8

SiOx 103.2

C▬Si 283.2

C▬C 284.6

C▬O▬H 286.4

C═O 288.4

Table 3. 
Binding energy of different bonds.
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was also found at BE of 532.55 eV. The surface chemical composition of Si, O, and C 
obtained from CasaXPS were 25.66, 30.97, and 43.37%, respectively.

Figure 9 depicts the deconvoluted XPS spectrum of SiC/SiO2 (80 nm) for Si 2p 
peak and C 1s. The BE was found to be associated with Si▬C bonding at 100.41 and 
103.84 eV related with Si▬O bonding, respectively, for Si 2p. On the other hand, 
fitted curve for C 1s at 284.76 and 282.28 eV of BE was indicating the C▬C and the 
Si▬C bonding. In addition to these, the O 1s emission was found at BE of 532.55 eV. 
The surface chemical composition of Si, O, and C obtained from CasaXPS was 
19.82, 37.28 and 42.90 respectively.

The observed shift in the Si 2p peak between the oxide and the carbide is 
consistent with the expected change in oxidation state. Additional information on 
the interface was obtained from the C 1s photoelectron spectrum of the nominally 
bare SiC, far from the interface as shown in Figure 10. The narrow second high-
est energy peak is the expected C 1s signal from bulk SiC [41]. From the observed 
chemical shifts, we can determine the ionic state of a particular species. Although 
the incident X-rays penetrate deep into the sample, only electrons emitted from a 
thin surface layer are detected. The electron escape depth for Si, C, and O ranges 
from 2.0 to 2.5 nm [42].

3.4 Differential scanning calorimetry (DSC)

Differential scanning calolimetry (DSC) is a thermoanalytical technique by 
which the energy absorbed or emitted by the material as a function of tempera-
ture or time is measured. In present case, we have studied the extruded-polymer 
nanocomposites to determine the thermal transitions such as the melting (Tm) of a 
crystalline polymer as shown in Figure 11. The DSC data are presented in Table 4.

The curve shapes of the neat material and nanocomposites are very similar, with 
only slight differences in the leading edge of the melt peak, indicating that the neat 
structure has little effect on the overall phase structure of the material. Above the 
melting temperature of about 160°C, the polymer is subject to a thermal degrada-
tion that is both dependent on time and on temperature. Adding nanoparticles 
allow the start of the degradation process to shift toward higher temperatures. The 
increase of the melting temperature of neat PP to PP + SiC was 161.43–166.12°C. 
Correlation has also been drawn between orientation (crystal perfection) and the 
DSC melt peak temperature [43].

The crystallization peak temperatures are shown below in Figure 11; they follow 
the same order as the melt peak temperatures, with the neat pp material being more 

Figure 10. 
XPS overlay of O 1s binding energy for SiC and the coated nanoparticles.
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consistent with the expected change in oxidation state. Additional information on 
the interface was obtained from the C 1s photoelectron spectrum of the nominally 
bare SiC, far from the interface as shown in Figure 10. The narrow second high-
est energy peak is the expected C 1s signal from bulk SiC [41]. From the observed 
chemical shifts, we can determine the ionic state of a particular species. Although 
the incident X-rays penetrate deep into the sample, only electrons emitted from a 
thin surface layer are detected. The electron escape depth for Si, C, and O ranges 
from 2.0 to 2.5 nm [42].
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Differential scanning calolimetry (DSC) is a thermoanalytical technique by 
which the energy absorbed or emitted by the material as a function of tempera-
ture or time is measured. In present case, we have studied the extruded-polymer 
nanocomposites to determine the thermal transitions such as the melting (Tm) of a 
crystalline polymer as shown in Figure 11. The DSC data are presented in Table 4.

The curve shapes of the neat material and nanocomposites are very similar, with 
only slight differences in the leading edge of the melt peak, indicating that the neat 
structure has little effect on the overall phase structure of the material. Above the 
melting temperature of about 160°C, the polymer is subject to a thermal degrada-
tion that is both dependent on time and on temperature. Adding nanoparticles 
allow the start of the degradation process to shift toward higher temperatures. The 
increase of the melting temperature of neat PP to PP + SiC was 161.43–166.12°C. 
Correlation has also been drawn between orientation (crystal perfection) and the 
DSC melt peak temperature [43].

The crystallization peak temperatures are shown below in Figure 11; they follow 
the same order as the melt peak temperatures, with the neat pp material being more 

Figure 10. 
XPS overlay of O 1s binding energy for SiC and the coated nanoparticles.



Composite Materials

30

easily crystallizable. Preliminary isothermal crystallization studies at 116°C of neat 
polypropylene also show a similar trend. A decrease in the crystallization tempera-
ture after introduction of the filler indicates that a higher undercooling of the melt 
is necessary for the crystallization to occur. Such behavior may be the result of the 
strong influence of the SiC/SiO2 nanoparticles on the chain dynamics (lower chain 
mobility). It has been shown that the crystallization rate increases as both molecular 
weight and molecular weight distribution increase [44].

Several authors have seen multiple melting peaks in polypropylene, and there 
is the suggestion of multiple crystalline forms in the polypropylene [33, 44, 45]. 
It is alternatively suggested that the low temperature melting is caused by a less 
perfect crystalline order and not from different crystal phases [46]. With very 
sharp crystallization peaks, it is likely that the low temperature phase is induced 
at the crystallization temperature. Similar phenomena have been observed for 
isothermal crystallization [47] and this probably explains the difference in peak 
temperature between the nanocomposites. It is also plausible that the different 
polymer fractions do not co-crystallize simultaneously, and that the lower tem-
perature melts is due to morphological effects. It is possible that the higher melt 
temperature of neat PP implies the molecular weight of the nanocomposites is 
greater than the neat PP (Table 4).

Sample Melting temperatures (°C) Crystallization temperatures (°C)

Pure PP 161.43 113.72

Neat areosil 165.48 111.12

Neat 80 nm 163.16 112.83

Neat needle shape 165.60 111.31

PP + SiC 161.51 116.80

Coated areosil 166.12 113.20

Coated colloidal 162.84 113.54

Coated 80 nm 163.70 111.72

Table 4. 
DSC melting and crystallization temperature chart.

Figure 11. 
DSC melting curve of neat PP and nanocomposites.
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3.5 Thermogravimetric analysis (TGA)

The applications of TGA are to determine the absorbed moisture content, 
residual solvent levels, the amount of inorganic filler in a polymer, and in this 
case the degradation characteristics of the coated nanocomposites in terms of 
their induction time. The weight loss of a polymer as a function of temperature is 
commonly determined by this technique. Weight loss of a polymer due to thermal 
degradation is an irreversible process. Such thermal degradation is largely related 
to oxidation whereby the molecular bonds of a polymer are attacked by oxygen 
molecules. Figure 12 is the TGA graph of extruded neat silicon carbide coating with 
polypropylene and extruded samples of coated nanoparticles with polypropylene. 
The TGA data are presented in Table 5.

Figure 12. 
TGA curves of neat and SiC/SiO2 reinforced polypropylene nanocomposite.

Sample Td (°C) T50 (°C) % Temperature increase

Pure PP 369.78 436.06 —

Neat areosil 452.94 488.59 12.0

Neat 80 nm 469.68 496.34 13.8

Neat needle shape 464.94 493.48 13.1

PP + SiC 453.67 483.60 10.9

Coated areosil 454.06 486.11 11.4

Coated colloidal 446.79 487.50 11.7

Coated 80 nm 447.71 482.39 10.6

Table 5. 
Parameters obtained from TGA curves.
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In the present study, TGA results show that 50% of the total weight loss is 
considered as the structural destabilization point of the system. It is a common 
practice to consider 50% weight loss as an indicator for structural destabilization. 
From Figure 12, it is evident that the neat sample is stable up to 436.06 °C, whereas 
the coated nanocomposites minimum stabilization temperature is at 482.39°C 
which is a 10.6% increase. The maximum temperature increase was 13.8% and 
stabilization occurred at 496.34°C for the neat 80 nm sample. The reason for this 
increase in the thermal stability is due to the increase in cross-linking of the coated 
nanoparticles in the presence of polypropylene and having minimum particle to 
particle interaction.

This may be due to the presence of silicon carbide nanoparticles which are high 
heat absorbing materials compared to neat polypropylene, which can be the reason 
for having such a positive impact on improving the decomposition temperature. 
One can also assume that the nanoparticles were well dispersed and were not acting 
as impurities in agglomerated form due to the increase. Another probable reason 
for the observed behavior could be the lower mobility of the polymer chains due 
to strong interaction with the nanofiller. Thermal degradation of polypropylene 
begins with formation of the free radicals, which further induce chain fragmenta-
tion processes [48]. Volatile oligomers that are formed which are responsible for the 
mass loss will be partially prevented which results in the whole degradation process 
to shift towards a higher temperature.

3.6 Flexural test

The flexure test method measures behavior of materials subjected to simple 
beam loading. It produces tensile stress in the convex side of the specimen and 
compression stress in the concave side which creates an area of shear stress along 
the midline.

Flexure stress-strain curves for neat polypropylene and the nanocomposites are 
shown in Figure 13. The flexural test data are presented in Table 6. From the graph, 
it is evident that flexural strength and modulus slightly increases with the addition 
of coated SiC/SiO2 nanofillers with respect to the neat polymer. In the table, we 
see that coated colloidal contributed the maximum percent change in stiffness at 
40.5%, while the coated 80 nm contributed to a maximum strength percent change 

Figure 13. 
Stress-strain curve from flexure results.
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at 24.6%, and the greatest toughness percent change which was at 92.4%. Although 
these were the highest values observed, it is still evident that overall, all of the 
samples performed greater than the neat PP sample.

The reason for such change in stiffness of the matrix is due to ultrasound 
irradiation which enhances the homogeneity. The ultrasound irradiation helps 
in molecular mixing of these components together and the formation of coated 
reactive particles which ultimately leads to increase the cross-linking in the polymer 
when mixed. The decrease in mobility of the cross linking in polymer gives better 
mechanical properties with an optimum amount of nanofiller addition. Surface area 
also played an important role in the significant increase in that the spherical spatial 
distribution and low weight ratio of the nanofillers enhance the homogeneity of the 
reaction. The nanocomposites exhibit ductile fracture and the elongation at break 
increased with the increase of the nanoparticle content (Table 6).

4. Conclusion

The samples were prepared using high intensity ultrasound irradiation to coat 
SiC onto SiO2 nanoparticles. This process has been introduced as an efficient way to 
disperse SiC onto SiO2 nanoparticles, and by extruding these samples with poly-
propylene, it increases its mechanical properties. XRD analysis confirmed that the 
samples were crystalline with an amorphous background present. The TEM analysis 
revealed that the SiC nanoparticles were uniformly dispersed over the entire 
surface of the SiO2 nanoparticles. It also indicated a minor growth in the size of the 
nanoparticles after ultrasonic irradiation. XPS spectrographs revealed the chemical 
composites found in the samples. It also verified the surface coating through the 
shifts in binding energies. The crystallization of the polypropylene polymer matrix 
was also affected by the presence of the coated nanoparticles. DSC testing indicated 
that the crystallization and the melting temperatures increased with increasing 
filler content. Through DSC, it can be seen that by adding nanoparticles, it allows 
the start of the degradation process to shift toward higher temperatures. The 
increase of the melting temperature of neat PP to PP + SiC was 161.43–166.12°C. A 
decrease in the crystallization temperature after introduction of the filler indicates 
that a higher undercooling of the melt is necessary for the crystallization to occur. 

Sample Strength 
(MPa)

% Strength 
change

Modulus % Modulus 
change

Strain (%) % Increase in 
toughness

Pure PP 33.97 — 1.16 — 7.09 —

Neat areosil 35.82 5.4 1.31 12.9 6.83 13.2

Neat 80 nm 37.50 10.3 1.42 22.4 6.65 22.4

Neat needle 
shape

39.76 17.0 1.48 27.5 6.61 27.5

PP + SiC 38.88 14.4 1.45 25 6.50 25

Coated 
areosil

39.26 15.5 1.49 28.4 6.29 30.1

Coated 
colloidal

41.65 22.6 1.63 40.5 6.48 41.5

Coated 80 nm 42.33 24.6 1.28 10.3 7.29 92.4

Table 6. 
Mechanical properties from flexure test.
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at 24.6%, and the greatest toughness percent change which was at 92.4%. Although 
these were the highest values observed, it is still evident that overall, all of the 
samples performed greater than the neat PP sample.

The reason for such change in stiffness of the matrix is due to ultrasound 
irradiation which enhances the homogeneity. The ultrasound irradiation helps 
in molecular mixing of these components together and the formation of coated 
reactive particles which ultimately leads to increase the cross-linking in the polymer 
when mixed. The decrease in mobility of the cross linking in polymer gives better 
mechanical properties with an optimum amount of nanofiller addition. Surface area 
also played an important role in the significant increase in that the spherical spatial 
distribution and low weight ratio of the nanofillers enhance the homogeneity of the 
reaction. The nanocomposites exhibit ductile fracture and the elongation at break 
increased with the increase of the nanoparticle content (Table 6).

4. Conclusion

The samples were prepared using high intensity ultrasound irradiation to coat 
SiC onto SiO2 nanoparticles. This process has been introduced as an efficient way to 
disperse SiC onto SiO2 nanoparticles, and by extruding these samples with poly-
propylene, it increases its mechanical properties. XRD analysis confirmed that the 
samples were crystalline with an amorphous background present. The TEM analysis 
revealed that the SiC nanoparticles were uniformly dispersed over the entire 
surface of the SiO2 nanoparticles. It also indicated a minor growth in the size of the 
nanoparticles after ultrasonic irradiation. XPS spectrographs revealed the chemical 
composites found in the samples. It also verified the surface coating through the 
shifts in binding energies. The crystallization of the polypropylene polymer matrix 
was also affected by the presence of the coated nanoparticles. DSC testing indicated 
that the crystallization and the melting temperatures increased with increasing 
filler content. Through DSC, it can be seen that by adding nanoparticles, it allows 
the start of the degradation process to shift toward higher temperatures. The 
increase of the melting temperature of neat PP to PP + SiC was 161.43–166.12°C. A 
decrease in the crystallization temperature after introduction of the filler indicates 
that a higher undercooling of the melt is necessary for the crystallization to occur. 
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The TGA data showed that the neat sample is stable up to 436.06°C, whereas the 
coated nanocomposites minimum stabilization temperature is at 482.39°C which 
is a 10.6% increase. The maximum temperature increase was 13.8% and stabiliza-
tion occurred at 496.34°C for the neat 80 nm sample. The coated nanocomposites 
had profound effects on the PP properties. The flexure test results showed that the 
flexural strength and modulus slightly increases with the addition of coated SiC/
SiO2 nanofillers with respect to the neat polymer.
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Chapter 3

Advanced Polypropylene and 
Composites with Polypropylene 
with Applications in Modern 
Medicine
Doina Elena Gavrila, Victor Stoian, Alina Caramitu  
and Sorina Mitrea

Abstract

Synthetic polypropylene (PP) is used extensively in many fields of medicine. 
On the one hand, it is utilized in the manufacture of medical equipment: syringes, 
storage, transport, electric cables, etc. On the other hand, synthetic, nonabsorbable 
isotactic PP (iPP) is often used to perform meshes for hernia and pelvic organ repair 
operations, as well as in urinary incontinence. Products that release in time from 
meshes are depending on the conditions in which they are utilized, can produce 
undesirable reactions for the human body. For this reason, nonabsorbable synthetic 
PP was replaced in surgical sutures and meshes with bio polypropylene (bio PP). 
The chapter analyzes the specific characteristics of these polymers as well as their 
degradation due to the influence of different factors: humidity, perspiration, 
temperature, and presence of bacteria. Obtaining new composite materials with PP 
as matrix and metal powders as fillers is considered as a possibility of their use in 
vital problems such as cancer detection and treatment. These allow the emergence 
of new strategies in the design of biosensors that use nanocomposite materials with 
different fillers and polymeric films. The chapter analyzes the characteristics of new 
composite materials with PP matrix and metallic powders of iron (Fe).

Keywords: polypropylene, bio polypropylene, degradation, surgical sutures, 
polypropylene composite with iron powders

1. Introduction

Polypropylene (PP) is a nonpolar, partially crystalline thermoplastic polymer 
from the polyolefin group, in some aspects similar to polyethylene (PE) concerning 
the electrical properties, but it has improved mechanical properties and thermal 
resistance. In these latter days, PP is the most used thermoplastic, exceeding 
PE [1]. The properties of PP depend on molecular weight and molecular weight 
distribution, crystallinity, and tacticity [2]. It is a low-cost polymer with excellent 
properties like flame resistance, transparency, high heat distortion temperature, 
dimensional stability, and recyclability, making it ideal for a wide range of applica-
tions. It is a lightweight polymer with a density of 0.90 g/cm3 that makes it suitable 
for many industrial applications and has chemical resistance, long life for electrical 
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and mechanical applications, and thermal and optical properties. It is environment-
friendly and nontoxic and has replaced polyvinylchloride (PVC) because it does 
not release any toxic gases when burnt [3]. PP can be modified by using micro- and 
nano-sized fillers or reinforcing agents to get desired characteristics required by 
the application area. The tacticity of PP can be controlled: the branching of linear 
PP can be done, resulting in higher molecular weight product with higher tensile 
strength, higher modulus of rigidity, and higher heat resistance. PP does not absorb 
water [4].

2. Biopolymers and biopolypropylene

Biopolymers are polymers produced by living organism and contain monomeric 
units that are covalently bonded to form larger structures. A classification accord-
ing to monomeric units and the structure of the biopolymer divide these materials 
into three classes:

• Polynucleotides (DNA and RNA) which are long polymers composed of 13 or 
more monomeric units covalently bonded in a chain. DNA (deoxyribonucleic 
acid) and RNA (ribonucleic acid) are examples of polynucleotides with dis-
tinct biological function. DNA consists of two chains of polynucleotides, each 
in the form of a helical spiral.

• Polypeptides, which are short polymers of amino acids.

• Polysaccharides, which are often linear-bonded polymeric carbohydrate 
structures.

Other examples of biopolymers are rubber, melanin, lignin, cellulose, etc.
An important difference between polymers and biopolymers is their structure. 

All polymers are made of repetitive units called monomers. Although biopolymers 
have a well-defined structure, this is not a defining characteristic [5–7].

Structural biology is the domain for the study of structural properties of 
biopolymers. The exact chemical composition and the sequence in which the 
units are arranged are called the primary structure, in the case of proteins. Many 
biopolymers fold into a characteristic compact shape, as well as secondary and 
tertiary structure. These structures determine the biological functions and depend 
in a complicated way on their primary structures. Most synthetic polymers have 
much simpler and more random structures. Molecular mass distribution is missing 
in biopolymers: all types of biopolymers contain similar sequences and numbers 
of monomeric units. The phenomenon is called monodispersity, in contrast to 
the polydispersity from synthetic polymers. Biopolymers have a polydispersity 
index of 1.

Synthetic biopolymers are human-made copies of biopolymers obtained by abiotic 
chemical routes. Abiotic components or abiotic factors are nonliving chemical and 
physical parts of the environment that affect living organism and the functioning 
of ecosystems. In biology, abiotic factors can include water, light, radiation, tem-
perature, humidity, atmosphere, acidity, and soil. The macroscopic climate often 
influences each of the above [8, 9].

As humanity becomes more aware of climate change and pollution with 
plastics, the idea of using biopolymers is becoming more and more important. At 
this time, alternative methods of producing biopolymer materials are however 
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reduced. It is necessary to accelerate the transition from petrochemical to bio-
based plastic materials and to obtain a great diversity of them, including polyole-
fins as PP and PE [10]. Recently, in the bio-based polymer industry, the world’s 
first parallel production of bio-based PP and bio-based low-density PE at the 
commercial scale has been announced. However, due to the technical difficulties, 
production of bio PP from biomass has not been established at the industrial 
level. The new production method is proposed which sees various biomasses, 
mainly nonedible plants fermented to produce isopropanol (IPA), which is then 
dehydrated to obtain propylene. This one could prove to be a more cost-effective 
way to manufacture bio PP. Figure 1 shows schematic methods of obtaining PP 
and bio PP.

Biopolymers remain less than one percent of plastics manufactured worldwide 
and remain until very recently 2–4 times more expensive than petrochemical 
products. Moreover, most biopolymers do not yet save more carbon emissions than 
are required to manufacture them. As most biopolymers are produced from plants, 
sugars, starches, or oils, it was estimated that replacing 250 million tones of the 
plastic manufactured each year with bio plastics would require 100 million hectares 
of land (7% of the arable land of the Earth).

3.  Analysis of degradation of bio polypropylene for surgical sutures  
and for meshes used in medical repair operations

3.1 Generalities on suture materials

Surgery sutures have improved in recent years, both in terms of surgical 
technique and materials used, which explains successes in transplant, vascular, 
and digestive surgeries, etc. Initially, sutures were made from natural biological 
materials, modern materials being synthetic, mostly polymers. Suture materials are 
absorbable (resorbable) or nonabsorbable (non-resorbable) and monofilamentous 
or multifilamentous (braided sutures), their diameter being a very important fac-
tor. Generally, fast-healing tissues and internal organs are treated with resorbable 
materials, while slow-healing tissues and tissues with high mechanical exposure, 
such as the skin and tendons, are treated with non-resorbable materials. Synthetic 
suture materials are absorbed by hydrolysis due to water whose molecules attack 
the ester linkages and break up the polymer chains. The degradation for biological 
suture materials as the same for synthetic suture materials begins with the breaking 
down of polymer chains into smaller fragments. The fragments are then phagocy-
tized by the enzymatic action of special types of mononuclear and multinuclear 
white blood cells [11, 12]. The idea of using sutures as a medicament transport 
system is a topic of interest for modern surgery, reducing the risk of infection and 
inflammation. Bio PP is mainly absorbed by hydrolysis due to water, the amount of 
water being essential for the rate of hydrolysis reaction.

Figure 1. 
Scheme of methods for obtaining PP and bio PP.
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3.2 Materials

Bio PP from BioSintex is a monofilament sterile suture made of isotactic PP 
(iPP). The studied bio PP materials were blue and had the thickness of.

1 EP (European Pharmacopoeia) and 3.5 EP, respectively. The degradation of 
bio PP mesh designed for surgical treatment of urinary incontinence (white color, 
with monofilament diameter 0.10 mm, typical size pore 1.7 × 0.3 mm, thickness 
0.50 mm) was studied.

3.3 DSC analyses.

Measurements have been made with the Calorimeter 200F3, Maia, Netzsch-
Geratebau GmbH with a measuring cell: gas flow control device (N2); sealing press; 
heating rate 10°C/min, sample mass approximately 10 mg, sample pan aluminum. 
Temperature range was −30 to 200°C. One scan was used in DSC analysis. The 
crystallinity determination was performed using analysis software Netzsch 
TA—Proteus.

3.4 Preparation of solutions: methods

Perspiration consists of water, minerals, lactate, and urea. On average, the min-
eral composition is sodium (0.9 g/l), potassium (0.2 g/l), calcium (0.015 g/l), and 
magnesium (0.0013 g/l). We prepared a sodium solution in water with a concentra-
tion of 0.9 g/l. A water solution was prepared in which beechwood was introduced. 
This is because experimental measurements have shown the existence of bacteria 
in beechwood. In these experiences there are two categories of degradation media: 
water and salt or beechwood solutions in water. In both cases we made measure-
ments by introducing samples 1, 2, 3, 4, …, 40 days, …, 60 days in the two categories 
of environments. In the water important changes appeared 42 days, while in the 
solutions with salt, changes appeared after 4 days.

3.5 Results

For bio PP blue, thickness 1 EP, which has not been degraded, the initial crystal-
linity of the material is 55.91%, the melting point is Tm = 168.7°C, and the corre-
sponding value is 1.247 mW/mg. DSC curve for blue bio PP, thickness 1 EP, kept for 
6 days continuously in water shows that there are no fundamental changes in this 
case: the melting temperature, Tm, remains the same, and there is a small decrease 
from 1.247 mW/mg to 1.154 mW/mg. There is a very low increase in crystallin-
ity: from 56.40 to 56.87%. What does this little increase in crystallinity show? It is 
known that the penetration of the water takes place initially in the amorphous area, 
it destroys by the phenomenon of hydrolysis and then enter in the crystalline area. 
For bio PP, after 6 days, the water entered the amorphous zone and destroyed a part 
of it. This shows that suture materials studied retain practically their mechanical 
characteristics.

Measurements made on white meshes from bio PP and DSC characteristics show 
changes identical to those that occur in iPP. The crystallinity of the meshes was 
52.24%, melting temperature was 170.5°C, and has the value of 1.044 mW/mg. The 
bio PP meshes originally introduced for the repair of the hernia are currently used 
in several anatomical sites. From millions of meshes implanted annually around 
the world, more than 10% are removed due to complications. The fundamental 
question of degradation of PP in vivo has not been elucidated [13, 14]. We consider 
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that in vivo there are a number of factors such as acid solutions, salted solutions, 
and solutions with bacteria and enzymes that produce a strong destruction of 
PP. As will be seen from the analyses, the salt solutions destroy bio PP in a short 
time, affect the crystalline system, and consequently cause the destruction of the 
material. Substances that are removed can affect the body and cause complications. 
According to the data from the literature the degradation products are acids and 
alcohols from PP degradation due to the action of the water [11].

Figure 2 shows DSC curve for bio PP blue, thickness 3.5 EP, which has not been 
degraded, and the DSC curve for the same material that was kept in water for 
42 days. There is a very slight increase in crystallinity in this case by degradation: 
from 63.08% to 63.84%. There is a very low melting temperature decrease from 
165.8°C to 165.7°C but also a very small increase from 1.051 mW/mg to 1.15 mW/mg. 
What is most important in this case is the appearance of a second additional maximum 
melting at 154.8°C, indicating a second important type of crystalline lamellas that 
appeared due to the material degradation. The lower melting temperature indicates 
that these lamellas melt more easily.

To study the influence of perspiration on bio PP sutures, samples have been kept 
in sodium solution in water for 4 days. In this case there are more important changes 
in the melting temperature and in the decrease of crystallinity (Figure 3).

The discontinuities that occur are due to the melting of various crystal-
line lamellae at different temperatures, indicating a degradation of crystalline 
domains. As shown in Figure 3, there are several Flory components, each of these 
components having a single active crystallization center. The Tm values as well as 
crystallinity decrease. The melting point decrease may be related to the existence of 
chain branches. Below Tm, the amorphous regions alternate with regions which are 
lamellar crystals. The amorphous regions contribute elasticity, and the crystalline 
regions contribute strength and rigidity.

Figure 2. 
DSC dependencies for non-degraded blue bio PP, 3.5 EP, (red color) and blue bio PP, 3.5 EP, kept 42 days 
continuously in water.
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For DSC curves of bio PP, 3.5 EP, which was kept for a longer time in water, 
60 days, melting point discontinuities and an increase in crystallinity are observed 
(Figure 4).

Outside the main peak at 168.6°C, a very close maximum is observed at 164.7°C, 
the value 1.325 mW/mg being higher than those obtained for non-degraded 
material. An increase in crystallinity was obtained: from 63.08% to 66.40%. As 
was observed in analyzes, bio PP fibers show very good water resistance being 
considered as high-performance materials in this field. This confers a high ther-
mal resistance keeping the elasticity and mechanical resistance characteristics at 

Figure 3. 
DSC curve for blue bio PP, thickness 3.5 EP, (red color) and DSC curve for blue bio PP, 3.5 EP, kept continuously 
4 days in a sodium solution in water (mauve color).

Figure 4. 
Comparison between DSC curves for blue bio PP, 3.5 EP undegraded, (blue curve) and the blue bio PP, 3.5 EP, 
60 days in water (mauve curve).
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temperature up to 90°C and good resistance to acids and alkalis. The polymer is 
depolymerized by the conversion of the polymer chains into a monomer or mixture 
of monomer, oligomers, dimers, etc. Regarding the samples that were introduced 
into the water with beechwood, reduced degradation was obtained compared to 
those introduced only in water.

At this time, sutures with PP and PE composite filaments allow the transport of 
drugs for different treatments.

4. Effect of powders of iron on the properties of isotactic polypropylene

4.1 Composites for biosensors

Early diagnosis of cancer is crucial for successful treatment of this disease. 
Highly sensitive methods are needed for measuring cancer diagnosis markers 
present at very low levels during early stages of the disease [15]. Major progress in 
the field of nanotechnology for the creation of small integrated and reliable nano-
transducers in combination with biological detection elements has revolutionized 
the field of biosensors in the last decade. Such biosensor systems allow obtaining 
biochemical and biophysical signals associated with a particular disease at the level 
of a single molecule or cell. At present, cancer can be diagnosed mainly by monitor-
ing certain antigens in the blood stream or other fluids of the human body or by 
histological examination. Modification of electrodes with nano-materials is a major 
interest for science and nanotechnology because they can be used in different fields 
in this regard. However, the immobilization strategies of biomolecules are a chal-
lenge because their specific properties must be maintained after immobilization in 
order to obtain reliable sensors [16]. The sensitivity of the sensors can be increased 
by using nano-materials with polymeric matrix and metallic fillers. Innovative 
biosensor strategies would allow cancer testing to be performed more rapidly, 
inexpensively, and reliably in a decentralized setting.

The composite materials with polymeric matrix and metallic fillers, in particular 
nanoparticles, present the modification of their general characteristics. The devel-
opment and continuous improvement of the technology for producing and molding 
the above materials is accompanied by research on their mechanical, electrical, and 
thermal properties [17–19]. These characteristics as well as changes in moisture 
absorption, glass transition temperatures, flame retardant, solubility etc. must be 
given special attention. Interesting and intense studies refer to these materials. It 
is therefore possible to replace the traditional materials with new composite light-
weight materials, and their use can be practicable in many fields.

A novel pan-milling technique was developed to prepare ultrafine PP-Fe com-
posite powders, in which the average grain size of the Fe particles attain a nanoscale 
level [20]. The authors of the article [21] compose a detailed review to provide a 
description of the recent advances in the preparation of polymer nanocomposites 
via mechanical milling.

Mechanical properties of metal-PP polymer matrix composites were investi-
gated experimentally [22]. High-density polyethylene (HDPE), PP, and polystyrene 
(PS) were used as polymer matrix, and Fe powder in 5, 10, and 15 vol% was used 
as metal. The modulus of elasticity, yield and strength, elongation, Izod notched 
impact strength, Shore D hardness, and fracture surfaces of the composites were 
determined. Addition of 5 vol% reduced Izod impact strength and increased the 
modulus of elasticity. Thermal stability of polymer nanocomposites prepared by 
melt mixing of PP with organo-modified clay and maleic anhydride-grafted PP has 
been studied [23].
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Electrical properties of PP-Fe-modified and PP-Fe-nonmodified powders were 
studied [18]. The phenomenon of percolation and the increase of the electrical con-
ductivity were obtained by two methods of preparation: ball milling and extrusion 
route. The extrusion resulted in a good dispersion of Fe particles in the PP matrix.

4.2 Materials

The polymer used as matrix was isotactic polypropylene (Tipplen). 
Conductive reinforcements used were two types of iron powders from Nanografi 
LTD. Histogram granulometric distribution of iron powder 50 nm showed the exis-
tence of a continuous distribution of particles with a maximum around 140 nm and 
a sharp decline of the number of particles after this value [24]. From SEM analysis 
for Fe powders, it was found that the mean particle size was 82.2 nm (calculated 
from eight measurements) for the first powder of 50 nm and the mean size (calcu-
lated from 6 measurements) of the particles of the second powder of 800 nm was 
2695 nm [24, 25].

4.3 Sample preparation

PP composite samples with iron nano-powders were prepared by extrusion. 
Samples were obtained in two stages. In the first step, the components (PP and iron 
powder) were blended for 1 h in a Turbula T2F cylindrical mixer with 1.3 l mixing 
bowl and with clamping device from rubber, having a rotation speed of 40 rpm. 
By extrusion (Brabender Ketse laboratory extruder) the composite granules were 
obtained. In the second step, the composite granules were injected (Dr Boy A35 
injection machine); thus the samples disk shaped are obtained with a diameter of 
30 mm and a thickness of 2.5 mm. Polymeric composite materials with increasing 
content of powders (3, 5, and 8%) were prepared.

The working parameters on the extruder were extruder screw speed (45 rpm) 
and power funnel screw speed (700 rpm). The temperatures on the extruder heat-
ing areas in five zones were 170, 175, 180, 190, and 200°C.

4.4 Experimental

4.4.1 Mechanical tests: microindentation hardness and Shore hardness testing

Indentation hardness tests are used in mechanical engineering to determine the 
hardness of a material to deformation. In microindentation hardness the testing 
of materials is made with low applied loads, typically of 2N (roughly 200 gf). The 
Vickers (HV) hardness and Young’s (EIT) module were determined by instrument 
microinjection tests according to ASTM E2546-15 and the Oliver-Pharr calculation 
method. Mechanical tests were performed at ambient temperature, relative air 
humidity 35 ± 5%, with Micro-Combi equipment.

4.4.2 Thermal conductivity tests

Thermal diffusion measured between 25°C and 95°C was determined using a 
“flash” method (ASTM E-1461: 2007), with a LFA 447 NanoFlash (Netzsch). As 
a radiation source, a xenon performance lamp was used, and the irradiation time 
on the front face of the sample was 0.18 ms. Samples were analyzed three times at 
each temperature. The increase in temperature on the other surface of the sample 
was measured with an InSb-type infrared (IR) detector. The sample analyzed had 
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cylindrical shape Ø = 12.7 mm and height h = 1.95 mm, in pressed stat, and was 
analyzed at 25°C. Samples were grafted into suspension. Working conditions are 
as follows: the data acquisition software used was Nanoflash, temperature/°C was 
25.0, analysis type was single layer, the analysis software used was Proteus LFA, and 
the analysis method used was Cowan model.

4.4.3 Electrical conductivity tests

It is known that the thermal conductivity and the electrical conductivity are in 
a close correlation. The dielectric tests are performed by the Solatron IL MAv-0.6 
269 … + 400°C impedance analyzer; temperature rise rate (heating/cooling) was 
0.01—30°C/min; thermal stability was max ±0.01°C; frequency domain was 10 
μHz … 20 MHz; thermal stabilization was max. 8 min; the data acquisition software 
used was Smart. Tests were conducted in air at 3 V. The samples had a diameter of 
30 mm and an average thickness of 4.3 mm. The electrical conductivity in alternat-
ing electrical current was determined.

4.4.4 DSC analysis

The conditions of measurements are described in Section 3.3.

4.4.5 SEM analysis

Electron beam scanning microscope with field emission source and ion-focused 
beam was used. The images were made at 1 or 2 kV acceleration voltage with a very 
large lens approach. The detector used was that of the Everhart-Thornley secondary 
electron with the Faraday cup, resulting in micrographs that highlight the morphol-
ogy and topography of the analyzed surfaces.

4.5 Results and discussions

4.5.1 Analyzing the situation of reinforcement of the polymeric materials

Analyzing the situation of reinforcement of the polymeric materials with 
different filler materials from Table 1, it could be concluded that the use of dis-
persing fillers would lead to a decrease in the composite resistance compared to 
the non-filler polymer. This observation is susceptible to interpretations, because 
Table 1 shows in all cases an increase in the modulus of elasticity EIT, the energy 
of the reversible elastic deformation Welastic, and the yield of the elastic zone ηIT 
(%), which indicates an improvement in the elastic characteristics. The addition 
of rigid filler particles produces an increase in the modulus of elasticity which is 
proportional to the volume percentage of the filler. The worsening of mechanical 
properties can be attributed to the occurrence and development of cracks in the 
vicinity of the filler particles and the formation of agglomerates of filler material. 
These agglomerates are initiated by the voids resulting from the partial detachment 
of the matrix.

Shore durometer scale D was used to measure the hardness and to characterize 
the penetration resistance of a penetrator in the composite materials studied. The 
obtained results are presented in Table 2.

All the materials studied have a higher Shore hardness than pure iPP. It is 
noted that the higher Shore hardness values are obtained for the composite iPP-Fe 
82.8 nm.



Composite Materials

46

Electrical properties of PP-Fe-modified and PP-Fe-nonmodified powders were 
studied [18]. The phenomenon of percolation and the increase of the electrical con-
ductivity were obtained by two methods of preparation: ball milling and extrusion 
route. The extrusion resulted in a good dispersion of Fe particles in the PP matrix.

4.2 Materials

The polymer used as matrix was isotactic polypropylene (Tipplen). 
Conductive reinforcements used were two types of iron powders from Nanografi 
LTD. Histogram granulometric distribution of iron powder 50 nm showed the exis-
tence of a continuous distribution of particles with a maximum around 140 nm and 
a sharp decline of the number of particles after this value [24]. From SEM analysis 
for Fe powders, it was found that the mean particle size was 82.2 nm (calculated 
from eight measurements) for the first powder of 50 nm and the mean size (calcu-
lated from 6 measurements) of the particles of the second powder of 800 nm was 
2695 nm [24, 25].

4.3 Sample preparation

PP composite samples with iron nano-powders were prepared by extrusion. 
Samples were obtained in two stages. In the first step, the components (PP and iron 
powder) were blended for 1 h in a Turbula T2F cylindrical mixer with 1.3 l mixing 
bowl and with clamping device from rubber, having a rotation speed of 40 rpm. 
By extrusion (Brabender Ketse laboratory extruder) the composite granules were 
obtained. In the second step, the composite granules were injected (Dr Boy A35 
injection machine); thus the samples disk shaped are obtained with a diameter of 
30 mm and a thickness of 2.5 mm. Polymeric composite materials with increasing 
content of powders (3, 5, and 8%) were prepared.

The working parameters on the extruder were extruder screw speed (45 rpm) 
and power funnel screw speed (700 rpm). The temperatures on the extruder heat-
ing areas in five zones were 170, 175, 180, 190, and 200°C.

4.4 Experimental

4.4.1 Mechanical tests: microindentation hardness and Shore hardness testing
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Vickers (HV) hardness and Young’s (EIT) module were determined by instrument 
microinjection tests according to ASTM E2546-15 and the Oliver-Pharr calculation 
method. Mechanical tests were performed at ambient temperature, relative air 
humidity 35 ± 5%, with Micro-Combi equipment.
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Thermal diffusion measured between 25°C and 95°C was determined using a 
“flash” method (ASTM E-1461: 2007), with a LFA 447 NanoFlash (Netzsch). As 
a radiation source, a xenon performance lamp was used, and the irradiation time 
on the front face of the sample was 0.18 ms. Samples were analyzed three times at 
each temperature. The increase in temperature on the other surface of the sample 
was measured with an InSb-type infrared (IR) detector. The sample analyzed had 
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25.0, analysis type was single layer, the analysis software used was Proteus LFA, and 
the analysis method used was Cowan model.
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a close correlation. The dielectric tests are performed by the Solatron IL MAv-0.6 
269 … + 400°C impedance analyzer; temperature rise rate (heating/cooling) was 
0.01—30°C/min; thermal stability was max ±0.01°C; frequency domain was 10 
μHz … 20 MHz; thermal stabilization was max. 8 min; the data acquisition software 
used was Smart. Tests were conducted in air at 3 V. The samples had a diameter of 
30 mm and an average thickness of 4.3 mm. The electrical conductivity in alternat-
ing electrical current was determined.
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The conditions of measurements are described in Section 3.3.
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Electron beam scanning microscope with field emission source and ion-focused 
beam was used. The images were made at 1 or 2 kV acceleration voltage with a very 
large lens approach. The detector used was that of the Everhart-Thornley secondary 
electron with the Faraday cup, resulting in micrographs that highlight the morphol-
ogy and topography of the analyzed surfaces.
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4.5.1 Analyzing the situation of reinforcement of the polymeric materials

Analyzing the situation of reinforcement of the polymeric materials with 
different filler materials from Table 1, it could be concluded that the use of dis-
persing fillers would lead to a decrease in the composite resistance compared to 
the non-filler polymer. This observation is susceptible to interpretations, because 
Table 1 shows in all cases an increase in the modulus of elasticity EIT, the energy 
of the reversible elastic deformation Welastic, and the yield of the elastic zone ηIT 
(%), which indicates an improvement in the elastic characteristics. The addition 
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proportional to the volume percentage of the filler. The worsening of mechanical 
properties can be attributed to the occurrence and development of cracks in the 
vicinity of the filler particles and the formation of agglomerates of filler material. 
These agglomerates are initiated by the voids resulting from the partial detachment 
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obtained results are presented in Table 2.
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4.5.2 Thermal conductivity

Thermal conductivity, λ, characterizes the ability of a material to transmit heat 
when subjected to a temperature difference (Table 3). The thermal resistance is mainly 
caused by phonon scattering processes, including phonon-phonon scattering, boundary 
scattering, and defect or impurity scattering [26, 27]. In composite materials, phonon 
scattering is mainly due to the existence of an interfacial thermal barrier, which results 
from the acoustic mismatch or the damage of surface layer between the filler and poly-
mer matrix. In order to lower the thermal resistance or enhance the thermal conductiv-
ity of the composite, measures should be taken to reduce the interfacial thermal barrier, 
which is closely related to the filler dispersion and the filler-matrix interaction. Many 
theoretical studies have studied the thermal conductivity dependence of composite 
polymers on the amount of metal filler or on the volume fraction of the filler, emphasiz-
ing the increase in thermal conductivity with the increase in the volume of the filler 
[28]. Experimental studies in the inorganic filler/polymer composites have shown that 
the thermal conductivity increases with the filler content, but very high filling load is 
used to obtain high thermal conductivity. Large amounts of filler affect and worsen the 
mechanical properties. Filler size and shape are important factors that influence thermal 
conductivity and other properties. At the same particle size, smaller particle size leads 
to a lower interparticle distance and more chances for the formation of the thermal 
conductive pathway. A significant increase in the thermal conductivity of iPP filled with 
combined filler, with total constant filler content of 7.5%, was highlighted [29].

The thermal conductivity values of the composites are very close. The lowest 
thermal conductivity is that of pure iPP and for iPP with 3% concentration of pow-
ders with size of 82.8 nm. But other observations can be made: it is observed that the 
largest increase in values of thermal conductivity is obtained for 8% concentration of 
Fe powders with size of 82.8 nm. It is very important that this composite has the best 
thermal endurance [25]. The thermal conductivity values show approximately the 
same increase for 3, 5, and 8% concentration for Fe powders with size of 2695 nm.

4.5.3 The electrical conductivity

The electrical conductivity in alternating electrical current was determined 
(Table 4). It is known that the thermal conductivity and the electrical conductivity 
are in a close correlation.

iPP Powders (%) iPP with Fe 82.8 nm iPP with Fe 2695 nm

55.1 3 67.2 56.1

5 70.0 62.5

8 72.8 65.2

Table 2. 
Shore hardness scale D for the composite materials studied.

λ, W/(mK) 
iPP

Powders (%) λ, W/(mK) iPP with Fe 82.8 nm λ, W/(mK) iPP with Fe 2695 nm

0.127 3 0.127 0.14

5 0.129 0.145

8 0.134 0.14

Table 3. 
Dependence of the thermal conductivity (λ) on the concentration of metallic powders.



Composite Materials

48

H
IT

 (M
Pa

)
H

V
E I

T
 (G

Pa
)

h m
ax

 (η
m

)
W

el
as

tic
 (μ

J)
W

to
ta

l (
μJ

)
η I

T
 (%

)

iP
P

11
4.

7 ±
 17

.1
10

.8
 ±

 1.
6

1.4
 ±

 0
.16

23
.7

 ±
 0

.5
2.4

 ±
 0

.9
8.

3 
± 

0.
1

28
.6

 ±
 1.

1

iP
P 

w
ith

 8
%

 F
e 2

69
5 n

m
10

4.
3 

± 
14

.1
9.8

 ±
 1.

3
1.4

 ±
 0

.0
7

23
.9

 ±
 0

.9
3.

2 
± 

0.
1

8.
7 ±

 0
.1

37
.0

 ±
 0

.1

iP
P 

w
ith

 3
%

 F
e 8

2.
2 

nm
11

0.
7 ±

 5.
6

10
.4

 ±
 0

.5
1.4

 ±
 0

.0
1

23
.5

 ±
 0

.1
3.1

 ±
 0

.4
8.

8 
± 

0.
01

34
.9

 ±
 5.

2

iP
P 

w
ith

 8
%

 F
e 8

2.
2 

nm
11

5.8
 ±

 9.
6

10
.9

 ±
 0

.9
1.

5 ±
 0

.0
7

22
.9

 ±
 0

.2
3.

0 
± 

0.
4

8.
8 

± 
0.

1
34

.4
 ±

 4
.9

Ta
bl

e 
1.

 
H

IT
 is

 in
de

nt
ed

 h
ar

dn
es

s H
V

 is
 V

ick
er

s h
ar

dn
es

s E
IT

 is
 el

as
tic

 m
od

ul
us

 h
m

ax
 is

 th
e m

ax
im

um
 d

ep
th

 o
f p

en
et

ra
tio

n 
W

ela
sti

c a
nd

 W
to

ta
l a

re
 th

e e
ne

rg
ie

s o
f t

he
 re

ve
rs

ib
le

 el
as

tic
 d

ef
or

m
at

io
n 

an
d 

th
e 

to
ta

l d
ef

or
m

at
io

n,
 re

sp
ec

tiv
ely

 a
nd

 η
IT

 (
%

) 
is 

th
e y

ie
ld

 o
f t

he
 el

as
tic

 z
on

e.

49

Advanced Polypropylene and Composites with Polypropylene with Applications in Modern…
DOI: http://dx.doi.org/10.5772/intechopen.91783

4.5.2 Thermal conductivity

Thermal conductivity, λ, characterizes the ability of a material to transmit heat 
when subjected to a temperature difference (Table 3). The thermal resistance is mainly 
caused by phonon scattering processes, including phonon-phonon scattering, boundary 
scattering, and defect or impurity scattering [26, 27]. In composite materials, phonon 
scattering is mainly due to the existence of an interfacial thermal barrier, which results 
from the acoustic mismatch or the damage of surface layer between the filler and poly-
mer matrix. In order to lower the thermal resistance or enhance the thermal conductiv-
ity of the composite, measures should be taken to reduce the interfacial thermal barrier, 
which is closely related to the filler dispersion and the filler-matrix interaction. Many 
theoretical studies have studied the thermal conductivity dependence of composite 
polymers on the amount of metal filler or on the volume fraction of the filler, emphasiz-
ing the increase in thermal conductivity with the increase in the volume of the filler 
[28]. Experimental studies in the inorganic filler/polymer composites have shown that 
the thermal conductivity increases with the filler content, but very high filling load is 
used to obtain high thermal conductivity. Large amounts of filler affect and worsen the 
mechanical properties. Filler size and shape are important factors that influence thermal 
conductivity and other properties. At the same particle size, smaller particle size leads 
to a lower interparticle distance and more chances for the formation of the thermal 
conductive pathway. A significant increase in the thermal conductivity of iPP filled with 
combined filler, with total constant filler content of 7.5%, was highlighted [29].

The thermal conductivity values of the composites are very close. The lowest 
thermal conductivity is that of pure iPP and for iPP with 3% concentration of pow-
ders with size of 82.8 nm. But other observations can be made: it is observed that the 
largest increase in values of thermal conductivity is obtained for 8% concentration of 
Fe powders with size of 82.8 nm. It is very important that this composite has the best 
thermal endurance [25]. The thermal conductivity values show approximately the 
same increase for 3, 5, and 8% concentration for Fe powders with size of 2695 nm.

4.5.3 The electrical conductivity

The electrical conductivity in alternating electrical current was determined 
(Table 4). It is known that the thermal conductivity and the electrical conductivity 
are in a close correlation.

iPP Powders (%) iPP with Fe 82.8 nm iPP with Fe 2695 nm

55.1 3 67.2 56.1

5 70.0 62.5

8 72.8 65.2

Table 2. 
Shore hardness scale D for the composite materials studied.

λ, W/(mK) 
iPP

Powders (%) λ, W/(mK) iPP with Fe 82.8 nm λ, W/(mK) iPP with Fe 2695 nm

0.127 3 0.127 0.14

5 0.129 0.145
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Table 3. 
Dependence of the thermal conductivity (λ) on the concentration of metallic powders.
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As observed from the electrical conductivity measurements, the conductivity for 
the frequency ~2 × 104 Hz shows an increase with an order of magnitude, the highest 
values being at 8% concentration of Fe powders. For the investigated samples, the elec-
trical conductivity increases (both in pure and in iPP with Fe powders) at increasing 
frequency. Increases of the loss factors were obtained with the increase of the metallic 
powder content, while the variations of the electrical permittivity were very small [30].

4.5.4 Incorporation of metallic powders into polymers

Incorporation of metallic powders into polymers is expected to impact the 
crystallization degree and the melting characteristics. DSC analyses were conducted 
to investigate the behavior of the studied materials. The melting temperatures and 
the crystallinity were determined from DSC thermograms (Table 5). The decrease 
of crystallinity with the amount of powders, if they are of the same type and are 
identical in size, was observed. This shows that the particles introduced into the iPP 
penetrate not only in the amorphous but also in the crystalline domains. The highest 
decrease was in all cases at 8% concentration of powder.

Crystallinity clearly depends on the size of the particles introduced: the larger 
the particles, the less they affect the crystallinity of the iPP. The decreases are 
highest in the case of small particles because they enter more easily in the crystal-
line domains. Interesting changes occur in melting temperatures. Generally melting 
temperature increases with the increase in powder content and at 8% concentra-
tion, temperature has the highest value.

4.5.5 SEM analysis

Figure 5(a and b) shows the morphological analyses for iPP with 8% con-
centration of powders with size of 82.2 nm, and Figure 6(a and b) shows the 

Concentration (%) Powder size (nm) Crystallinity (%) Tm (°C)

iPP — 53.46 170.4

3 Fe 2695 50.01 170.5

5 Fe 2695 49.06 170.7

8 Fe 2695 41.51 171.9

3 Fe 82.2 48.10 170.4

5 Fe 82.2 49.14 169.9

8 Fe 82.2 36.03 171.00

Table 5. 
Variation of the crystallinity and melting temperatures Tm with the content and sizes of powders.

iPP Powder (%) iPP and Fe 82.2 nm iPP and Fe 2695 nm

σ (Ω−1 m−1) σ (Ω−1 m−1) σ (Ω−1 m−1)

1.2 × 10−4 3 1.49 × 10−3 1.46 × 10−3

5 1.53 × 10−3 1.49 × 10−3

8 1.56 × 10−3 1.53 × 10−3

Table 4. 
Dependence of the electrical conductivity σ (Ω−1 m−1) of iPP composites with 3, 5, and 8% concentration of Fe 
powders for ~2 × 104 Hz.
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morphological analysis for iPP with 8% concentration of powders with size of 
2695 nm. A relatively uniform distribution of Fe particles with size of 82.2 nm is 
observed. They even entered the crystalline areas.

This confirms that extrusion preparation allows good dispersion of Fe particles 
in the PP matrix, a fact confirmed by other authors [18]. In this case the existence of 
some agglomerations of particles is observed. For the most part, these agglomerates 
are initiated by the voids resulting from partial detachment of the matrix.

Examination of Figure 6 shows that the larger particles with size of 2695 nm 
penetrate first into the amorphous zone and then into the crystalline zone. This fact 
is in accordance with the crystallinity values obtained for these nanopolymers. In 
the figure agglomeration of particles also appears, especially in the amorphous areas 
or in areas with defects.

Figure 5. 
SEM analysis of iPP with 8% concentration of Fe powders with size of 82.2 nm: 20,000× (a) and  
50,000× (b).
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morphological analysis for iPP with 8% concentration of powders with size of 
2695 nm. A relatively uniform distribution of Fe particles with size of 82.2 nm is 
observed. They even entered the crystalline areas.

This confirms that extrusion preparation allows good dispersion of Fe particles 
in the PP matrix, a fact confirmed by other authors [18]. In this case the existence of 
some agglomerations of particles is observed. For the most part, these agglomerates 
are initiated by the voids resulting from partial detachment of the matrix.
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Figure 5. 
SEM analysis of iPP with 8% concentration of Fe powders with size of 82.2 nm: 20,000× (a) and  
50,000× (b).
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5. Conclusions

Bio PP materials for sutures show very good water resistance and present more 
important phenomenon of degradation in the presence of water for a longer period 
of time, over 40 days. Bio PP shows much more severe destruction of the crystalline 
domains in sodium solution in water. Bio PP meshes show the same degradation 
phenomena as those of bio PP sutures. For the samples that were introduced into 
water with beechwood, reduced degradation was obtained, variations comparable 
to those for samples introduced only in water.

An improvement in the elastic properties of the composite materials (iPP-Fe 
powder) was observed. In all cases studied, the increase in Shore hardness was 

Figure 6. 
SEM analysis of iPP with 8% concentration of Fe powders with size of 2695 nm: 1000× (a) and 5000× (b).
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Abstract

Polyaniline (PANI) and its block copolymer (PANI-PEO2000) has been prepared 
under effect of Maghnite-H+ (Algerian MMT) in different weight percentage (wt 
%) by cationic polymerization method. The structure of PANI and PANI-PEO2000 is 
predicted by the FT-IR and 1HNMR spectra. The thermal stability of homopolymer 
and block copolymer is confirmed by difference scanning calorimetry and analysis 
thermogravimetry. So after this results we can suggest that our heterogeneous catalyst 
called maghnite (Algerian MMT) can modified the morphology and the physical 
chemical properties of polyaniline (PANI) and its homolog block polyaniline-b-poly 
ethylene oxide (PANI-b-PEO2000) in the mild conditions under microwave irradiation.

Keywords: 1HNMR, green catalyst, green chemistry, conducting polymer, 
polyaniline, maghnite-H +, DSC, PEO

1. Introduction

Polyaniline (PANI) and its block copolymer (PANI-PEO) are the best promis-
ing material in conducting polymers, because of environmental stability, easy 
processing, and economical efficiency [1, 2]. PANI has been used for electrode of 
light emitting diode, Li ion rechargeable battery and corrosion protection [3, 4]. 
Nanocomposites (PANI-MMT) and (PANI-PEO-MMT) are interesting due to the 
special properties as abundance, low cost of MMT and attractive features such as 
a large surface area and ion- exchange properties [5, 6]. The clay is supplied by a 
local company known as ENOF Maghnia (Algeria) [7, 8]. Microwave heating has 
been found to be particularly advantageous for reactions under “dry” media [9, 10]. 
Microwave it’s rapidly method in modern chemistry because offer a certain number 
of advantage, that it can be completed in a few seconds or minutes and without 
a solvent [2, 11]. Absence of solvent reduces the risk of explosions when reaction 
takes place in a microwave oven [12, 13]. The absence of solvent reduces the risk of 
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explosions when the reaction takes place in a closed vessel in an oven [14, 15]. Aprotic 
dipolar solvents with high boiling points are expensive and difficult to remove from 
the reaction mixtures [16, 17]. The aim of this paper is to study the polymerization 
of aniline and its homolog block copolymer PANI-PEO catalyzed by Maghnite- H+ 
under microwave irradiation [18]. This catalyst can be easily separated from the 
polymer product and regenerated by heating at a temperature above 100°C [19, 20]. 
The kinetics studies of different synthesis are discussed together with the mechanism 
of polymerization.

2. Experimental

2.1 Microwave apparatus

The temperature was maintained at 160°C in all experiments. Microwave 
irradiation was performed in a single mode focused CEM reactor (Model Discover, 
CEM Co., Matthew, NC) operating at 2.45 GHz with ability to control output power.

2.2 Materials and methods

MMT clay was obtained from ENOF Maghnia (Algeria). The MMT-H+ (Mag-
H+) was prepared as described by Belbachir et al. and water (pH < 7) was used to 
synthesize emeraldine salt clay (PANI/Mag-H+) by cationic polymerization [16]. 
Polyethylene oxide (relative molecular mass of 2.103) was obtained from Sigma 
Aldrich. Polyaniline (PANI) homopolymer was prepared in laboratory of polymers 
chemistry (Oran University, Algeria) by standard chemical intercaled method [21].

2.3 Measurements

1H nuclear magnetic resonance (NMR) measurements were carried out on a 
300 MHz Bruker NMR Spectrometer equipped with a probe BB05 mm, in CDCl3. 
Fourier transform infrared spectroscopy (FTIR) spectra were obtained between 900 
and 4000 cm −1 on an ATI Matson FTIR No 9501165. Intrinsic viscosity, [η], was 
measured at 30°C in benzene.GPC measurements of the samples were carried out 
using a WISP 712, Waters Associates chromatograph. The purification of polymers 
were carried out by dissolving the product in chloroform (CHCl3) and filtering to 
eliminate the Maghnite-H+. Then, chloroform was removed by evaporation [22, 23].

2.4 Preparation of (Maghnite-H+) as catalyst

Catalyst called (maghnite-H+) was prepared according to the process similar 
to that described by Belbachir et al. [24, 25]. The raw maghnite was placed in an 
erlenmeyer flask together with 100 ml of distilled water and a solution of sulfuric 
acid 0.25 M then stirred using a magnetic stirrer for 2 h at room temperature. After 
filtration up to pH 7, the activated maghnite-H+ is dried in the stove for 24 hours at 
105°C for characterization [26].

2.5 Synthesis of polyaniline (PANI)

Into a flask with 100 mL and stirred to allow proper mixing was put a mixture 
of Maghnite-H+ (5%) and solution of (H2SO4 0.25 M), adequate amount of aniline 
(0.05 mol) was added to a solution. The reaction mixture was then submitted to 
microwave irradiation at 160°C for 4 minutes. Finally, the mixture was cooled at 
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room temperature, filtered and washed extensively with distilled water and metha-
nol to remove catalyst and any unreacted aniline [27, 28].

2.6 Synthesis of block copolymer PANI-PEO

Copolymer PANI-PEO was synthesized via a cationic polymerization. To a 
(0.05 mol) of monomer aniline was added a solution of PEO (0.05 g in 25 mL of dis-
tilled water) and (5 wt %) of maghnite-H+ as an initiator. The mixture was stirred for 
15 min. Then it is treated in a microwave oven at the power of 950 W, the temperature 
and viscosity of the reactive mixture increase fast and gelation point is reached after 
4 min at 160°C. The mixture was cooled at room temperature, filtered and washed 
extensively with distilled water and methanol to remove impurity [16, 29].

3. Results and discussion

3.1 Spectroscopy characterization

Synthesized polyaniline was confirmed by noticing the predominant peaks at 
the wave numbers of 1501 cm−1corresponding to C═C stretching of quinine ring, 
1557 cm−1for C═C stretching of benzenoid ring, 1293 cm−1for C▬N stretching, 755 
and 838 cm−1for C▬H vibration of Para coupling benzenoid and benzene rings. 
Finally, C▬H bending at 694–593 cm−1 corresponds to aromatic ring and 507 cm−1is 
stretching at out of the plane [30, 31].

As shown in (Figure 2), there are significant changes in both the intensities 
and the frequencies in the product (PANI-PEO2000). There are more pronounced 
between 690 and 1574 cm−1, significant interaction between the oxygen of the ether 
group of PEO and the nitrogen in the PANI [32]. As shown in (Figure 1), polyeth-
ylene oxide (PEO2000) show a band of methylene group (CH2) stretching between 
2950 and 2840 cm−1 and a large broad band appears centered at 3442 cm−1which 
confirms that PEO2000 is highly hydrophilic [9].

Polyaniline was successfully synthesized as show in (Figure 3) and the different 
hydrogen peaks are present. The strongest sharp peaks centered at 7 and 7.8 ppm 
due to protons from phenylene and disubstituted phenylene units and the weak 
peak at 4.81 ppm due to (-NH) group but the peak at 6.22 ppm due to (–NH2) as 
end group [33, 34].

Figure 1. 
FT-IR spectra of polyaniline (PANI) catalyzed by maghnite-H+ under microwave irradiation.
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extensively with distilled water and methanol to remove impurity [16, 29].

3. Results and discussion

3.1 Spectroscopy characterization

Synthesized polyaniline was confirmed by noticing the predominant peaks at 
the wave numbers of 1501 cm−1corresponding to C═C stretching of quinine ring, 
1557 cm−1for C═C stretching of benzenoid ring, 1293 cm−1for C▬N stretching, 755 
and 838 cm−1for C▬H vibration of Para coupling benzenoid and benzene rings. 
Finally, C▬H bending at 694–593 cm−1 corresponds to aromatic ring and 507 cm−1is 
stretching at out of the plane [30, 31].

As shown in (Figure 2), there are significant changes in both the intensities 
and the frequencies in the product (PANI-PEO2000). There are more pronounced 
between 690 and 1574 cm−1, significant interaction between the oxygen of the ether 
group of PEO and the nitrogen in the PANI [32]. As shown in (Figure 1), polyeth-
ylene oxide (PEO2000) show a band of methylene group (CH2) stretching between 
2950 and 2840 cm−1 and a large broad band appears centered at 3442 cm−1which 
confirms that PEO2000 is highly hydrophilic [9].

Polyaniline was successfully synthesized as show in (Figure 3) and the different 
hydrogen peaks are present. The strongest sharp peaks centered at 7 and 7.8 ppm 
due to protons from phenylene and disubstituted phenylene units and the weak 
peak at 4.81 ppm due to (-NH) group but the peak at 6.22 ppm due to (–NH2) as 
end group [33, 34].

Figure 1. 
FT-IR spectra of polyaniline (PANI) catalyzed by maghnite-H+ under microwave irradiation.
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1H NMR spectroscopy at 300 MHz (Solvent CDCl3) and according to the work 
published by Yahiaoui et al., (Figure 4) for pure PEO showed different peaks: 
(a) the methylene groups (CH2−) at 2.6 ppm, and (b) the methylene (CH2O−) at 
3.7 ppm [35, 36].

The block copolymer (PANI-PEO2000) was confirmed by 1HNMR spectrum as 
show in (Figure 5). The wide signal in the region of 6.8 to 8 ppm was assigned to 
benzenoid hydrogen of polyaniline. Signals at 3.25–3.75 ppm indicate peak of CH2O− 
and CH2CH2O− hydrogen of polyethylene oxide reported [37]. Peak at 1.5–2 ppm is 
due to CH2 hydrogen respectively [37, 38].

3.2 Optical properties

Conductive polymers synthesized PANI and PANI-PEO2000 has a conjugated 
system of double bonds in a backbone polymer. The UV-visible spectral peak in the 

Figure 2. 
FT-IR spectra of block copolymer (PANI-PEO2000) catalyzed by maghnite-H+ under microwave irradiation.

Figure 3. 
Describes1H-NMR spectra of (PANI) catalyzed by maghnite-H+ under microwave irradiation.

61

Synthesis and Characterization of PANI and Block Copolymer PANI-b-PEO Catalyzed…
DOI: http://dx.doi.org/10.5772/intechopen.93342

250–300 nm region is due to the aniline groups and π → π* is a conjugated couple 
system of the benzoic states in the 350 to 400 nm regions (Figure 6) [39, 40].

3.3 Thermal properties

As shown in (Figures 7 and 8), the thermogram analysis of catalyst (maghnite-
H+) shown two stages of weight loss. The weight loss in below 100°C is a result of 
free water and the weight loss around 600°C is associated with the dehydroxylation 
of silicate structure [37, 41].

For the thermogram analysis (TGA) of polyaniline (PANI), it can be found that 
the weight loss amounted 61, 17% at the temperature range of 187–600°C, which be 

Figure 4. 
Describes 1H-NMR spectrum of poly ethylene oxide (PEO2000).

Figure 5. 
Describes 1H-NMR spectra of the copolymer (PANI-PEO2000) catalyzed by maghnite-H+ under microwave 
irradiation.
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true because polyaniline it is known a hygroscopic polymer as show in (Figure 9) 
[42, 43]. in the DSC thermogram of the PANI as show in (Figure 10), there were two 
endothermic peaks at 55.99 and 103.46°C.Therefore, these endothermic peaks were 
due to the evaporation of water, this is in agreement with the literature [44, 45]. The 
glass transition (Tg) appears at 74.06°C [46].

The curves of weight loss versus temperature showing the behavior of PANI-
PEO2000 sample was presented in (Figure 11). The first significant weight loss 
occurs already at temperature between 50 and 100°C, that PANI-PEO2000 is hygro-
scopic and during the heating to 100°C the residual water evaporates [46]. Then 
the main mass loss, which corresponds to polymer degradation starts at about 200 
and 500°C [47].

Figure 6. 
UV spectral of the different form of (PANI-PEOs) catalyzed by maghnite-H+ under microwave irradiation.

Figure 7. 
Thermogram analysis measurements (DSC) of maghnite-H+ (heating rate 10°C/mn) catalyzed by 
maghnite-H+ under microwave irradiation.
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In polyaniline (PANI) monomer and block copolymer (PANI-PEO2000) as show 
in (Figure 12). Firstly, we notice the presence of two endothermic peak at (68, 39 and 
190, 09°C) it is associated respectively to the evaporation of water absorbed by the 
copolymer and melting POE2000 block [48, 49]. The glass transition temperature of 
block copolymer (Tg = 16, 79°C) which is in agreement with the literature [50].

3.4 Gel permeation chromatography

Table 1 describes thermodynamics properties of PANI and its block PANI-PEO2000. 
Tables 2 and 3 describes the molecular weight distribution averages for the polymer 

Figure 8. 
Thermogram analysis (TGA) curves of a maghnite-H+ obtained in nitrogen atmosphere at heating rate of 
10°C/min.

Figure 9. 
Thermogram analysis (TGA) curves of PANI prepared in the presence of Maghnite-H+ (0.25 M) under 
microwave irradiation.
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and it’s copolymer in the other hand (Figures 13 and 14) indicate a bimodal dis-
tribution. The macromolecular weight distribution of the obtained polymer and 
copolymer are narrow, this confirming the formation of the polymer PANI and the 
block  copolymer PANI-PEO [51, 52].

Figure 10. 
Describes thermogram analysis (DSC) of PANI (heating rate 10°C/mn) catalyzed by maghnite-H+ under 
microwave irradiation.

Figure 11. 
Thermogram analysis (TGA) curves of PANI-PEO2000 prepared in the presence of maghnite-H+ (0.25 M) 
under micro wave irradiation.
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3.5 Electrical properties

The value of transverse strength and the electrical conductivity of the PANI and 
its block copolymer PANI-PEO2000 were calculated from Eqs. (1) and (2) as show 
in (Table 4) [53].

Figure 12. 
Thermogram analysis (DSC) of PANI-PEO2000 (heating rate 10°C/mn) catalyzed by maghnite-H+ under 
microwave irradiation.

Sample T1 T2 T3 Tg ∆H1 ∆H2 ∆H3 ∆Cp

PANI 55.99 03.46 X 74.06 4.3161 20.5363 X 0.311

PANI-PEO2000 68.39 190.09 X 16.79 57.4130 17.8659 X 4.6837

Table 1. 
Describes thermodynamics properties of PANI and its block PANI-PEO2000.

Sample name RT Area % 
Area

Mn Mw Polydispersity

PANI 17.973
23.638

1,318,425
20,616,195

6.01
93.99

644
33

746
114

1.15
3.41

Table 2. 
Gel permeation chromatograph of PANI composite in THF catalyzed by maghnite-H+ under microwave 
irradiation.



65

Synthesis and Characterization of PANI and Block Copolymer PANI-b-PEO Catalyzed…
DOI: http://dx.doi.org/10.5772/intechopen.93342

3.5 Electrical properties

The value of transverse strength and the electrical conductivity of the PANI and 
its block copolymer PANI-PEO2000 were calculated from Eqs. (1) and (2) as show 
in (Table 4) [53].

Figure 12. 
Thermogram analysis (DSC) of PANI-PEO2000 (heating rate 10°C/mn) catalyzed by maghnite-H+ under 
microwave irradiation.

Sample T1 T2 T3 Tg ∆H1 ∆H2 ∆H3 ∆Cp

PANI 55.99 03.46 X 74.06 4.3161 20.5363 X 0.311

PANI-PEO2000 68.39 190.09 X 16.79 57.4130 17.8659 X 4.6837

Table 1. 
Describes thermodynamics properties of PANI and its block PANI-PEO2000.

Sample name RT Area % 
Area

Mn Mw Polydispersity

PANI 17.973
23.638

1,318,425
20,616,195

6.01
93.99

644
33

746
114

1.15
3.41

Table 2. 
Gel permeation chromatograph of PANI composite in THF catalyzed by maghnite-H+ under microwave 
irradiation.



Composite Materials

66

Sample name RT Area % 
Area

Mn Mw Polydispersity

PANI-PEO2000 17.917
23.032

130,748
9,960,549

1.30
98.70

2664
50

2701
264

1.013896
5.342141

Table 3. 
Gel permeation chromatograph of block copolymer PANI-PEO2000 composite in THF catalyzed by maghnite-H+ 
under microwave irradiation.

Figure 13. 
Describes gel permeation chromatograph of PANI with 2% maghnite-H+ at 160°C for 4 min.

Figure 14. 
Describes gel permeation chromatograph of PANI-PEO2000 with 2% maghnite-H+ at 160°C for 4 min.
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2 R .r / e  ( ) ( .cm)ρ = π Ω  (1)

 ( )1/ S / cmσ = ρ  (2)

3.6 Solubility of product

The polyaniline powder was added to 50 ml of different solvent (DMF, 
Acetonitrile, toluene, dichloromethane, THF, and chloroform). The dry weight of the 
filter paper was used to calculate the solubility of the composites. The best solvents 
for PANI and its block are determined to be DMF and Toluene as show in (Table 5) 
and (Figure 15). Finally, we can calculate the band of energy by equation (3) [54].

Sample e (cm) R(Ω) ρ (Ω. cm) σ (S/cm)

PANI 0.1 1.880 25.792 0.038

PANI-PEO2000 0.1 0.976 0.163 6.134

Table 4. 
Describes electrical properties of PANI and PANI-PEO catalyzed by maghnite-H+ under microwave 
irradiation.

Solvant PANI PANI-PEO2000

DMF 0.55 1.6

Toluene 0.52 1.4

Chloroforme 0.47 1.05

Dichloromethane 0.39 0.95

Acetonitrile 0.20 0.79

THF 0.12 0.58

Table 5. 
Describes solubility parameters of PANI and PANI-PEO2000 composites catalyzed by maghnite-H+ under 
microwave irradiation in different solvents (g/ml).

Figure 15. 
Describes UV spectral of the copolymer (PANI-PEO2000) catalyzed by maghnite-H+ under microwave 
irradiation in different organic solvents.
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        /∆ = ν = λE h h c  (3)

The solubility parameter (δ) is usually calculate by equation (4) and expressed 
in (cal/cm3)1/2 or preferably (j/cm3)1/2 units for many compound is defined from 
Hildebrand-Scotchard Solution theory is:

 ( ) / /δ = ∆ 1 2E V  (4)

3.7 Viscosimertic parameters of PANI and PANI-PEO

Tables 6 and 7 describe intrinsic viscosity and properties physics of (PANI) and 
block (PANI-PEO2000) according to the Mark-Houwink equation:

 [ ] [ ]a_1
v( ) mg.l  K Mη =  

4. Kinetics studies

4.1 Effect of the amount of mag-H + on the yield of copolymerization

Figure 9 describe the effect of the amount of catalyst on the yield of this 
copolymerization (PANI-PEO). As can be seen in (Figure 16 and 19), the 

Concentration C C1=2C/3 C2=C/2 C3= C/3 C4=C/4

Average 3.60 3.61 3.61 3.60 3.59

Cinema (cst) 0.61 0.61 0.61 0.60 0.6

Dynamic (cp) 0.91 0.90 0.92 0.89 0.89

Relative 1.00 1.01 1.01 1.01 1

Specific 0.00 0.01 0.00 0.00 0

Reduced 12.22 13.99 19.45 20.96 22.40

Inherent 12.10 13.90 19.45 20.90 22.41

Solomon 12.14 13.90 19.50 20.95 22.43

Visct. Intr (ml/g−1) 25.80 25.78 25.77

Table 6. 
Describes viscosimertic properties of pure PANI catalyzed by maghnite-H+ under microwave irradiation.

Concentration C C1=2C/3 C2=C/2 C3= C/3 C4=C/4

Average 3.61 3.61 3.60 3.61 3.58

Cinema (cst) 0.61 0.60 0.61 0.61 0.61

Dynamic (cp) 0.91 0.91 0.91 0.88 0.90

Relative 1.00 1.00 1.01 1.01 1.01

Specific 0.00 0.01 0.01 0.01 0.00

Reduced 7.49 12.10 14.37 13.55 18.05

Inherent 7.40 12.05 14.31 13.50 17.99

Solomon 7.44 12.07 14.33 13.51 18.01

Visct. Intr (ml/g−1) 19.75 19.66 19.68

Table 7. 
Describes viscosimertic properties of PANI-PEO2000 catalyzed by maghnite-H+ under microwave irradiation.
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copolymerization rate increased with the amount of Mag-H + and reaches a maxi-
mum at 160°C with (5% wt) of catalyst, above this temperature and percentage of 
catalyst, the yield decreases.

The increase in yield with temperature and molecular weight of catalyst is 
mainly due to the number of active sites in the catalyst responsible for initiating the 
reaction. Similar results are obtained by many research [55, 56].

Figure 16. 
Describes effect of the amount of mag-H+(catalyst) on the yield of copolymerization.

Figure 17. 
Describes effect of the amount of mag-H + on the viscosimertic molecular weight of copolymerization.



69

Synthesis and Characterization of PANI and Block Copolymer PANI-b-PEO Catalyzed…
DOI: http://dx.doi.org/10.5772/intechopen.93342

copolymerization rate increased with the amount of Mag-H + and reaches a maxi-
mum at 160°C with (5% wt) of catalyst, above this temperature and percentage of 
catalyst, the yield decreases.

The increase in yield with temperature and molecular weight of catalyst is 
mainly due to the number of active sites in the catalyst responsible for initiating the 
reaction. Similar results are obtained by many research [55, 56].

Figure 16. 
Describes effect of the amount of mag-H+(catalyst) on the yield of copolymerization.

Figure 17. 
Describes effect of the amount of mag-H + on the viscosimertic molecular weight of copolymerization.



Composite Materials

70

4.2 Effect of the amount of Mag-H + on the molecular weight of copolymer

We have used (2%,5% and 10%) by weight as the amount maghnite and varying 
time after keeping the other parameters (the amount of monomers and the tem-
perature). It is observed that the average molecular weight increases with time and 
reaches a maximum at 4 minutes of reaction and decrease after this time as show in 
(Figure 17) [57].

Figure 18. 
Describes the effect of the molar ratio(ANI/PEO) upon the yield of copolymerization.

Figure 19. 
Describes effect of temperature on the yield of copolymerization.
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4.3 Effect of molar ratio aniline/PEO on the yield of copolymerization

We notice a significant change in the yield with increasing the amount ratio, in 
particular with increasing the amount of PEO used in this reaction processing. The 
(Figure 18.) below summarizes the influence of the molar ratio on Aniline/PEO upon 

Figure 20. 
Proposed mechanism of homopolymer (PANI) catalyzed by Maghnite-H + under microwave irradiation.



71

Synthesis and Characterization of PANI and Block Copolymer PANI-b-PEO Catalyzed…
DOI: http://dx.doi.org/10.5772/intechopen.93342

4.3 Effect of molar ratio aniline/PEO on the yield of copolymerization

We notice a significant change in the yield with increasing the amount ratio, in 
particular with increasing the amount of PEO used in this reaction processing. The 
(Figure 18.) below summarizes the influence of the molar ratio on Aniline/PEO upon 

Figure 20. 
Proposed mechanism of homopolymer (PANI) catalyzed by Maghnite-H + under microwave irradiation.



Composite Materials

72

the reaction yield. This phenomenon can explain by the high reactivity and solubility 
of the POE in water compared to the aniline in particular at high temperature [58].

5. Proposed mechanism of polymerization and copolymerization

As shows in (Figures 20 and 21), the process of synthesis of PANI-Maghnite-H+ 
and its homolog PANI-PEO2000-Maghnite-H+ composites can be divided into the 
following three steps [59–61].

6. Conclusion

Based on Maghnite-H+ (Algerian ecologic catalyst MMT) and under micro-
wave irradiation our polymer (PANI) and block copolymer (PANI-b-PEO) were 
successfully synthesized and investigate. This product was prepared in order 
to combine the mechanical and physical properties of PEO2000 with conduct-
ing properties of PANI. A possible mechanism of this cationic polymerization 
is discussed based on the results of the 1H NMR Spectroscopic analysis of these 
compounds. Thus all the two types of composites (PANI and PEO) provide oppor-
tunities and rewards creating new world wide interest in these new materials in 
electronics devises.

Figure 21. 
Proposed mechanism of block copolymer (PANI-PEO2000) catalyzed by Maghnite-H+ under microwave 
irradiation.
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Chapter 5

The Effect of Temperature on the 
Mechanical Performance of Steel 
and Carbon Fiber Reinforced 
Polymer (CFRP) Tensegrity 
System
IfeOlorun Olofin and Ronggui Liu

Abstract

This paper compares the behavioral pattern of steel and carbon fiber reinforced 
polymer tensegrity system in a suspen-dome that has a span of 4-m span and a 
0.4-m, using the finite element method software – namely ANSYS – to undertake 
the analysis at various temperature regimes. These comparisons were undertaken in 
order to validate the performance of carbon fiber reinforced polymer cables. Under 
cold and hot temperatures, the elastic modulus usually reduces as a result of changes 
in molecular structure. Previous analysis has shown that carbon fiber reinforced 
polymer cables are able to resist cold and hot temperatures more than steel cables 
do as the integrity of steel system begins to deform at high temperatures. However, 
with their low thermal expansion and esthetic properties, carbon fiber reinforced 
polymer cables can provide structural stability for a tensegrity system in a suspen 
dome in regions with high temperature conditions.

Keywords: suspen dome, steel tensegrity system, carbon fiber reinforced  
tensegrity system, temperature effect

1. Introduction

A suspen dome is a long-span roof structure made up of two systems, a 
reticulated single layer and a tensegrity system created by Kawaguchi and his 
team. The tensegrity system is made up of three components, namely: the radical 
cables, struts and hoop cables as illustrated in Figure 1. To ensure structural 
stability, the cables are subjected to tension and the struts to compression. The 
rigidity of the dome is as a result of the self-stress equilibrium between the cables 
and the struts.

It is observed in the literature reviewed that a structure with steel material has 
some setbacks that, hopefully, the use of a new material can overcome, especially 
since the need for long-span structures is currently trendy. This paper describes the 
elastic plastic state in respect of temperature changes of carbon fiber reinforced 
polymer cable as a tensegrity system in a suspen dome in comparison with that of 
steel cables.
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2. Literature review

Civil Engineers are seeking new types of materials to create slender structures 
with outstanding strength in their structural designs for long-span structures. Carbon 
fiber reinforced polymers are currently being used in various engineering fields based 
on their high stiffness, high strength and low density. Researchers have investigated 
that carbon fiber reinforced polymer cables can be used to strengthen steel members 
both with numerical and experimental methods [1, 2]. However, based on literature 
review, it is clear that researchers have not provided guidelines for its implementa-
tion in space structures such as suspen dome. Early researches focused on static and 
dynamic effect of fire, and joint treatment [3–13] of suspen dome structures with 
steel materials for numerical and experimental methods. Of course, steel materials 
can effectively enhance the strength of structures, but a larger amount of strengthen-
ing materials would be required to improve serviceability of such structures.

Research on the environmental durability of carbon fiber reinforced polymer 
compared to that of steel bond is limited, particularly in civil engineering and infra-
structure disciplines [1]. The relatively high modulus of carbon fiber reinforced 
polymer materials can enhance their serviceability and ultimate better load-bearing 
capacity than those of steel structures [1]. Also, since the effect of temperature rise 
is included in structural models which describe the structural behavior, stability of 
elements and material properties, the incremental reduction in steel strength with 
increase in temperature, a well-known phenomenon, creates the room for replace-
ment with more resistant materials such as carbon fiber reinforced polymer. This is 
especially so because structures exposed to sunshine react to temperature changes. 
Thus, temperature exposure is one important scenario to consider when select-
ing construction materials. As long as the rising temperature remains below the 
debonding temperature threshold, the reinforcing material will retain its function.

Al-Salloum et al. [3] investigated the load-bearing capacity of carbon fiber 
reinforced polymer reinforced specimen exposed at 100°C, using a cylinder  
 ϕ 100 × 200 mm strengthen with a single layer of carbon fiber reinforced polymer, 
and the results showed that, at the specified temperature, the load-bearing capacity 
of the carbon fiber reinforced polymer reduces slightly. Notwithstanding this, with 
the continued development and application of carbon fiber reinforced polymer 
cables, researchers are becoming more confident in its use for bridge engineering. 
The brittle nature of carbon fiber reinforced polymer cables could be seen as a dis-
advantage for its application for a long span structure such as the tensegrity system 
of a suspen-dome; however, further researches in other aspects, such as tempera-
ture changes, are required to determine its effectiveness and advantage over steel 
cables. Steel is brittle with temperature ranging between −72 and −40°C and its 
ductile-brittle transition ranges from −40 to 0°C. Carbon fiber reinforced polymer 

Figure 1. 
Suspen-dome (structural system).
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is of high strength and brittle so it does not display a ductile to brittle transition. 
Steel exhibits a ductile to brittle transition and can only be applied at temperatures 
above the ductile-brittle (Figure 2) transition threshold to avoid failure without 
warning. Carbon fiber reinforced polymers rarely have a ductile-brittle transition 
threshold; hence it can be used at any temperature while steel can be used only at 
temperatures above 0°C.

According to Zhang et al. [14], temperature effect has a great influence on the 
mechanical properties of a suspen dome roof. Also, the results of Chen et al. [10] 
further indicated that different thermal expansion coefficients of materials will 
significantly affect the mechanical properties of cables that form a part of a suspen 
dome roof structure. Since the temperature expansion coefficient of carbon fiber 
is about 1/18 of that of steel cables, the influence of temperature effect of carbon 
fiber reinforced polymer obviously requires further investigation to determine if its 
temperature effect will have satisfactory impact on a suspen dome structure.

2.1 Theoretical formula on pre-stress losses based on temperature effect

Evaluation process of pre-stress loss affected by temperature is given as:

  ΔL   =   α    L  o    (t −  t  o  )    (1)

  ε   =   ΔL / L   =   α (t −  t  o  )    (2)

   ε  x     =    ε  xx   +  ε  xy     =    α  L   (t −  t  o  )  +  ν  min    α  T   (t −  t  o  )    =    ( α  L   +  ν  min    α  T  )  (t −  t  o  )    (3)

   ε  xy     =    ν  yx    ε  y     (4)

   σ  x     =    ε  x   E   (5)

  ΔN   =   A  σ  x     (6)

where:  ΔL  – deformation length of cable,  L  – the initial length of the cable,  
  α  L    – Longitudinal linear expansion coefficient,   α  T    – transverse linear expansion 
coefficient,   ε x    – the total strain in the x-direction,   ε xx    – the strain component in the 
x-direction due to deformation in the x-direction,   ε xy    – the strain component in the 
x-direction due to deformation in the y-direction,   ν  min    – times Poisson’s ratio,  
  ν yx    – Poisson’s ratio in the y-direction of the material,   ε y    – the total strain of the cable 
in the y-direction,  E  – effective elastic modulus of cable,  A  – cross-sectional area of 
the cables.

Figure 2. 
Ductile-to-brittle relation.
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Suspen-dome (structural system).
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is of high strength and brittle so it does not display a ductile to brittle transition. 
Steel exhibits a ductile to brittle transition and can only be applied at temperatures 
above the ductile-brittle (Figure 2) transition threshold to avoid failure without 
warning. Carbon fiber reinforced polymers rarely have a ductile-brittle transition 
threshold; hence it can be used at any temperature while steel can be used only at 
temperatures above 0°C.

According to Zhang et al. [14], temperature effect has a great influence on the 
mechanical properties of a suspen dome roof. Also, the results of Chen et al. [10] 
further indicated that different thermal expansion coefficients of materials will 
significantly affect the mechanical properties of cables that form a part of a suspen 
dome roof structure. Since the temperature expansion coefficient of carbon fiber 
is about 1/18 of that of steel cables, the influence of temperature effect of carbon 
fiber reinforced polymer obviously requires further investigation to determine if its 
temperature effect will have satisfactory impact on a suspen dome structure.

2.1 Theoretical formula on pre-stress losses based on temperature effect

Evaluation process of pre-stress loss affected by temperature is given as:

  ΔL   =   α    L  o    (t −  t  o  )    (1)

  ε   =   ΔL / L   =   α (t −  t  o  )    (2)

   ε  x     =    ε  xx   +  ε  xy     =    α  L   (t −  t  o  )  +  ν  min    α  T   (t −  t  o  )    =    ( α  L   +  ν  min    α  T  )  (t −  t  o  )    (3)

   ε  xy     =    ν  yx    ε  y     (4)

   σ  x     =    ε  x   E   (5)

  ΔN   =   A  σ  x     (6)

where:  ΔL  – deformation length of cable,  L  – the initial length of the cable,  
  α  L    – Longitudinal linear expansion coefficient,   α  T    – transverse linear expansion 
coefficient,   ε x    – the total strain in the x-direction,   ε xx    – the strain component in the 
x-direction due to deformation in the x-direction,   ε xy    – the strain component in the 
x-direction due to deformation in the y-direction,   ν  min    – times Poisson’s ratio,  
  ν yx    – Poisson’s ratio in the y-direction of the material,   ε y    – the total strain of the cable 
in the y-direction,  E  – effective elastic modulus of cable,  A  – cross-sectional area of 
the cables.

Figure 2. 
Ductile-to-brittle relation.
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3. Description of proposed model

The model in the study is shown in Figure 3a and b. It has a span and rise of 4 
and 0.4 m, respectively (making a rise-to-span ratio of 0.1 that satisfies the span to 
rise ratio recommend by Kitipornchai et al. [4]).

Basic assumption

• The tensegrity members are pin-jointed.

• The external loads are applied at nodes.

• The self-weight is transferred to nodes as point loads.

• Cables are elastic

The single-layer (upper section of the suspen-dome structure) consists primar-
ily of hollow beams which are 20 mm in diameter and 1.2 mm in thickness. A large 
cross-section gives a high stiffness which contributes to the overall stability of the 
shells. In this study, the uniformly distributed load is converted to nodal loads at 
all nodes on top of the suspen dome. For example, a uniformly distributed load 3 
kN/m2 is converted to nodal load of magnitude 20 kN. A distributed load of 20 kg 
was assumed to be the dead load applied on the roof, including the loads on the 
cables. The initial force was designed to increase as external loads increase to avoid 
slacking when the structure is in service. If the loads are increased beyond a certain 
limit, the structure will collapse suddenly under any little disturbing force. Hence, 
any designer of a new structure should be interested in knowing the load factor 
value which would cause the structure to collapse. Subramanian [5] stated that the 
detailed information about the behavior of the structure at or near the critical load 
is insignificant for practical purposes. As a result of this statement, different load-
ing conditions were not considered in the investigation. For numerical reasons the 
temperature loads were taken to be −30 and 30°C (cold and hot levels). Any valve 
of ∆T can be applied because the assumption of linearity is considered.

A typical numbering of nodes and elements illustrated in Figure 4 due to 
the symmetrical nature of the structure where Ei represents element and i num-
ber range from 1 to 5 and Ni represents node, i a number ranging from 1 to 5, 
respectively.

Figure 3. 
Details of the model. (a) A sketch of the geometry of the suspen dome. (b) Numbering of nodes and element.
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3.1 Description of the properties of materials

In this section the values of the parameters of the materials and those of the 
materials used for each element of the system are described. The properties of the 
materials for the cables and single reticulated layer dome are illustrated in Table 1.

4. Results and discussions

The use of tensegrity system provides an interesting solution to the stability of 
a suspen dome. This has prompted the proposal of using carbon fiber reinforced 
polymer cables. The results are based on analogy and can satisfactorily anticipate 
the behavior of the structure.

4.1 Effect on structural member based on numerical study

For steel structure at both cold and hot temperature, shown in Figures 4 and 5, 
the member bars of the upper single layer reticulated shell at mid rib stress increase 
due to the pulling force of radical cables, strut and hoops cables. It must be noted 
that when the cables are loose at the temperature load, the suspen dome cannot 
maintain its structural form and a collapse takes place due to some cables being 
slack and the strut being in tension.

At the outermost ring, the displacement is smaller due to the constraint bound-
ary condition which minimizes stress in its member and the further the nodes are 
away to the mid rib the larger the displacement. The inner cables are of relatively 
large deformation. Pre-stressed cable has an impact on the behavior of a suspen 

Figure 4. 
Comparison of steel and CFRP tensegrity at −30°C.

Steel 
cables

Carbon fiber reinforced polymer 
cables

Steel 
section

Modulus of elasticity(N/mm2) 1.8 × 105 1.6 × 105 2.05 × 105

Poisson’s ratio 0.3 0.3 0.3

Thermal expansion (K−1) 1.2 × 10−5 0.68 × 10−7 1.2 × 10−5

Tensile strength (MPa) 835 2550

Table 1. 
Properties of the materials.
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Carbon fiber reinforced polymer 
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dome structure, however with the increase in temperature of steel cable, the stiff-
ness and load bearing capacity reduced drastically.

For the carbon fiber reinforced polymer tensegrity system at both cold and hot 
temperature, the cables tend to be in tension resisting the pushing force from the 
single layer reticulated shell to avoid slack in cables and tension in struts, as shown 
in Figures 4 and 5. Deformation of the structure in both cases is due to stress, a 
tensile or compressive stress that is a result of the thermal expansion.

For steel cables, the stress-strain effect increases tremendously with increase 
in temperature value which causes the structure to expand thereby reducing its 
serviceability. However, the difference in displacement effect for carbon fiber 
reinforced polymer cable was minute as shown in Figure 6 which implies that a 
steel material used as the single reticulated layer expands and deforms with cold 
and hot temperature changes whereas carbon fiber reinforced polymer cables are 
constrained to avoid deformation.

4.2 Effect on single reticulated layer

The stresses of the members are not zero as shown in Figure 7 which indicated 
the structure has not reached its bearing capacity threshold under the given 
load. The results also demonstrate that at hot and cold temperatures, carbon fiber 

Figure 5. 
Comparison of steel and carbon fiber reinforced polymer tensegrity at +30o.

Figure 6. 
Displacement against nodes.
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reinforced polymer tensegrity system maintains the same minimal stresses in 
members compared to steel tensegrity system.

4.3 Effect on pre-stress losses on the cable members

Tables 2 and 3 illustrate maximum internal forces generated in the outer hoop 
and radical cable of the structural system due to temperature effect. The internal 
forces for both the hoop and radical carbon fiber reinforced polymer cable are 
minimal compared with steel.

Hence, an overall stability with reference to temperature is guaranteed for a 
suspen dome with carbon fiber reinforced polymer tensegrity system.

5. Feasibility consideration

The numerical results of this study show that the proposed application of 
carbon fiber reinforced polymer cables for a tensegrity system in a suspen dome 
is more effective compared to steel tensegrity with respect to temperature effect. 
The results also show that a composite material has less adverse effect on the 

Cable Steel Carbon fiber reinforced polymer

Hoop cable 333.15 310.57

Radical cable 352.10 308.06

Table 2. 
Internal force in tension members at +30°C (N).

Cable Steel Carbon fiber reinforced polymer

Hoop cable 365.45 304.57

Radical cable 353.42 301.06

Table 3. 
Internal force in tension members at −30°C (N).

Figure 7. 
Axial load vs. element number curve.
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stress in the structural members in terms of temperature changes. Fureai dome 
has been constructed using the suspen dome system in Nagaro prefecture, where 
there is heavy snow fall. It is proposed to measure the changes in cable tension 
force due to the snow fall and temperature changes [5]. With the results obtained, 
it is suitable for situations where the temperature factor is considered. Thus the 
traditional suspen dome roof structure of steel cables can be replaced with carbon 
fiber reinforced polymer cables because they can achieve better design results than 
those of steel.

6. Conclusion

This study has shown that carbon fiber reinforced polymer cables have dis-
played desirable traits which can be exploited in the design of a tensegrity system. 
The deformation attribute in terms of temperature variation is small for the carbon 
fiber reinforced polymer tensegrity system hence changes in geometry can be 
neglected compared to steel with high displacement values under different tem-
perature conditions.

Although there has been no relatively practical application of the concept, the 
results obtained in this study indicate that carbon fiber reinforced polymer cables 
can be recommended for use because of for its desirable effects. The objective of 
this study, using a small suspen dome model to investigate the influence of tem-
perature changes on the stability of a suspen dome, has been achieved satisfactorily. 
Thus, this paper demonstrates that the proposed carbon fiber reinforced polymer 
system can be effectively used to enhance the serviceability and stability of a suspen 
dome.
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Chapter 6

Thick-Section Epoxy Composites
Yanan Hou, Liguo Li and Joseph H. Koo

Abstract

Thick-section composites (TSC) are extensively demanded in many fields, such
as aerospace, wind energy, and oil and gas industries. However, the manufacturing
process of thick-section thermoset composites (TSSC) encounters significant com-
plexities, such as variations of nonuniform resin flow, exothermal reaction and
curing, and dimensional stability through the thickness direction. These process-
related nonuniformities are expected to result in through-thickness gradients of
mechanical properties and curing-induced deformations, leading to undesirable
residual stresses and damage. This chapter introduces the application of TSC and
issues related to its manufacturing processes. Methods of TSC are examined and
analyzed. Fundamental characteristics of curing kinetics, thermal transfer, and
residual stress in TSC will be explained. Research of detailed experiments will be
referred for readers for further studies.

Keywords: thick-section, thermoset, composite, glass fiber, carbon fiber, crack,
micro-crack, manufacturing, residual stress, coefficient of thermal expansion,
heat transfer, wrinkles, porosity, wind energy, wind turbine blade, oil and gas,
downhole tools, curing kinetics, curing shrinkage, waste disposal, DSC, DEA

1. Introduction

To differentiate thin-section composites and composite film, fiber-reinforced
composites (FRC) with cross-sections of 1 inch or thicker are generally known as
TSC, regardless of the geometry of the part. Well-known of its low cost and high
strength-to-weight ratio, TSC are widely used in aerospace, wind energy, oil and gas
industries, and others. For examples, a 100-meter-long offshore wind turbine blade
can be made of FRC with a cross-section as thick as 3 inches. A composite oil tool
can require a thickness up to 2 inches. However, the manufacturing process of TSSC
encounters significant complexities, such as variations of nonuniform resin flow,
exothermal reaction and curing, and dimensional stability through the thickness
direction. These process-related nonuniformities are expected to result in through-
thickness gradients of mechanical properties and curing-induced deformations,
leading to undesirable residual stresses and damage. This chapter introduces the
application of TSC and issues related to its manufacturing processes. Methods of
TSC will be examined and analyzed. Knowledge on the fundamental characteristics
of curing kinetics, thermal transfer, and residual stress in TSC will be explained.
This chapter focuses on method explanation. Researches of detailed experiments
will be referred for readers to further studies.
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1. Introduction

To differentiate thin-section composites and composite film, fiber-reinforced
composites (FRC) with cross-sections of 1 inch or thicker are generally known as
TSC, regardless of the geometry of the part. Well-known of its low cost and high
strength-to-weight ratio, TSC are widely used in aerospace, wind energy, oil and gas
industries, and others. For examples, a 100-meter-long offshore wind turbine blade
can be made of FRC with a cross-section as thick as 3 inches. A composite oil tool
can require a thickness up to 2 inches. However, the manufacturing process of TSSC
encounters significant complexities, such as variations of nonuniform resin flow,
exothermal reaction and curing, and dimensional stability through the thickness
direction. These process-related nonuniformities are expected to result in through-
thickness gradients of mechanical properties and curing-induced deformations,
leading to undesirable residual stresses and damage. This chapter introduces the
application of TSC and issues related to its manufacturing processes. Methods of
TSC will be examined and analyzed. Knowledge on the fundamental characteristics
of curing kinetics, thermal transfer, and residual stress in TSC will be explained.
This chapter focuses on method explanation. Researches of detailed experiments
will be referred for readers to further studies.
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2. Application of TSC

Due to its high strength-to-weight ratio, composite material is widely applied in
aerospace industry, wind energy, oil and gas, automotive industry, sports, and con-
struction and agricultural equipment. Some of the state-of-the-art applications
include high-temperature composite material that developed to work in extreme
environments up to 700°F continuously could be potentially used by engine original
equipment manufacturers (OEMs). Carbon fiber/epoxy rebar is developed to replace
steel for construction. Sprayer boom arms made of carbon fiber/epoxy could range
from 100 to 150 ft. long for agricultural equipment. In aerospace industry, aircraft
interiors are widely made of epoxy pre-preg material. In the world’s largest commer-
cial aircraft, A380, 16% of the structural weight is made of advanced polymer com-
posites, where the carbon fiber composite center wing box weighs over 9 tons.
Fuselage panels and stabilizers add another 4% composite by weight [1]. In oil and
gas industry, composite, other than metal, is increasingly used in pipeline to lower its
weight and increase its flexibility. Composite downhole tools are favored due to their
ease of disposal. In sports, composite material is found in bike frames, kayak paddles,
dog handles, and more. In wind energy, fiber-reinforced composites are utilized in
wind turbine rotor blades. The traditional automotive industry is inertia to replace
metal by composites, but the emerging electric vehicle market offers opportunities to
composite manufacturing technologies, including carbon fiber/epoxy sheet molding
compound (SMC) wheels, lift gates, and composite battery enclosures. Filament
wound liquefied petroleum gas (LPG) tanks are used for industrial and home gas
storage. Pultruded composites are used as ballistic panels to protect school.

Besides replacing metal and wood, composite could also be a potential substitute
of natural rocks due to its long-lasting nature. For example, stone carving is
believed to be the most reliable method to storage information, which is able to
retain its data for thousands of years, compared with paper that could last for
hundreds of years or hard drive for less than 20 years in well-maintained storage
environments. Polymer composites, coupled with laser or water printing technolo-
gies, might be used as a media to record information and be stored under water, for
example, in the sea. Researchers at Virginia Tech’s College of Science are also
working on porous carbon fiber made from block copolymers, similar to a sponge,
to store ions of energy [2].

As the world population reached 7.6 billion and expected to almost double in the
next hundred years, many composite equipment are required to become larger and
thicker. For example, the global offshore wind energy market grew by 0.5% in 2019,
with new installations of 4.49 gigawatts [3]. A common seen wind turbine in the USA
is Gamesa G87 made in Spain with turbine blades of 43.5 meter long. Its capacity is 2
megawatts. Wind turbines of increasingly larger capacities are demanded. A proto-
type 100-meter-long offshore wind turbine blade made of FRC has a cross-section up
to 3 inches thick. Another example is in aerospace; Northrop Grumman is adapting its
automated stiffener forming technology to build spars. Thickness of most stiffeners is
less than 0.25 inch, but that of spars can be 1 inch or thicker [4], which will dramat-
ically increase the complexity of the manufacturing process.

3. Thick-section epoxy composite (TSEC)-related issues

3.1 Micro-cracks

Comparing to thin-section composites, the manufacturing of TSEC introduces
superimposed complexities. Micro-cracks are often found in TSC, which largely
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deteriorate the consistency of its mechanical properties. Micro-cracks can be visu-
ally examined as shown in Figure 1(a). A graph of micro-crack under scanning
electron microscopy (SEM) is shown in Figure 1(b).

Micro-cracks are mainly caused by the internal stress generated during the
curing of the composites and the cooling process. The internal stress of TSEC is
affected by the following parameters.

3.1.1 Curing shrinkage

Epoxy is a thermoset polymer generally superior to polyester and vinyl ester in
terms of mechanical properties and cost. Epoxy resin can be thermally cured or
cured with a wide range of hardeners at room temperature or elevated tempera-
tures, including amine, anhydrides, phenols, alcohols, and thiols. Cross-link reac-
tions of epoxy accompany with curing shrinkages. The shrinking is a continuous
process along with the increase of the degree of curing of the material. For example,
a standard bisphenol A epoxy (e.g., Epon 828) shrinks 2.8% pre-gelation and 2.5%
post-gelation [5]. Curing shrinkage of epoxy can be up to 9%.

3.1.2 Nonuniformity of heat distribution

Curing speed of epoxy is positively related to temperature. Meanwhile, the
cross-linking reaction releases heat, which adds an additional item to the already
complex heat transfer equation. The main author’s earlier research [6] shows the
temperature difference of a 3.6-inch-thick FRC can be up to 52°C in the thickness
direction, with the hottest layers in the middle of the part. The temperature gradi-
ent leads to a curing degree difference of up to 70% in the thickness direction. This
implies when the epoxy resin in the middle of the part is solidified, epoxy resin at
outer surfaces is still in liquid state. While the epoxy resin at the outer surfaces is
solidified, the accompanying volume shrinkage generates stress among the surface
layers and the already solidified middle layers. The residual stress can be high
enough to create micro-cracks among layers. Complexities piles up when dealing
with epoxy systems requiring elevated temperature curing cycle. For example, a
filament wound TSC billet may take 4 hours to wind, resin in layers closer to inside
diameter (ID) cures hours earlier than the outer layers. Once the billet is moved into
an oven after winding for further curing, it may take a couple of hours for the heat
transferring to the core. Outer layers cure faster than the inner layers at the begin-
ning, and the middle layers come from behind later due to heat overshoot caused by

Figure 1.
TSC with micro-cracks. (a) TSC with micro-cracks. (b) Micro-cracks under SEM.
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the reaction. As a result, micro-cracks often occur between middle layers and the ID
or between middle layers and the surface, as shown in Figure 1.

3.1.3 Coefficient of thermal expansion (CTE)

Thermal expansion coefficient of epoxy is over 10 times higher than that of glass
or carbon fibers that are widely applied as reinforcement in FRC. A curing profile of
FRC usually includes several steps of heat soaking and cooling down, during which,
bonds between the resin and its reinforcement face repeated stress and fatigue,
where failure leads to interlaminar cracks. Tooling complexes the problem with an
additional thermal expansion coefficient in resin transfer molding (RTM) or fila-
ment winding (FW) processes.

3.2 Mechanical property nonuniformity

Unlike most metallic materials with isotropic properties, FRCs often exhibit
anisotropy properties. For example, a glass fiber-reinforced TSC laminate displaces
various mechanical properties in different directions. As shown in Figure 2, tensile
strength in the fiber direction (LZ direction) is over 30 times higher than that in the
thickness direction (ZT direction) [7].

Tensile strength of glass fibers (e.g., 321–343 Ksi for a commercial E glass fiber)
is over 34 times higher than that of the matrix epoxy (e.g., 9.7 Ksi for a bisphenol A
epoxy), and the Young’s modulus of glass fibers (12:1� 106 psi for a commercial E
glass fiber) is over 25 times higher than that of the matrix epoxy (0:45� 106 psi for
a cycloaliphatic epoxy cured with an anhydride curing agent). Mechanical proper-
ties of FRC along fiber directions are dominated by properties of fibers; those that
are transverse to fibers are weakened by resin matrix and bonds between epoxy
and fibers.

Mechanical properties of epoxy are determined by its cross-linking density,
which is controlled by its curing profile. For example, a rapid cure may result in a
quick but sloppy cross-linking, and a low curing temperature may leave the epoxy
not fully cured. In theory, a slow curing process with a rationally higher maximum
curing temperature is always preferred, but it can be costly and infeasible in a
production scale.

Glass transition temperatures (Tg) are often used to imply mechanical properties
of post-gelled epoxy. Tg represents the temperature where epoxy transits the fastest

Figure 2.
Schematic diagram of continuous fiber-reinforced TSC.
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from “glassy” state to rubbery state. The main author’s earlier research [6] shows
the Tg difference of a 3.6 inch TSC laminate can be up to 15°F. Tg differences are
caused by temperature gradients in the TSC part during the curing process, and the
variation of mechanical properties lowers the quality of the composite part.

3.3 Wrinkles and porosities

Epoxy, with trapped air, flows among fibers before gelation, causing relaxation
of fibers and dry spots. This often results in wrinkles and porosities, especially in
TSCs. Wrinkles and porosities dramatically deteriorate matrix-dominated proper-
ties and can severely limit the performance of the TSC parts. Researches show lower
curing pressure reduces wrinkles but may increase porosities [8]. Correct design of
process parameters and accurate measurements are essential to quantify and elimi-
nate manufacturing defects. For example, in FW, a gap between feeding fiber bands
creates fiber waviness and results in pineapple-like skin, as shown in Figure 3.

Porosity is a major concern of TSC manufacturing, especially of pre-preg/tow-
preg processed TSC. Fibers pre-coated with resin are laid up to required thickness
and shape before curing. During the curing process, coating resin is liquefied,
filled in gaps between fibers, and then solidified. Trapped air among fibers
requires time to escape before the gelation of resin. Thus, TSC made with pre-
preg/tow-preg process often yields relatively higher porosity. Figure 4 shows the
void under SEM.

Figure 3.
TSC with pineapple-like skin.

Figure 4.
Void in TSC under SEM.
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3.4 Waste disposal and heat overshoot

Gelation happens after either mixing resin and hardener or adding catalyst into
homopolymerizing resin. Excess mixed epoxy or epoxy squeezed out during
processing is hard to recycle and turns out to be waste. Even with an effective waste
reducing plan, the quantity of production epoxy waste from TSC manufacturing is
often considerable. Disposing the waste under the Resource Conservation and
Recovery Act (RCRA) rules can be costly and complicated. The waste can be
categorized into three scenarios [9]:

• Disposal resin, hardener, or catalyst before mixing. It’s often ignitable
hazardous waste (EPA waste code D001) or corrosive waste (EPA waste code
D002). A waste company specialized in chemical disposal is required to handle
the waste, which can cost around $25 per gallon, plus transportation and fuel.

• Disposal mixed resin that is not fully cured. It may be subject to both solid
waste (40 CFR 261.3) and unused commercial chemical product (40 CFR
261.33). It may be on the P and U lists of chemical product waste, and none of
the F or K lists for specific and non-specific sources of hazardous waste will
apply.

• Disposal fully cured epoxy. This scenario is the easiest to deal with. Fully cured
epoxy rarely exhibits hazardous waste characteristic and can be disposed as
general solid waste.

In the industry, pure resin/hardener or unfully cured waste is usually stoichio-
metrically mixed with hardener/resin and fully cured before disposal. A waste
disposal curing profile should be carefully designed to avoid reaction overheat and
burning accidents.

4. Methodologies of TSEC analysis

4.1 Curing kinetics characterization

Differential scanning calorimeter (DSC) is often used to characterize the kinet-
ics of thermoset resins. Data can be used to study the relationship between curing
degrees and temperature. Kamal-Sourour relationship is usually used in the curing
kinetics study of pure bisphenol A epoxy, as shown in Eq. (1).

da
dt

¼ kam 1� að Þn (1)

where a is the degree of cure, T is the instantaneous temperature, m and n are
orders of the reaction, and k is the rate of constant, following the Arrhenius
relationship.

k ¼ Aexp �ΔE
RT

� �
(2)

The ΔE in Eq. (2) is the activation energy of the epoxy, A is the frequency factor,
and R is the universal gas constant. To obtain the material parameters, three DSC
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isothermal tests are usually conducted. The three temperatures can be selected in
the following way:

1.Conduct a temperature scanning on the epoxy of interest at 5°C/min using
DSC.

2.Select the reaction initiation temperature as the first temperature, which is
implied by the start of an uptrend of the heat flux curve. Isothermal test at this
temperature captures cure kinetics characterization of the beginning of the
curing reaction.

3.Select the second temperature by drawing tangential lines, one along the heat
flux curve before reaction starts and one at the fastest reacting point before the
first peak.

4.Select a temperature a little lower than the first peak temperature as the last
temperature. Isothermal test at this temperature starts fast. It tends to lose
track on some heat at the beginning of the reaction, but captures
characterization of the cure kinetics at the latter part of the reaction.

For example, Figure 5 shows heat flux of a commercial resin from a DSC
temperature scanning at 5°C/min. The three temperatures for isothermal tests can
be 22, 50, and 70°C.

Degree of cure and curing rate can be calculated from DSC data, and three
curves of curing rate versus degree of cure can be plotted at each test temperature
(T1, T2, and T3). The reaction orders and the rate of constant in the reaction
kinetics model can be determined by a nonlinear fitting method using either curing
kinetics software or MATLAB. The activation energy (ΔE) and lnA can be obtained
by a linear fitting of lnk and 1=T.

Bailleul’s [10] equation is often used for more complex polymerization reactions,
as shown in Eq. (3).

Figure 5.
DSC experiment for isothermal temperature selection.

95

Thick-Section Epoxy Composites
DOI: http://dx.doi.org/10.5772/intechopen.90834



3.4 Waste disposal and heat overshoot

Gelation happens after either mixing resin and hardener or adding catalyst into
homopolymerizing resin. Excess mixed epoxy or epoxy squeezed out during
processing is hard to recycle and turns out to be waste. Even with an effective waste
reducing plan, the quantity of production epoxy waste from TSC manufacturing is
often considerable. Disposing the waste under the Resource Conservation and
Recovery Act (RCRA) rules can be costly and complicated. The waste can be
categorized into three scenarios [9]:

• Disposal resin, hardener, or catalyst before mixing. It’s often ignitable
hazardous waste (EPA waste code D001) or corrosive waste (EPA waste code
D002). A waste company specialized in chemical disposal is required to handle
the waste, which can cost around $25 per gallon, plus transportation and fuel.

• Disposal mixed resin that is not fully cured. It may be subject to both solid
waste (40 CFR 261.3) and unused commercial chemical product (40 CFR
261.33). It may be on the P and U lists of chemical product waste, and none of
the F or K lists for specific and non-specific sources of hazardous waste will
apply.

• Disposal fully cured epoxy. This scenario is the easiest to deal with. Fully cured
epoxy rarely exhibits hazardous waste characteristic and can be disposed as
general solid waste.

In the industry, pure resin/hardener or unfully cured waste is usually stoichio-
metrically mixed with hardener/resin and fully cured before disposal. A waste
disposal curing profile should be carefully designed to avoid reaction overheat and
burning accidents.

4. Methodologies of TSEC analysis

4.1 Curing kinetics characterization

Differential scanning calorimeter (DSC) is often used to characterize the kinet-
ics of thermoset resins. Data can be used to study the relationship between curing
degrees and temperature. Kamal-Sourour relationship is usually used in the curing
kinetics study of pure bisphenol A epoxy, as shown in Eq. (1).

da
dt

¼ kam 1� að Þn (1)

where a is the degree of cure, T is the instantaneous temperature, m and n are
orders of the reaction, and k is the rate of constant, following the Arrhenius
relationship.

k ¼ Aexp �ΔE
RT

� �
(2)

The ΔE in Eq. (2) is the activation energy of the epoxy, A is the frequency factor,
and R is the universal gas constant. To obtain the material parameters, three DSC

94

Composite Materials

isothermal tests are usually conducted. The three temperatures can be selected in
the following way:

1.Conduct a temperature scanning on the epoxy of interest at 5°C/min using
DSC.

2.Select the reaction initiation temperature as the first temperature, which is
implied by the start of an uptrend of the heat flux curve. Isothermal test at this
temperature captures cure kinetics characterization of the beginning of the
curing reaction.

3.Select the second temperature by drawing tangential lines, one along the heat
flux curve before reaction starts and one at the fastest reacting point before the
first peak.

4.Select a temperature a little lower than the first peak temperature as the last
temperature. Isothermal test at this temperature starts fast. It tends to lose
track on some heat at the beginning of the reaction, but captures
characterization of the cure kinetics at the latter part of the reaction.

For example, Figure 5 shows heat flux of a commercial resin from a DSC
temperature scanning at 5°C/min. The three temperatures for isothermal tests can
be 22, 50, and 70°C.

Degree of cure and curing rate can be calculated from DSC data, and three
curves of curing rate versus degree of cure can be plotted at each test temperature
(T1, T2, and T3). The reaction orders and the rate of constant in the reaction
kinetics model can be determined by a nonlinear fitting method using either curing
kinetics software or MATLAB. The activation energy (ΔE) and lnA can be obtained
by a linear fitting of lnk and 1=T.

Bailleul’s [10] equation is often used for more complex polymerization reactions,
as shown in Eq. (3).

Figure 5.
DSC experiment for isothermal temperature selection.

95

Thick-Section Epoxy Composites
DOI: http://dx.doi.org/10.5772/intechopen.90834



da
dt

¼ W v Tð Þð Þ � K Tð Þ �G að Þ � Fdiffusion að Þ (3)

where W(ν(T)) represents the induction of reaction or the inhibition period
when an inhibitor is added to the resin. It defines as below:

W v Tð Þ ¼
0, if v Tð Þ≥0

1, if v Tð Þ<0

( 
(4)

v Tð Þ is expressed as Eq. (5).

v Tð Þ ¼ tref �
ðtind
0

exp �B � Tref

T
� 1

� �� �
dt (5)

K(T) represents the dependence of curing rate on temperature, as shown in
Eq. (6), G að Þ represents the dependence of curing rate on the degree of cure as
shown in Eq. (7), and Fdiffusion að Þ describes the diffusion control in the curing, as
shown in Eq. (8).

K Tð Þ ¼ Kref exp �A
Tref

T
� 1

� �� �
(6)

G að Þ ¼
X6
i¼0

Giai (7)

Fdiffusion að Þ ¼ 1
1þ exp E1 a� acð Þð Þ (8)

The equation fits well in the reaction of DERAKANE MOMENTUM 411–350
epoxy vinyl ester and 1 wt% NOROX MEKP-925H (MEKP stands for
methylethylketone peroxide) with 0.05 wt% of cobalt naphthenate well [11].

In situ degree of curing can be quantified by dielectric cure analyzer (DEA).
DEA sensors can be embedded during the manufacturing process of TSC and
measures in situ ion viscosities (ρ) of the matrix resin. Resin ion viscosity is posi-
tively correlated with its degree of cure and negatively correlated with temperature.
Curing index, which is equivalent to degree of curing, is calculated as Eq. (9).

CI ¼
log σf 0 a,T0ð Þ
h i

� log σf 0 0,T0ð Þ
h i

log σf 0 1,T0ð Þ
h i

� log σf 0 0,T0ð Þ
h i � 100% (9)

where σ is the ion conductivity of the material, which is the reverse of ion
viscosity. The subscript f represents the frequency of the voltage of excitation used
in the DEA test. The temperature and frequency with the subscript 0 refer to the
testing frequency and temperature of the curing index calculation. The main
author’s previous study [12] showed well agreement of curing index and degree of
cure in AOC Altek R920-E polyester mixed with a 2% NOROX MEKP-925 catalyst
and glass fiber-reinforced composites.

In TSC analysis, thermocouples are usually placed at locations of interest to
record the temperature history during manufacturing processes, including pre-
curing process, curing process, and post-curing process. Curing degree profiles at
various locations are calculated by inputting temperature history into the
predetermined curing kinetics model. In situ curing index profiles can be measured
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using DEA sensor and related to degrees of cure. The degree of cure profiles can be
used to optimize the curing profile of the composites and evaluate properties of the
end composite part. For example, the glass transition temperature can be modeled
through a function of degree of cure developed by Pascault et al. [13], as shown in
Eq. (10).

Tg � Tg0

Tg∞ � Tg0
¼ a � k

1� 1� kð Þ � a (10)

where Tg0 is the glass transition temperature of raw epoxy and Tg∞ is the glass
transition temperature of fully cured epoxy. k is a structure-dependent parameter
that can be obtained by nonlinear fitting of Tg and curing degree data from DSC
tests.

Curing degree profiles also provide essential parameters for further curing
shrinkage and inner stress study.

4.2 Heat transfer characterization

Heat transfer of thermoset composite differentiates itself from metal materials
primarily on three aspects: (1) changing specific heat capacity, (2) changing ther-
mal conductivity coefficient, and (3) reaction heat.

4.2.1 Specific heat capacity

Specific heat capacities of composite are usually calculated using mixing law as
shown in Eq. (11).

Cp�composite ¼ Cp�fiber �wf%þ Cp�epoxy � 1� wf%
� �

(11)

where wf % represents the weight percentage of reinforced fiber.
Specific heat capacities of epoxy depend on temperature and degree of cure,

where a mix law may also be established, as shown in Eq. (12).

Cp�epoxy T, að Þ ¼ Cp0 Tð Þ � aþ Cp1 Tð Þ � 1� að Þ (12)

where Cp0 is the specific heat capacity of raw epoxy, Cp1 is the specific heat
capacity of fully cured resin, and a is the degree of cure.

Modulated DSC tests are usually used to capture reversible heat flux of thermo-
set resin, which can be used to calculate the specific heat, as shown in Eq. (13).

Cp Tð Þ ¼ �q
m � dT=dt (13)

where q represents heat absorbed by the material to increase one-unit degree of
temperature, m represents the mass of the material, and T represents the tempera-
ture. For unreacted epoxy, DSC scanning includes several plateaus at temperatures
below the reaction initiating temperature. Three heating speeds are normally
applied. 5°C/min, 10°C/min, and 20°C/min are normally selected. A curve fitting of
specific heat capacity versus temperature yields the relationship between specific
heat capacity of unreacted resin and temperature. The relationship between specific
heat capacity of fully cured resin and temperature can be obtained through similar
DSC scanning with plateaus including several temperatures higher than the glass
transition temperature of the material and several temperatures lower. For
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da
dt

¼ W v Tð Þð Þ � K Tð Þ �G að Þ � Fdiffusion að Þ (3)
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W v Tð Þ ¼
0, if v Tð Þ≥0

1, if v Tð Þ<0

( 
(4)

v Tð Þ is expressed as Eq. (5).

v Tð Þ ¼ tref �
ðtind
0

exp �B � Tref

T
� 1

� �� �
dt (5)
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K Tð Þ ¼ Kref exp �A
Tref

T
� 1

� �� �
(6)

G að Þ ¼
X6
i¼0

Giai (7)
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The equation fits well in the reaction of DERAKANE MOMENTUM 411–350
epoxy vinyl ester and 1 wt% NOROX MEKP-925H (MEKP stands for
methylethylketone peroxide) with 0.05 wt% of cobalt naphthenate well [11].

In situ degree of curing can be quantified by dielectric cure analyzer (DEA).
DEA sensors can be embedded during the manufacturing process of TSC and
measures in situ ion viscosities (ρ) of the matrix resin. Resin ion viscosity is posi-
tively correlated with its degree of cure and negatively correlated with temperature.
Curing index, which is equivalent to degree of curing, is calculated as Eq. (9).

CI ¼
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where σ is the ion conductivity of the material, which is the reverse of ion
viscosity. The subscript f represents the frequency of the voltage of excitation used
in the DEA test. The temperature and frequency with the subscript 0 refer to the
testing frequency and temperature of the curing index calculation. The main
author’s previous study [12] showed well agreement of curing index and degree of
cure in AOC Altek R920-E polyester mixed with a 2% NOROX MEKP-925 catalyst
and glass fiber-reinforced composites.

In TSC analysis, thermocouples are usually placed at locations of interest to
record the temperature history during manufacturing processes, including pre-
curing process, curing process, and post-curing process. Curing degree profiles at
various locations are calculated by inputting temperature history into the
predetermined curing kinetics model. In situ curing index profiles can be measured
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using DEA sensor and related to degrees of cure. The degree of cure profiles can be
used to optimize the curing profile of the composites and evaluate properties of the
end composite part. For example, the glass transition temperature can be modeled
through a function of degree of cure developed by Pascault et al. [13], as shown in
Eq. (10).

Tg � Tg0

Tg∞ � Tg0
¼ a � k

1� 1� kð Þ � a (10)

where Tg0 is the glass transition temperature of raw epoxy and Tg∞ is the glass
transition temperature of fully cured epoxy. k is a structure-dependent parameter
that can be obtained by nonlinear fitting of Tg and curing degree data from DSC
tests.

Curing degree profiles also provide essential parameters for further curing
shrinkage and inner stress study.

4.2 Heat transfer characterization

Heat transfer of thermoset composite differentiates itself from metal materials
primarily on three aspects: (1) changing specific heat capacity, (2) changing ther-
mal conductivity coefficient, and (3) reaction heat.

4.2.1 Specific heat capacity

Specific heat capacities of composite are usually calculated using mixing law as
shown in Eq. (11).

Cp�composite ¼ Cp�fiber �wf%þ Cp�epoxy � 1� wf%
� �

(11)

where wf % represents the weight percentage of reinforced fiber.
Specific heat capacities of epoxy depend on temperature and degree of cure,

where a mix law may also be established, as shown in Eq. (12).

Cp�epoxy T, að Þ ¼ Cp0 Tð Þ � aþ Cp1 Tð Þ � 1� að Þ (12)

where Cp0 is the specific heat capacity of raw epoxy, Cp1 is the specific heat
capacity of fully cured resin, and a is the degree of cure.

Modulated DSC tests are usually used to capture reversible heat flux of thermo-
set resin, which can be used to calculate the specific heat, as shown in Eq. (13).

Cp Tð Þ ¼ �q
m � dT=dt (13)

where q represents heat absorbed by the material to increase one-unit degree of
temperature, m represents the mass of the material, and T represents the tempera-
ture. For unreacted epoxy, DSC scanning includes several plateaus at temperatures
below the reaction initiating temperature. Three heating speeds are normally
applied. 5°C/min, 10°C/min, and 20°C/min are normally selected. A curve fitting of
specific heat capacity versus temperature yields the relationship between specific
heat capacity of unreacted resin and temperature. The relationship between specific
heat capacity of fully cured resin and temperature can be obtained through similar
DSC scanning with plateaus including several temperatures higher than the glass
transition temperature of the material and several temperatures lower. For
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example, Bailleul et al. [14] selected 30, 70, and 100°C for the raw material and 30,
70, 110, 150, and 190°C for the fully cured resin, where the initiation temperature
of the resin is higher than 100°C and the Tg of the fully cured resin is about 130°C.
In Bailleul et al.’s research, curve fittings present linear relations between the heat
specific capacity and temperature for all three scenarios: raw resin, cured resin
before the glass transition period, and cured resin after the glass transition period.
For fully cured resin during the glass transition, the specific capacity can be
modeled using the value of Cp in the glassy state and Cp in the rubbery state, as
shown in Eq. (14).

Cp�glass transition Tð Þ ¼ Cp�glass Tð Þ � 1� μ Tð Þð Þ þ μ Tð Þ � Cp�rubbery Tð Þ (14)

μ Tð Þ is expressed by Eq. (15).

μ Tð Þ ¼ 1
2

1þ tanh
d
c
� T þ e

� �� �
(15)

where d is the temperature range of the glass transition period. c and e can be
determined through cure fittings of the experimental data.

4.2.2 Thermal conductivity coefficient

Like the specific heat capacity, thermal conductivity coefficients of composites
along fiber direction can be calculated with the mixing law. Thermal conductivity
coefficients of composites in the crosswise fiber direction can be calculated using a
composite law with Springer-Tsai model, as shown in Eq. (16).

Kcomposite ¼ Kepoxy �
1þ vf%
� � � Kfiber þ 1� vf%

� � � Kepoxy

1þ vf%
� � � Kfiber þ 1þ vf%

� � � Kepoxy
(16)

where vf% represents the volume fraction of fiber. Values of solidified compos-
ite parts can be verified by thermal conductivity meters, such as the TA instrument
LaserComp Fox314.

Thermal conductivity of epoxy also depends on temperature and degree of
curing, especially unfully cured epoxy. For example, Bailleul et al. [14] found the
thermal conductivity of raw material increased proportionally over temperature,
while fully cured resin varied small over temperature.

Thermal conductivity of unfully cured epoxy can be measured by TA instrument
DXF 500/900 models. Like specific heat capacity testing profiles, raw epoxy should
be tested at several temperatures below its reaction initiation temperature, and fully
cured epoxy are tested at temperatures below and above the Tg.

For thermal conductivity tests on solid material, guarded hot plate method is
usually applied. Heat is applied on the top or bottom surface of a sample, and
temperatures on both of the top and bottom surfaces are measured to calculate the
thermal conductivity coefficient by Eq. (17).

K ¼ qL
TH � TL

(17)

where q is the quantity of heat passing through a unit area of the sample in a unit
time, with the unit of [W/m^2], L is the distance between the top and bottom
surfaces of the sample with the unit of [m], TH represents the temperature of the
warmer surface with the unit of [K], and TL represents the temperature of the
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cooler surface with the same unit. This method guarantees an accuracy of 98%, but
it limits to low conductivity material, and it requires long measurement time and
large specimen size [15]. It’s often used to verify simulation values of solid FRC.

For liquid resin, hot wire or laser flash methods are usually applied. In a hot wire
test, a heated wire is inserted into the material. Heat that flows out and temperature
change in the wire are recorded to calculate the thermal conductivity. It’s fast and
with an accuracy up to 99% [15]. Laser flash method shoots short pulse of heat to
the top surface of the sample, and temperature change is observed by an infrared
scanner. This method requires small samples. It’s fast and accurate at high temper-
atures but the instrument is expensive [15].

4.2.3 Resin enthalpy

The element that complexed the heat transfer calculation of thermoset compos-
ite is the reaction heat of unfully cured resin. The overall reaction enthalpy can be
determined through a temperature scanning DSC test by integrating the heat flux
over temperature. Enthalpy of epoxies that create different bonds during curing can
vary dramatically. For example, a pre-catalyzed nadic methyl anhydride yields an
enthalpy around 270 J/g in the reaction with a cycloaliphatic epoxy resin, while a
formulated amine hardener yields a enthalpy around 410 J/g when reacted with a
multifunctional epoxy resin.

Instantaneous reaction heat of an epoxy depends on degree of cure, curing rate,
temperature, and fiber volume fraction. It can be represented by Eq. (18).

_Qreaction ¼
da
dt

1� vf%
� � � ρresin �Henthalpy (18)

where a represents the degree of cure, vf% is the fiber volume fraction, Henthalpy

is the enthalpy of the epoxy, and ρresin is the density of the epoxy.
Like the density of water changes as it transfers to icy state, it’s easy to imagine

that the density of epoxy changes during its curing process, transferring from liquid
to gelation and from glassy state to rubbery state. However, in the modeling of
epoxy FRC, a constant epoxy density is usually applied, because (1) the existing of
reinforcements lessened the flexibility of the volume change of epoxy and (2) the
density change of epoxy is small. For example, the density change of MY750 epoxy
is around 1% from unreacted state to fully cured state [16]. A density of 1.2 g/cm^3
is usually applied for epoxy. The density of composites can be calculated through
the mix law.

With above illustrated parameters measured, the overall heat transfer governing
equation can be used to model temperature histories of TSC at every locations of
interest, as shown in Eq. (19). Thus, heat overshoot temperatures and locations can
be predicted with the established model.

∂

∂t
ρcompositeCp�compositeT
� �

¼ ∂

∂x
Kxx�composite

∂T
∂x

� �
þ ∂

∂y
Kyy�composite

∂T
∂y

� �

þ ∂

∂z
Kzz�composite

∂T
∂z

� �
þ _Qreaction (19)

4.3 Residual stress characterization

Residual stress is introduced in epoxy TSC due to the curing shrinkage of epoxy
and the mismatch between thermal expansion coefficient of the resin and rein-
forcements. Residual stresses, especially of TSC, are unevenly distributed in the
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example, Bailleul et al. [14] selected 30, 70, and 100°C for the raw material and 30,
70, 110, 150, and 190°C for the fully cured resin, where the initiation temperature
of the resin is higher than 100°C and the Tg of the fully cured resin is about 130°C.
In Bailleul et al.’s research, curve fittings present linear relations between the heat
specific capacity and temperature for all three scenarios: raw resin, cured resin
before the glass transition period, and cured resin after the glass transition period.
For fully cured resin during the glass transition, the specific capacity can be
modeled using the value of Cp in the glassy state and Cp in the rubbery state, as
shown in Eq. (14).

Cp�glass transition Tð Þ ¼ Cp�glass Tð Þ � 1� μ Tð Þð Þ þ μ Tð Þ � Cp�rubbery Tð Þ (14)

μ Tð Þ is expressed by Eq. (15).

μ Tð Þ ¼ 1
2

1þ tanh
d
c
� T þ e
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(15)

where d is the temperature range of the glass transition period. c and e can be
determined through cure fittings of the experimental data.

4.2.2 Thermal conductivity coefficient

Like the specific heat capacity, thermal conductivity coefficients of composites
along fiber direction can be calculated with the mixing law. Thermal conductivity
coefficients of composites in the crosswise fiber direction can be calculated using a
composite law with Springer-Tsai model, as shown in Eq. (16).

Kcomposite ¼ Kepoxy �
1þ vf%
� � � Kfiber þ 1� vf%

� � � Kepoxy

1þ vf%
� � � Kfiber þ 1þ vf%

� � � Kepoxy
(16)

where vf% represents the volume fraction of fiber. Values of solidified compos-
ite parts can be verified by thermal conductivity meters, such as the TA instrument
LaserComp Fox314.

Thermal conductivity of epoxy also depends on temperature and degree of
curing, especially unfully cured epoxy. For example, Bailleul et al. [14] found the
thermal conductivity of raw material increased proportionally over temperature,
while fully cured resin varied small over temperature.

Thermal conductivity of unfully cured epoxy can be measured by TA instrument
DXF 500/900 models. Like specific heat capacity testing profiles, raw epoxy should
be tested at several temperatures below its reaction initiation temperature, and fully
cured epoxy are tested at temperatures below and above the Tg.

For thermal conductivity tests on solid material, guarded hot plate method is
usually applied. Heat is applied on the top or bottom surface of a sample, and
temperatures on both of the top and bottom surfaces are measured to calculate the
thermal conductivity coefficient by Eq. (17).

K ¼ qL
TH � TL

(17)

where q is the quantity of heat passing through a unit area of the sample in a unit
time, with the unit of [W/m^2], L is the distance between the top and bottom
surfaces of the sample with the unit of [m], TH represents the temperature of the
warmer surface with the unit of [K], and TL represents the temperature of the
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cooler surface with the same unit. This method guarantees an accuracy of 98%, but
it limits to low conductivity material, and it requires long measurement time and
large specimen size [15]. It’s often used to verify simulation values of solid FRC.

For liquid resin, hot wire or laser flash methods are usually applied. In a hot wire
test, a heated wire is inserted into the material. Heat that flows out and temperature
change in the wire are recorded to calculate the thermal conductivity. It’s fast and
with an accuracy up to 99% [15]. Laser flash method shoots short pulse of heat to
the top surface of the sample, and temperature change is observed by an infrared
scanner. This method requires small samples. It’s fast and accurate at high temper-
atures but the instrument is expensive [15].

4.2.3 Resin enthalpy

The element that complexed the heat transfer calculation of thermoset compos-
ite is the reaction heat of unfully cured resin. The overall reaction enthalpy can be
determined through a temperature scanning DSC test by integrating the heat flux
over temperature. Enthalpy of epoxies that create different bonds during curing can
vary dramatically. For example, a pre-catalyzed nadic methyl anhydride yields an
enthalpy around 270 J/g in the reaction with a cycloaliphatic epoxy resin, while a
formulated amine hardener yields a enthalpy around 410 J/g when reacted with a
multifunctional epoxy resin.

Instantaneous reaction heat of an epoxy depends on degree of cure, curing rate,
temperature, and fiber volume fraction. It can be represented by Eq. (18).

_Qreaction ¼
da
dt

1� vf%
� � � ρresin �Henthalpy (18)

where a represents the degree of cure, vf% is the fiber volume fraction, Henthalpy

is the enthalpy of the epoxy, and ρresin is the density of the epoxy.
Like the density of water changes as it transfers to icy state, it’s easy to imagine

that the density of epoxy changes during its curing process, transferring from liquid
to gelation and from glassy state to rubbery state. However, in the modeling of
epoxy FRC, a constant epoxy density is usually applied, because (1) the existing of
reinforcements lessened the flexibility of the volume change of epoxy and (2) the
density change of epoxy is small. For example, the density change of MY750 epoxy
is around 1% from unreacted state to fully cured state [16]. A density of 1.2 g/cm^3
is usually applied for epoxy. The density of composites can be calculated through
the mix law.

With above illustrated parameters measured, the overall heat transfer governing
equation can be used to model temperature histories of TSC at every locations of
interest, as shown in Eq. (19). Thus, heat overshoot temperatures and locations can
be predicted with the established model.
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4.3 Residual stress characterization

Residual stress is introduced in epoxy TSC due to the curing shrinkage of epoxy
and the mismatch between thermal expansion coefficient of the resin and rein-
forcements. Residual stresses, especially of TSC, are unevenly distributed in the
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composites. This is caused by the mismatch between composite layers and temper-
ature/curing gradients.

Curing shrinkage of composites can be calculated by Eq. (20) [11], where H is a
hindrance factor and can be found experimentally.

CScomposite ¼ CSresin � vf% �H (20)

Curing shrinkage of unreinforced epoxy can be tested by rheology method
[17, 18] or gravimetric method [16, 18]. Rheometers are usually used in the rheology
method. Two heated parallel plates are used to measure the linear shrinkage of the
resin, which can be transferred into volume shrinkage, with assumptions that resin
is incompressible and zero in-plane strains. Resin shrinkage before gelation cannot
be measured with this method. The gravimetric method is based on the Archime-
dean principle, with which, density of an object can be measured by immersed in a
fluid. This method involves immersing a silicon rubber bag with the testing resin in
a known fluid and measuring the density of the resin while curing it. This method is
able to obtain the curing shrinkage information both before and after resin gelation.
A linear relationship was found between the curing shrinkage and degree of cure by
Shah and Schubel [17] using the rheology method and Khoun and Hubert [18]
found a bilinear relation in their study using the gravimetric method, where the rate
changed at gelation.

The CTE of composite can be obtained through micromechanics model, shown
in Eq. (21) for the fiber direction and Eq. (22) for transverse and thickness
directions.

a1 ¼
a1f E1f vf%þ a1rE1r 1� vf%

� �

E1f vf%þ E1r 1� vf%
� � (21)

a2 ¼ a3 ¼ a2f þ v12f a1f
� �

vf%þ a2r þ v12ra1rð Þ 1� vf%
� �� v12f vf% þ v12r 1� vf%

� �� �
a1

(22)

where the subscript f represents reinforcements, while r represents resin. The
subscript 1 represents the fiber direction (longitudinal) and 2 represents the trans-
verse direction. E is tensile modulus and v12 is Poisson’s ratio.

Young’s modulus and Poisson’s ratio can be measured using stain gage and
Instron machine at various temperatures [9]. White and Hahn [19] found that both
have a linear relationship to the degree of cure at a constant temperature. In their
study, it showed that the CTE remained relatively constant in the transverse direc-
tion and its change in the longitudinal direction was negligible compared to the
effect of curing shrinkage. Thus, in many studies, constant CTEs are applied for the
resin and reinforcements [20].

5. Recommendations

In TSC manufacturing industry, micro-crack issue is the first and foremost
important. Micro-cracks dramatically decrease the uniformity of mechanical prop-
erties of the TSC parts, especially shear strengths along composite plies. One way to
predict micro-cracks is to analyze the TSC manufacturing process in two scenarios:
(1) treating it as a flow issue as the boundaries gel but the core flows and (2)
treating it as a stress issue when no resin flows in the TSC part. For example, a
6-inch-thick 12 inch by 12 inch epoxy TSC part is manufactured by Vacuum Resin
Infusion Process. The epoxy gels 1 hour after mixing resin and hardener at room
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temperature. It takes 30 min to fully fill the entire part. After infusion, the part is
placed in a convection oven for cure with a pre-subscribed temperature profile.

Due to the conventional heat inside the oven, resin at the outer surfaces of the
part may solidify before the core curing to solid. In this scenario, the volume of the
part is fixed by the solidified boundaries. Curing shrinkage of the core is the major
cause of internal stress. The simulation can be simplified by separating the part into
boundary (parts with gelled resin) and core (parts with ungelled resin). Gelation
can be represented by degree of cure, which can be either simulated or tested by
DEA. The shrinkage volume of the core after gelation can be simulated and com-
pared to the current volume of the core. The total resin weight using to simulate the
shrinkage volume of the core after gelation should be the total volume of resin
infused into the part minus resin in the boundaries. A smaller shrinkage volume
tends to result in micro-cracks at locations between layers in the core. This scenario
is usually improved through the following methods:

• Infusing excess resin in the part through proprietary methods.

• Changing the solidification pattern of the part, e.g., B-stage the part before
heating it up, or cool top surface, and/or heat bottom surface. For filament
wound TSC billets, heating from inside out can largely reduce the chance of
micro-cracks.

In the second scenario, after the part has no resin flowing, stresses develop
between resin and reinforcements as well as among composite plies, due to degree
of cure gradients. In the main author’s earlier research [6], there was a 25% differ-
ence on degree of cure between the bottom and middle of the part. Internal stress in
TSC parts at critical temperatures and degree of cures can be modeled and com-
pared to the instantaneous strength of the composite. Larger stress predicts a high
chance of micro-cracks. This scenario can be improved by adjusting curing profiles
to avoid severe internal stress being built. B-stage and slower heating/cooling rate is
usually helpful.
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composites. This is caused by the mismatch between composite layers and temper-
ature/curing gradients.

Curing shrinkage of composites can be calculated by Eq. (20) [11], where H is a
hindrance factor and can be found experimentally.

CScomposite ¼ CSresin � vf% �H (20)

Curing shrinkage of unreinforced epoxy can be tested by rheology method
[17, 18] or gravimetric method [16, 18]. Rheometers are usually used in the rheology
method. Two heated parallel plates are used to measure the linear shrinkage of the
resin, which can be transferred into volume shrinkage, with assumptions that resin
is incompressible and zero in-plane strains. Resin shrinkage before gelation cannot
be measured with this method. The gravimetric method is based on the Archime-
dean principle, with which, density of an object can be measured by immersed in a
fluid. This method involves immersing a silicon rubber bag with the testing resin in
a known fluid and measuring the density of the resin while curing it. This method is
able to obtain the curing shrinkage information both before and after resin gelation.
A linear relationship was found between the curing shrinkage and degree of cure by
Shah and Schubel [17] using the rheology method and Khoun and Hubert [18]
found a bilinear relation in their study using the gravimetric method, where the rate
changed at gelation.

The CTE of composite can be obtained through micromechanics model, shown
in Eq. (21) for the fiber direction and Eq. (22) for transverse and thickness
directions.
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� � (21)

a2 ¼ a3 ¼ a2f þ v12f a1f
� �
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where the subscript f represents reinforcements, while r represents resin. The
subscript 1 represents the fiber direction (longitudinal) and 2 represents the trans-
verse direction. E is tensile modulus and v12 is Poisson’s ratio.

Young’s modulus and Poisson’s ratio can be measured using stain gage and
Instron machine at various temperatures [9]. White and Hahn [19] found that both
have a linear relationship to the degree of cure at a constant temperature. In their
study, it showed that the CTE remained relatively constant in the transverse direc-
tion and its change in the longitudinal direction was negligible compared to the
effect of curing shrinkage. Thus, in many studies, constant CTEs are applied for the
resin and reinforcements [20].

5. Recommendations

In TSC manufacturing industry, micro-crack issue is the first and foremost
important. Micro-cracks dramatically decrease the uniformity of mechanical prop-
erties of the TSC parts, especially shear strengths along composite plies. One way to
predict micro-cracks is to analyze the TSC manufacturing process in two scenarios:
(1) treating it as a flow issue as the boundaries gel but the core flows and (2)
treating it as a stress issue when no resin flows in the TSC part. For example, a
6-inch-thick 12 inch by 12 inch epoxy TSC part is manufactured by Vacuum Resin
Infusion Process. The epoxy gels 1 hour after mixing resin and hardener at room
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temperature. It takes 30 min to fully fill the entire part. After infusion, the part is
placed in a convection oven for cure with a pre-subscribed temperature profile.

Due to the conventional heat inside the oven, resin at the outer surfaces of the
part may solidify before the core curing to solid. In this scenario, the volume of the
part is fixed by the solidified boundaries. Curing shrinkage of the core is the major
cause of internal stress. The simulation can be simplified by separating the part into
boundary (parts with gelled resin) and core (parts with ungelled resin). Gelation
can be represented by degree of cure, which can be either simulated or tested by
DEA. The shrinkage volume of the core after gelation can be simulated and com-
pared to the current volume of the core. The total resin weight using to simulate the
shrinkage volume of the core after gelation should be the total volume of resin
infused into the part minus resin in the boundaries. A smaller shrinkage volume
tends to result in micro-cracks at locations between layers in the core. This scenario
is usually improved through the following methods:

• Infusing excess resin in the part through proprietary methods.

• Changing the solidification pattern of the part, e.g., B-stage the part before
heating it up, or cool top surface, and/or heat bottom surface. For filament
wound TSC billets, heating from inside out can largely reduce the chance of
micro-cracks.

In the second scenario, after the part has no resin flowing, stresses develop
between resin and reinforcements as well as among composite plies, due to degree
of cure gradients. In the main author’s earlier research [6], there was a 25% differ-
ence on degree of cure between the bottom and middle of the part. Internal stress in
TSC parts at critical temperatures and degree of cures can be modeled and com-
pared to the instantaneous strength of the composite. Larger stress predicts a high
chance of micro-cracks. This scenario can be improved by adjusting curing profiles
to avoid severe internal stress being built. B-stage and slower heating/cooling rate is
usually helpful.
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Abstract

In this work composite structures based on a porous silicon were obtained 
and studied. Porous matrices were formed by electrochemical etching in aqueous 
solutions of hydrofluoric acid. Based on the obtained substrates, por-silicon (Si)/
silver (Ag) and por-Si/zinc oxide (ZnO) composite structures were formed. These 
composites were functionalized by various methods (electro (E)-, thermo (T)-, 
electrothermal exposure) as a result of which the structures were modified. When 
studying the samples by scanning electron microscopy (SEM), it was concluded 
that silver nanoparticles actively diffused into the pores under these technological 
modes of functionalization. The por-Si/Ag and por-Si/ZnO composite struc-
tures were also studied using the following methods: infrared (IR) spectroscopy 
and Raman ultrasoft X-ray emission spectroscopy. Also, the photoluminescent 
characteristics of the samples were studied. Based on the obtained results, it was 
concluded that functionalization methods actively change the phase composition of 
structures and the optical properties of composites.

Keywords: porous silicon, composite structures, functionalization, nanoparticles, 
diffusion, phase composition

1. Introduction

One of the promising areas of science is biomedicine, which currently needs 
new materials and structures with certain requirements: biocompatibility, biode-
gradability, low toxicity, and the ability to use various methods of functionalization 
(post-processing) for a wide range of biologically active materials. One of the 
approaches to the formation of new structures is the creation of porous biocompat-
ible matrices with deposited active particles. Due to their multifunctionality, these 
multilevel composite structures can be actively used as biosensors of a wide range of 
analytes, devices for targeted delivery of drugs, etc. [1–6].
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analytes, devices for targeted delivery of drugs, etc. [1–6].
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The formation of various types of biosensors depends on the choice of material, 
the morphology of the sensitive layer, as well as its structural and physic-chemical 
properties. Various materials, such as Zn, Au, Ag, Pd, Pt, etc., as well as their 
modifications and composites can be used as an active layer. As an example, we can 
specify sensors based on various types of nanoparticles and composite structures: 
biosensors with zinc oxide (ZnO) nanoparticles, gold nanoparticles (AuNPs), Ag/
TiO2 nanoparticles, carbon nanotube-based biosensors, graphene quantum dot 
(GQD) biosensors, sensor based on the Pd/WO3-ZnO composite porous thin films, 
etc. [6–17]. Table 1 shows the sensitivity data of various composite sensor struc-
tures during glucose detection.

As already mentioned, changing the morphology and structure of the active 
layer also changes its sensitivity. Table 2 shows an example of a change in sensitivity 
(glucose) with a change in the morphology of ZnO-based nanostructures [18].

As for the sensitive layer, the choice of the biosensor substrate material is an 
important factor. The choice of material as a porous silicon for the matrix is due 
to a wide range of key qualities required by structures for an effective use in bio-
medicine. These are the simplicity for functionalization, the ability to control the 
morphology and surface composition of porous matrices, the low cost of produc-
tion, functional “flexibility,” and good compatibility with the current industrial 
technologies. As a result, the porous silicon matrix can serve as the basis for com-
posite structures. High values of surface area and specific area allow functionaliza-
tion using a variety of biocompatible materials (silver, gold, magnetic metals, iron 
groups, tin, indium, zinc and their oxides).

The development of highly sensitive blood glucose meters is an extremely 
important task. This is especially important in the direction of personalized medical 
devices for people with diabetes. A promising task is the creation of noninvasive 
highly sensitive sensors with a low detection limit (of the order of 0.1 μM or less) 
[19–21]. The lower the detection limit parameter, the earlier a change in glucose 
level can be detected. These detection limit values can be achieved by using porous 
semiconductors as a substrate. It should be noticed that the morphological features 
of porous structures make it difficult to create a high-quality electrode base. To 
solve this problem, new methods have been developed for the functionalization of 
porous matrices with the aim of active deposition of nanoparticles into pores. The 
developed methods are non-destructive in comparison with analogues. The creation 
of a high-quality electrode base, with a large specific area of the sensitive layer, a 
high sensitivity parameter, a small detection limit, and small device sizes, is key to 
creating new personalized glucometers for recording glucose changes in direct time.

Thus, this work, the purpose of which is to study the physicochemical, 
electrical, and optical properties, as well as the morphological features of porous 

Sensor type Sensitivity

Glucose sensor based on Pd/WO3-ZnO composite porous thin films 11.4 μA μM−1 cm−2

Glucose biosensors with AuNPs
(glassy carbon electrode (GCE) + AuNPs)

3.1 μA mM−1 cm−2

Glucose biosensors based on GQDs 0.085 μA μM−1 cm−2

Glucose biosensors based on Ag/TiO2 composite 39 μA mM−1 cm−2

Glucose biosensors based on carbon nanotube 1433 μA mM−1·cm−2

Glucose biosensors based on ZnO nanoparticles 15 mA mM−1·cm−2

Table 1. 
Sensitivity data for various types of biosensors during glucose recording [6–17].
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silicon matrices with varying technological parameters for the preparation of 
substrates and methods for their functionalization, is relevant and is of scientific 
and practical interest.

2.  The formation of porous silicon matrices by electrochemical etching 
under various conditions

2.1 Method for the formation of porous silicon matrices

For the formation of a porous matrix, the method of electrochemical etching 
in aqueous solutions of hydrofluoric acid was used. A detailed installation diagram 
is presented in Figure 1. The structure of the stand can be divided into separate 
components: a glassy carbon crucible which contains electrolyte (1), a silicon 
wafer (2), and devices used to move the crucible and the sample in different 
planes (3)–(5).

During the electrochemical process, silicon atoms actively react with the mol-
ecules (ions) of the electrolyte when they come into solution. This process was 
formulated by Lehman and Joselle, describing the migration of holes at the surface 
of a sample when a current is applied. Therefore, it is worth considering that such 
etching modes as current density and anodization time directly affect the structure 
of the porous layer. The composition of the electrolyte also affects the morphol-
ogy of the matrix. In this work an aqueous solution of hydrofluoric acid with the 

Type of structures Sensitivity

ZnO nanowire 26.3 mA mM−1 cm−2

ZnO nanocomb 15.33 μA mM−1 cm−2

ZnO:Co nanocluster 13.3 μA mM−1 cm−2

Pyramid-shaped porous ZnO 237.8 μA mM−1 cm2

Table 2. 
Sensitivity of ZnO nanostructures with different morphology [18].

Figure 1. 
Installation for electrochemical etching: (1) crucible; (2) sample; (3) platform; (4) carriage; and (5) height 
adjustment knob.
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addition of isopropyl alcohol (С3H7OH) was used. This solution provides the neces-
sary wettability of the silicon wafer surface by electrolyte [22–25].

As a result of electrochemical etching, observing the galvanostatic mode (current 
density j = 30 mA/cm2: anodizing time t = 10 min), porous substrates were formed. 
New structures were subsequently used as the basis for the formation of por-Si/Ag 
and por-Si/ZnO composite structures.

2.2 Functionalization methods

To create functionalized composite structures, Ag nanoparticles were deposited 
on the formed porous substrates. Also, under an electrothermal influence, it was 
possible to ensure the diffusion of nanocrystals into the matrix. These functional-
ization methods allow the formation of composites with new structural and physi-
cochemical properties.

2.2.1 Synthesis of silver nanoparticles using silver nitrate (AgNO3)

In this work, silver ink using the recovery method with sodium citrate and with 
the addition of a strong reducing agent, which allows one to achieve the necessary 
concentration of supersaturation in the early stages of synthesis, was obtained [26]. 
Ascorbic or tannic acid can act as a strong reducing agent.

The solution is formed by heating for 30 min a mixture based on silver nitrate, 
sodium citrate and sodium chloride, and a solution of ascorbic acid heated to 95°C 
is added. Then, unreacted components are removed from the solution by cen-
trifugation. Subsequently, in several stages, silver layers were applied followed by 
annealing at a temperature of 150°C for 30 min.

To determine the sizes of the synthesized silver nanoparticles, the scanning 
electron microscopy (SEM) method was used (Figure 2).

Based on the obtained images, it was concluded that the diameter of silver 
nanocrystals is about 20 nm.

2.2.2  Functionalization method based on the electrochemical deposition of zinc 
oxide nanoparticles

In this work, the functionalization of zinc oxide nanoparticles with porous 
silicon samples was carried out using the electrochemical deposition of metals from 
an electrolyte solution [27]. For this methodology an installation was developed as 
shown in Figure 3.

The electrodeposition was carried out as follows: in a crucible (6) with elec-
trolyte (5), which was previously heated to a temperature of 65°C, a previously 
prepared sample of a porous silicon (4) was immersed. An electric current in 
the range from 0.5 to 1 A was passed through anode (6) and cathode (3), which 
provided the beginning of the electrodeposition process. Motor (2) provided a 
continuous mixing of the electrolyte solution during electrodeposition at a speed of 
5000 r/s for 1 h. Then, the samples of porous silicon with a deposited layer of zinc 
were annealed in a muffle furnace at a temperature of 200°C for 20 min.

2.2.3 Functionalization method based on electrothermal diffusion processes

To ensure a high-quality introduction of silver nanoparticles into porous matri-
ces, the method of electrothermal diffusion was used. Installation for the imple-
mentation of this process is presented in Figure 4.
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This installation includes a muffle furnace (1) (capable of maintaining a 
temperature of up to 900°C) with a fixed sample on the worktable. The clamping 
mechanism (acting as the anode) fixes the sample and implements the current to 
the surface layer.

Figure 3. 
Installation for electrodeposition of metals: (1) indicator of motor rotation speed; (2) motor; (3) cathode;  
(4) sample (to which electrodeposition is performed); (5) electrolyte; (6) graphite crucible (anode); and  
(7) heating element (Peltier element).

Figure 2. 
Image of synthesized silver nanoparticles.
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Samples, on which silver layers were deposited by the method of colloidal quan-
tum dots, were fixed on the worktable. Then, the table was placed in a muffle furnace 
and preheated to 200°C for 15 min. This process is necessary to avoid thermal shock 
and prevent the destruction of the material. To activate electro-diffusion, a voltage 
of 300 V was applied to the samples. This electrothermal process was observed for 
25 min. Then, the voltage supply stopped and the samples are cooled for 30 min 
inside the furnace. Using this method a series of samples in which silver nanoparticles 
diffused deep into the porous matrix were obtained. The thermal deposition of metals 
into the porous layer took place at the same parameters as the deposition by electro-
thermal diffusion, but without applying an electric potential to the sample [28–30].

3. Assessment of the morphology of nanostructures using SEM methods

In this work, the samples formed during the experiments were studied by scan-
ning electron microscopy (TESCAN MIRA3 electron microscope). This technique 
allowed us to determine the morphological features of porous matrices before 
and after functionalization processes. The measurement results are presented in 
Figures 5–9.

Based on the obtained images (Figure 5), it was concluded that the size of 
pores for por-Si matrices is about 50 nm and the thickness of the porous layer is 
20 μm. Figure 6 shows the images for porous silicon matrices after the function-
alization process (deposition of silver nanoparticles by the method of colloidal 
quantum dots).

The layered deposition of silver nanoparticles allows to achieve good uniformity 
on the surface of the substrate. Also, according to the data obtained (Figure 6), it 
was found that silver is predominantly localized on the porous matrix and only a 
small fraction goes deep into the wide pores. Figure 7 shows SEM images of samples 
coated with a layer of silver after the electro-diffusion process.

Figure 4. 
Installation for functionalization by electro (E)-diffusion method: (1) muffle furnace; (2) desktop; (3) a 
metal film (cathode); (4) porous semiconductor; (5) metal layer (anode); (6) heaters; (7) milliammeter; 
(8) voltmeter; (9) power supply; and (10) thermometer.
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Figure 5. 
Scanning electron microscopy data of a porous silicon matrix: (a) surface and (b) cross section.

Figure 6. 
Scanning electron microscopy data of por-Si/Ag structures: (a) surface and (b) cross section.

Figure 7. 
SEM data of por-Si/Ag structures after the process of electro-diffusion: (a) surface and (b) cross section.
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Figure 8. 
SEM data of the por-SI/ZnO structure.

It was found (Figure 7) that after the functionalization process based on electro-
diffusion, silver actively diffuses into the pores. The combined effect of the electric 
and thermal conditions ensures the activation of this process. Unlike conventional 
layering, silver nanoparticles occupy almost the entire pore depth.

3.1 Study of composite structures por-Si/ZnO by SEM method

To study the por-Si/ZnO composite structures, scanning electron microscopy 
(TESCAN MIRA3 microscope) was used. Also energy-dispersive X-ray spec-
troscopy (EDX) to analyze the composition was used. The data are presented in 
Figures 8 and 9.

In Table 3 the EDX analysis data described in Figure 9 is presented.
Thus, it was found that zinc particles predominate in the studied structures. The 

mass fraction of Zn is 77.83% of the total mass of por-Si/ZnO. It can be argued that 

Figure 9. 
EDX analysis of por-Si/ZnO structure.
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during the electrochemical deposition of zinc oxide nanoparticles, the active passiv-
ation of the porous surface occurs, followed by the oxidation of the nanoparticles. 
Also based on SEM data, it was concluded that the largest ZnO nanoparticle size 
reaches about 2 μm. The size of the rods in this case varies in the range from 200 nm 
to 1 μm. These particles are formed on the surface of the porous matrix, fixing on its 
surface.

4. The study of composite structures by IR and Raman spectroscopy

4.1 The study of composite structures by IR spectroscopy

The IR transmission spectra of the samples were obtained on a Vertex 70 FTIR 
spectrometer (Bruker) using an attachment for spectroscopy of impaired total 
internal reflection (TIR) [31]. The depth of study of porous silicon samples by 
wavelengths up to 2000 cm−1 does not exceed 1.5 μm by this technique, and in the 
range of 2000–4000 cm−1, it does not exceed 10 μm. Thus, based on our calcula-
tions and the data on the thickness of the porous layers obtained using SEM, by the 
ATR method, we obtain data mainly on the composition of the porous layer with 
an insignificant contribution from the substrate. IR spectra were obtained a month 
after the manufacture of the samples (Figure 10).

According to IR spectroscopy, after 30 days of exposure to the atmosphere, 
the spectrum of a “standard” por-Si sample shows bands characteristic of 
porous silicon, corresponding to Si-Si and Si-H bonds (616 and 634 cm– 1); band 
750–1000 cm−1, corresponding to different types of Si-H and OxSiy bonds; the 
oxide compound peak of Si-O-Si (1060–1250 cm−1); and the band 2150–2250 cm−1, 
corresponding to various types of vibration of bonds of adsorbed hydrogen and 
oxygen-containing groups [32]. In addition, the band at 480 cm−1 of the spectrum 
corresponds to deformation vibrations of Si-O-Si.

The spectra of porous silicon samples with deposited silver nanoparticles were 
uninformative, apparently, due to the high reflectivity of the formed silver film. No 
pronounced absorption bands were observed on the spectra of these samples by this 
technique.

The situation is different for por-Si samples with various methods of functional-
ization (electro-, thermo-, and electrothermodiffusion methods) of ZnO films. The 
deposition of zinc oxide on the surface leads to a change in the degree of oxidation 
of the surface, a decrease in the intensity of the band of the oxide composite peak 
of Si-O-Si stretching vibrations (1060–1250 cm−1), and a characteristic of stoichio-
metric silicon dioxide (SiO2) with an increase in the intensity of the absorption 
peak corresponding to Si-O deformation vibrations—Si. The band corresponding 
to Si-Si bonds also becomes less pronounced against the background of an increase 

Element Mass, % Atom content, %

O K 10.51 29.03

Si K 11.66 18.35

Zn K 77.83 52.62

Total 100 100

Table 3. 
EDX data analysis.
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in the intensity of the complex compound band of 750–1000 cm−1, corresponding 
to various types of Si-H and OxSiy bonds. A change in the shape of the absorption 
band of the spectrum of 750–1000 cm−1 shows that the deposition of zinc oxide 
leads to a decrease in the fraction of Si-Hx bonds on the surface of the porous layer 
and a corresponding increase in oxygen-containing bonds of the OxSiHy type. 
Comparing the samples of porous silicon with ZnO functionalized by different 
methods, we can conclude that, with the general tendency toward a change in the 
oxidation state of porous silicon described above, the electrical effect of zinc oxide 
affects the por-Si surface to a lesser extent than thermal and electrothermal effects 
(Figures 11 and 12).

Comparing the samples of porous silicon with deposited ZnO functionalized 
by different methods, we can conclude that, with the general tendency toward a 
change in the oxidation state of porous silicon described above, the thermal deposi-
tion of zinc oxide affects the por-Si surface to a lesser extent compared to electri-
cally and electrothermally modified.

4.2 The study of composite structures by Raman spectroscopy

Raman spectra (Raman light scattering) were recorded in the backscattering 
geometry at room temperature using a Raman Microscope RamMics M532 EnSpectr 
laboratory Raman spectrometer. As an excitation source, a 532 nm Nd:YAG laser was 
used. The Raman spectroscopy method was used as an addition to the IR spectros-
copy method to determine the effect of metal film deposition on post-processing on 
the composition of the matrix of porous silicon. The estimated depth of analysis by 
this technique was about 1 μm.

The Raman spectrum of porous silicon has the same features as the spectrum of the 
crystalline silicon substrate on which it was grown. However, the spectrum of porous 
silicon broadened the main band corresponding to the TO-phonon line of silicon 
(520.7 cm−1), as well as more pronounced features at 300 (LA phonon of silicon) 

Figure 10. 
IR transmission spectra of samples of porous silicon with deposited silver functionalized by electro-, thermo-, 
and electrothermodiffusion (E-T) methods.

115

Study of Composite Structures Based on a Porous Silicon Matrix and Nanoparticles Ag/Zno…
DOI: http://dx.doi.org/10.5772/intechopen.92850

and 950–1000 cm−1 (TO-phonon, second order). The broadening of the main band 
and the increase in the intensities of the minor bands of the Raman spectrum can be 
explained by the structural deformations of silicon during the formation of pores in it 
(Figures 13 and 14).

It was found that the deposition of silver and zinc oxide into porous silicon does 
not significantly affect the shape of the spectrum of porous silicon. In this case, 
however, a slight broadening of the main band of the TO-phonon of silicon occurs, 
which indicates a slight additional deformation of the porous matrix; moreover, a 
wide band of 1200–1600 cm−1 appears on the Raman spectra of the samples with 
deposited metals, which corresponds to carbon contamination of the surface by the 
deposition products (amorphous carbon).

Figure 11. 
IR transmission spectra of samples of porous silicon with zinc oxide layers functionalized by the methods of 
electro-, thermo-, and electrothermodiffusion methods.

Figure 12. 
(a) IR transmission spectra of samples of porous silicon with deposited zinc oxide nanoparticles functionalized 
by electro-, thermo-, and electrothermodiffusion methods, the spectral region is 760–1500 cm−1. (b) An 
example of deciphering the features of the IR spectrum of porous silicon samples in the region of 760–960 cm−1 
according to [32].
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Figure 14. 
Raman spectra of the samples por-Si and por-Si/Zn under an electrothermal diffusion effect.

5. The study of samples using an ultrasoft X-ray emission spectroscopy

X-ray emission USXES Si L2,3 spectra of the samples were obtained on a 
unique laboratory X-ray spectrometer-RSM-500 monochromator, in high vacuum 
(3 × 10–6 mmHg); the energy resolution of the obtained spectra was 0.3 eV. This 
technique is sensitive to the local partial density of states of atoms of a certain sort, 
due to which a qualitative assessment of the atomic structure of porous silicon and 
a semiquantitative assessment of the relative phase content in this material are pos-
sible [33]. In the case of porous silicon, USXES Si L 2,3 spectra reflect the distribu-
tion of Si 3S + Si 3d states with a predominance of Si 3 s. The depths of analysis by 
this method were ~30 and 60 nm at an accelerating voltage at the anode of the X-ray 
tube, on which the test sample was placed, 2 and 3 kV, respectively.

Figure 13. 
Normalized Raman spectra of porous silicon samples and c-Si substrates.
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The obtained X-ray emission spectra were processed using a special computer 
program, which allows the phase composition of the obtained por-Si samples to be 
determined by summing the spectra of reference materials with the corresponding 
weight coefficients that can be part of the porous layer [33]. When simulating the Si 
L 2,3 spectra of por-Si samples, the following reference spectra were used: single-
crystal silicon (c-Si); amorphous hydrogenated silicon (a-Si:H); low-coordinated 
(lc) silicon Si, which was observed in amorphous Si films [34] (coordination num-
ber ~2.5–3); disordered silicon after implantation with argon Si:Ar; silicon suboxide 
(SiOx), where x is 1.3; and SiO2 [34, 35]. The modeling error was determined as the 
difference between the areas under the experimental and simulated Si L 2,3 spectra 
and did not exceed 10%. In addition the general form of the simulated and experi-
mental spectra was taken into account [36]. The survey was carried out 1 month 
after receiving the samples (Figure 15).

Figures 16 and 17 show the USXES Si L2,3 spectra of samples of the initial 
porous silicon and porous silicon with deposited silver and zinc oxide nanoparticles, 
obtained for the analysis depths of 30 (a) and 60 (b) nm.

Figure 15. 
USXES Si L2,3 spectra of reference phases.

Figure 16. 
USXES Si L2,3 porous silicon and por-Si with deposited silver nanoparticles.
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(3 × 10–6 mmHg); the energy resolution of the obtained spectra was 0.3 eV. This 
technique is sensitive to the local partial density of states of atoms of a certain sort, 
due to which a qualitative assessment of the atomic structure of porous silicon and 
a semiquantitative assessment of the relative phase content in this material are pos-
sible [33]. In the case of porous silicon, USXES Si L 2,3 spectra reflect the distribu-
tion of Si 3S + Si 3d states with a predominance of Si 3 s. The depths of analysis by 
this method were ~30 and 60 nm at an accelerating voltage at the anode of the X-ray 
tube, on which the test sample was placed, 2 and 3 kV, respectively.

Figure 13. 
Normalized Raman spectra of porous silicon samples and c-Si substrates.
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The obtained X-ray emission spectra were processed using a special computer 
program, which allows the phase composition of the obtained por-Si samples to be 
determined by summing the spectra of reference materials with the corresponding 
weight coefficients that can be part of the porous layer [33]. When simulating the Si 
L 2,3 spectra of por-Si samples, the following reference spectra were used: single-
crystal silicon (c-Si); amorphous hydrogenated silicon (a-Si:H); low-coordinated 
(lc) silicon Si, which was observed in amorphous Si films [34] (coordination num-
ber ~2.5–3); disordered silicon after implantation with argon Si:Ar; silicon suboxide 
(SiOx), where x is 1.3; and SiO2 [34, 35]. The modeling error was determined as the 
difference between the areas under the experimental and simulated Si L 2,3 spectra 
and did not exceed 10%. In addition the general form of the simulated and experi-
mental spectra was taken into account [36]. The survey was carried out 1 month 
after receiving the samples (Figure 15).

Figures 16 and 17 show the USXES Si L2,3 spectra of samples of the initial 
porous silicon and porous silicon with deposited silver and zinc oxide nanoparticles, 
obtained for the analysis depths of 30 (a) and 60 (b) nm.

Figure 15. 
USXES Si L2,3 spectra of reference phases.

Figure 16. 
USXES Si L2,3 porous silicon and por-Si with deposited silver nanoparticles.
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At an analysis depth of 30 nm by the USXES method, the following data were 
obtained. The closer to the surface layer of the initial porous silicon is predomi-
nantly oxidized, the fraction of unoxidized silicon (c-Si, a-Si) on the surface is less 
than 50% (burst 10%), while por-Si/Ag substrate functionalized by the electrical 
and electrothermal methods leads to stronger oxidation matrices predominant 
in the surface composition of SiO2 oxide. Thermal method of modification has a 
lesser effect on the surface composition of the porous silicon matrix used, while the 
fraction of unoxidized phases in the surface composition slightly increases. This can 
be attributed to the morphological features of the film grown on the surface by this 
technique.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the phase composition of more porous silicon is expectedly less 
oxidized compared to its surface; the contribution of crystalline and amorphous 
silicon phases prevails over the contribution from oxide phases. In this case, the por-
Si/Ag samples functionalized by all methods have a significantly smaller effect on the 
composition of the por-Si matrix layer deeper; phase analysis shows approximately 
the same ratio of oxidized and non-oxidized phases as in the initial porous silicon 
with a slight increase in the oxidation state, i.e., defective SiOx is oxidized to SiO2, 
while maintaining the proportion of SiOx + SiO2 in the total phase composition.

The following data were obtained for composites with precipitated ZnO at an 
analysis depth of 30 nm using the USXES method. Recall that we used the same 
matrix of porous silicon in the same series of samples. As in the case of the deposi-
tion of silver nanoparticles, the functionalization of zinc oxide structures by the 
thermal method has the least effect on the surface composition of the porous silicon 
matrix used (toward a slightly higher matrix oxidation). This can be attributed 
to the morphological features of the film grown on the surface by this technique. 
The functionalization of ZnO particles by electro- and electrothermal diffusion 
methods leads to a stronger change in the composition of the matrix surface, 
namely, a significantly smaller contribution of silicon oxide phases, with the most 
pronounced changes observed in samples with ZnO electrochemical modification.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the most pronounced changes in the phase composition, as well 
as at a shorter depth of analysis, are observed in samples with por-Si/ZnO samples 
with electrical modification; the degree of oxidation of the porous layer in these 
samples is significantly lower than the initial porous silicon. In electrothermal and 
thermal functionalization, the most severe changes which are observed in por-Si/
ZnO samples with electrical modification to a lesser extent affect the composition 
of the matrix, leading to a slight increase in the fraction of oxide phases.

Figure 17. 
USXES Si L2,3 porous silicon and por-Si with deposited ZnO nanoparticles.
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6. The study of the photoluminescent characteristics of samples

The photoluminescent (PL) spectra of multilayer porous silicon were mea-
sured using an experimental setup based on an OceanOptics USB4000-VIS–NIR 
(350–1000 nm) optical fiber spectrometer. An HP Lightning light-emitting diode 
(LED) was used as the PL excitation source, the maximum radiation wavelength of 
which was 405 nm (~3.06 eV). A quartz-focusing lens and a band-pass filter were 
installed in front of the LED, cutting out the long-wavelength region of the LED’s 
radiation. The PL radiation of the samples was introduced into the QP600–2-UV–
VIS (OceanOptics) fiber through a collimator. Next, the radiation was directed to 
the input of the spectrometer. The measurements were carried out in the dark in the 
absence of scattered light sources a month after the preparation of the samples.

The photoluminescence spectrum of the initial porous silicon is a band in the 
region of 500–800 nm with a peak of ~650 nm and is a characteristic of por-Si 
samples obtained by this method. The deposition of silver nanoparticles using 

Figure 18. 
PL spectra of samples of porous silicon and porous silicon with deposited silver nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/Ag (T)) porous silicon with Ag nanoparticles functionalized by thermal exposure, (por-Si/
Ag (E)) porous silicon with Ag nanoparticles functionalized by electrical exposure, (por-Si/Ag (ET)) porous 
silicon with Ag nanoparticles functionalized by electrothermal exposure.

Figure 19. 
PL spectra of samples of porous silicon and porous silicon with deposited ZnO nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/ZnO (T)) porous silicon with ZnO nanoparticles functionalized by thermal exposure, (por-Si/
ZnO (E)) porous silicon with ZnO nanoparticles functionalized by electrical exposure, (por-Si/ZnO (ET)) 
porous silicon with ZnO nanoparticles functionalized by electrothermal exposure.
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At an analysis depth of 30 nm by the USXES method, the following data were 
obtained. The closer to the surface layer of the initial porous silicon is predomi-
nantly oxidized, the fraction of unoxidized silicon (c-Si, a-Si) on the surface is less 
than 50% (burst 10%), while por-Si/Ag substrate functionalized by the electrical 
and electrothermal methods leads to stronger oxidation matrices predominant 
in the surface composition of SiO2 oxide. Thermal method of modification has a 
lesser effect on the surface composition of the porous silicon matrix used, while the 
fraction of unoxidized phases in the surface composition slightly increases. This can 
be attributed to the morphological features of the film grown on the surface by this 
technique.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the phase composition of more porous silicon is expectedly less 
oxidized compared to its surface; the contribution of crystalline and amorphous 
silicon phases prevails over the contribution from oxide phases. In this case, the por-
Si/Ag samples functionalized by all methods have a significantly smaller effect on the 
composition of the por-Si matrix layer deeper; phase analysis shows approximately 
the same ratio of oxidized and non-oxidized phases as in the initial porous silicon 
with a slight increase in the oxidation state, i.e., defective SiOx is oxidized to SiO2, 
while maintaining the proportion of SiOx + SiO2 in the total phase composition.

The following data were obtained for composites with precipitated ZnO at an 
analysis depth of 30 nm using the USXES method. Recall that we used the same 
matrix of porous silicon in the same series of samples. As in the case of the deposi-
tion of silver nanoparticles, the functionalization of zinc oxide structures by the 
thermal method has the least effect on the surface composition of the porous silicon 
matrix used (toward a slightly higher matrix oxidation). This can be attributed 
to the morphological features of the film grown on the surface by this technique. 
The functionalization of ZnO particles by electro- and electrothermal diffusion 
methods leads to a stronger change in the composition of the matrix surface, 
namely, a significantly smaller contribution of silicon oxide phases, with the most 
pronounced changes observed in samples with ZnO electrochemical modification.

With a greater depth of analysis by the USXES method, at 60 nm, the following 
data were obtained: the most pronounced changes in the phase composition, as well 
as at a shorter depth of analysis, are observed in samples with por-Si/ZnO samples 
with electrical modification; the degree of oxidation of the porous layer in these 
samples is significantly lower than the initial porous silicon. In electrothermal and 
thermal functionalization, the most severe changes which are observed in por-Si/
ZnO samples with electrical modification to a lesser extent affect the composition 
of the matrix, leading to a slight increase in the fraction of oxide phases.

Figure 17. 
USXES Si L2,3 porous silicon and por-Si with deposited ZnO nanoparticles.
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(350–1000 nm) optical fiber spectrometer. An HP Lightning light-emitting diode 
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VIS (OceanOptics) fiber through a collimator. Next, the radiation was directed to 
the input of the spectrometer. The measurements were carried out in the dark in the 
absence of scattered light sources a month after the preparation of the samples.

The photoluminescence spectrum of the initial porous silicon is a band in the 
region of 500–800 nm with a peak of ~650 nm and is a characteristic of por-Si 
samples obtained by this method. The deposition of silver nanoparticles using 

Figure 18. 
PL spectra of samples of porous silicon and porous silicon with deposited silver nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/Ag (T)) porous silicon with Ag nanoparticles functionalized by thermal exposure, (por-Si/
Ag (E)) porous silicon with Ag nanoparticles functionalized by electrical exposure, (por-Si/Ag (ET)) porous 
silicon with Ag nanoparticles functionalized by electrothermal exposure.

Figure 19. 
PL spectra of samples of porous silicon and porous silicon with deposited ZnO nanoparticles with different 
types of functionalization; a) full spectra for all samples, b) local part of the spectrum: (por-Si) - porous 
silicon, (por-Si/ZnO (T)) porous silicon with ZnO nanoparticles functionalized by thermal exposure, (por-Si/
ZnO (E)) porous silicon with ZnO nanoparticles functionalized by electrical exposure, (por-Si/ZnO (ET)) 
porous silicon with ZnO nanoparticles functionalized by electrothermal exposure.
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the techniques used in this work leads to a noticeable shift of the PL peak toward 
shorter wavelengths with a slight decrease in the PL intensity. The peak of the PL of 
samples with por-Si/Ag samples modified by various techniques is in the region of 
550–600 nm, with the highest PL intensity having the composite sample function-
alized by thermal exposure (Figures 18 and 19).

The deposition of zinc oxide nanostructures by the methods used in this work, 
as in the case of deposition of silver nanoparticles, leads to a noticeable shift of 
the PL peak toward shorter wavelengths with a slight decrease in the PL intensity. 
The peak of the PL of por-Si/ZnO samples functionalized by various techniques 
is in the range of 550–600 nm, with the highest PL intensity having the composite 
sample modified by electrical exposure.

7. Conclusions

1. There were a series of porous silicon substrate by electrochemical etching ob-
tained. To create functionalized composite structures, Ag and ZnO nanopar-
ticles were deposited on the formed porous substrates. Silver ink was formed 
by reducing sodium citrate at high supersaturation concentrations. Zinc oxide 
nanoparticles were deposited on substrates by electrochemical deposition of 
metals from an electrolyte solution. To ensure the effective introduction of 
silver and zinc oxide nanoparticles into the porous matrix, the method of elec-
trothermal diffusion was used.

2. There were obtained data by scanning electron microscopy for all series of 
samples. Based on the analyzed images, it was concluded that the porous 
silicon substrate pore size is about 50 nm and the thickness of the porous layer 
20 μm. When silver nanoparticles are deposited on a porous matrix, local-
ization is achieved mainly on the surface of the substrate. By the method of 
electrothermal diffusion of the nanoparticle, active diffusion of particles deep 
into the pores was achieved. Silver actively diffuses into the pores, occupying 
almost the entire pore depth. Thus, SEM made it possible to estimate the par-
ticle size of ZnO reaching up to 2 μm (rod lengths in the range from 200 nm to 
1 μm). Particles of such sizes do not penetrate into the pores and remain fixed 
on the surface of the porous matrix.

3. There were obtained data on the surface composition of nanostructures by IR 
and Raman spectroscopies. The IR transmission spectra of the samples were 
detected on a Vertex 70 FTIR spectrometer (Bruker). An analysis of the spec-
tra indicates that the exposure of the samples in the atmosphere activates the 
oxide compound peak Si-O-Si (1060–1250 cm−1). Also, on the spectra there is a 
band at 480 cm−1 corresponding to deformation vibrations of Si-O-Si.

Due to the high reflectivity of the silver layer, it was not possible to reveal 
pronounced absorption bands in the spectra. In this case, the obtained data for 
por-Si/ZnO composite structures led to the conclusion that the deposition of a 
zinc oxide layer on the substrate leads to a change in the oxidation state of the 
surface, which leads to a decrease in the intensity of the oxide composite peak 
band of Si-O-Si stretching vibrations (1060–1250 cm−1). The spectra showed 
changes in the shape of the absorption band of the spectrum of 750–1000 cm−1. 
This fact indicates a decrease in the fraction of Si-Hx bonds and a correspond-
ing increase in oxygen-containing bonds of the OxSiHy type when silver 
nanoparticles are deposited on the substrate surface.

121

Study of Composite Structures Based on a Porous Silicon Matrix and Nanoparticles Ag/Zno…
DOI: http://dx.doi.org/10.5772/intechopen.92850

4. By the method of ultrasoft X-ray emission spectroscopy, data on the atomic 
and electronic structures and phase composition of the nanostructures were 
obtained. USXES X-ray emission spectra indicate that the porous matrix is pri-
marily predominantly oxidized by a, the fraction of unoxidized silicon (c-Si, 
a-Si) on the surface is less than 50% (burst 10%), while the deposition of silver 
nanoparticles leads to stronger oxidation of the matrix, the prevalence of SiO2 
oxide in the surface composition. In this case, an increase in the fraction of 
unoxidized phases in the surface composition is observed.

For composite structures based on por-Si/ZnO and por-Si/Ag, the USXES 
method was used to analyze the phase composition at various depths of 30 and 
60 nm. For both types of composite matrices, temperature oxidation at depths 
of 30 nm and 60 nm results in the oxidation of the active surface, but the 
overall composition remains almost unchanged. It should be noted that during 
the functionalization of composite structures by the methods of electro- and 
electrothermodiffusion, a significant change in the composition of the surface 
layer occurs as a result of diffusion processes. A significant decrease in the 
oxide phases of silicon was also noted.

5. The photoluminescent characteristics of the samples were investigated using 
a USBO4000-VIS–NIR fiber-optic spectrometer (350–1000 nm) from Ocean-
Optics (the maximum radiation wavelength of which was 405 nm (~3.06 eV)). 
When studying the spectra of substrates, characteristic spectra were obtained 
for this type of porous matrices (a band in the region of 500–800 nm with a 
peak of ~650 nm). The functionalization of the surface by silver nanoparticles 
leads to a noticeable shift of the PL peak toward shorter wavelengths with a 
slight decrease in the PL intensity. The electrical, thermal, and combined ef-
fects are determined on the PL spectra by a peak in the region of 550–600 nm, 
while the composite structure corresponding to the thermal effect has the 
highest PL intensity.

The deposition of zinc oxide nanostructures by the methods used in this work, 
as in the case of deposition of silver nanoparticles, leads to a noticeable shift 
of the PL peak toward shorter wavelengths with a slight decrease in the PL in-
tensity. The PL peak of samples with ZnO nanostructures deposited by various 
techniques is in the range of 550–600 nm. Unlike por-Si/structures, the highest 
PL intensity has a sample that was subjected to electrothermal interaction.

6. The main results of this work include the data obtained during the study, which 
allow to determine the patterns of influence of the presented functionalization 
modes on the characteristics of porous matrices. The studied structures can be 
used as sensory devices with an increased level of sensitivity and have a wide 
range of detectable analyses.
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Chapter 8

Investigation of Shielding 
Effectiveness of M-Type Ba-Co-Ti 
Hexagonal Ferrite and Composite 
Materials in Microwave X-Band 
Systems
Charanjeet Singh, S. Bindra Narang and Ihab A. Abdel-Latif

Abstract

Ferrites are a wide class of materials that are still a very rich field of scientific 
interest and under the scope of recent research. The polycrystalline Co2+-Ti4+ sub-
stituted Ba hexagonal ferrite has been synthesized by the standard ceramic method. 
The vector network analyzer has been incorporated to measure different micro-
wave parameters at X-band (8.2–12.4 GHz) frequencies. The microwave shielding 
effectiveness is evaluated by S-parameters for near field and AC conductivity as 
well as skin depth for far field. The doping of Co2+ and Ti4+ ions causes absorption in 
composite x = 0.5 to exhibit good shielding effectiveness and it exhibits large 20-dB 
bandwidth of 4.70 GHz in the near field and 3.60 GHz for far field respectively. The 
AC conductivity increases with frequency in composites x = 0.1, 0.3, and 0.5 and 
skin depth decreases with frequency in all composites. The shielding effectiveness, 
AC conductivity, and skin depth are correlated to each other.

Keywords: ferrites, hexaferrite, microwave shielding, AC conductivity

1. Introduction

Ferrites are a wide class of materials containing iron. These materials are formed 
in different crystalline symmetries. A simple form of ferrites is the spinel AB2O4 of 
cubic structure [1–9]. The orthoferrites ABO3 are another important form with an 
orthorhombic perovskite crystal system [10–19]. The third class of ferrites are garnets 
of form A3B5O12 [20–29]. The fourth class, termed as hexaferrites, may be divided 
into five main groups: M-type (AB12O19), W-type (AMe2B16O27), X-type A2Me2B28O46, 
Y-type A2Me2B12O22, and Z-type or A3Me2B24O41 [30–49]. The preparation of these 
materials and their characterization are very rich topics because of the wide range of 
applications and the cheap materials obtained. Ferrites are a very interesting class of 
materials whose wide range of applications are related to electromagnetic interference 
suppression as well as their use in radar absorbing material (RAM) coatings [50]. 
From this point of view, great scientific interests are devoted to use these materials as 
RAM devices [51–54]. In this work the intensive highlights is devoted to the micro-
wave applications and which class is the best candidate for this application.
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The tremendous rise in speed of electronic devices and widespread incorpora-
tion of information technology for various technological applications have pumped 
up electromagnetic pollution to dangerous levels. The high-speed electronic gadgets 
emit spurious wireless signals rendering the electromagnetic disturbance/interfer-
ence (EMI) to the electrical and/or electronic circuits in the vicinity.

A microwave absorber reduces unwanted radiation emitted from high-speed 
electronic devices such as radar, oscillators, and supercomputers. The ferrimagnetic 
materials ferrites have the potential ability to reduce electromagnetic interference 
(EMI) in contrast with conventional dielectrics owing to their magneto/dielectric prop-
erties [55–60]. Electronic devices constitute integrated circuits (ICs) wherein numerous 
components are embedded and such components are encapsulated with ferrite films 
to mitigate EMI. The frequency range of application of extensively used spinel ferrites 
is limited by Snoek’s limit and they are not effective at GHz range. M-type hexagonal 
ferrites are tailored for EMI diminution in the higher end of microwave region, that is, 
X-band, Ku-band, K-band, etc. [61–65]: these ferrites allow to tune in the frequency 
region through doping accompanied by anisotropy field. Both the electric and magnetic 
properties define the capabilities of these materials to store energy and are described by 
analyzing the real parts of complex permittivity (ε′) and permeability (μ′), respectively. 
On the other side, imaginary parts (ε′′, μ″) are very important parameters that describe 
the loss of electric and magnetic energy.

Different researches have been devoted to electromagnetic interference (EMI) 
shielding effectiveness (SE) and EMI shielding mechanisms [66–68] of high struc-
ture carbon black (HS-CB)/polypropylene (PP) composites and multiwalled carbon 
nanotubes-polymethyl methacrylate (MWCNT-PMMA) in the X-band frequency 
range. They studied different thickness of composite plates electrical conductivities. 
Their results showed that the absorption loss contribution to the overall attenua-
tion is more than the contribution of the reflection loss for HS-CB/PP composites. 
Moreover, EMI SE up to 40 dB in the frequency range 8.2–12.4 GHz (X-band) was 
achieved in Ref. [69] by stacking seven layers of 0.3-mm-thick MWCNT-PMMA 
composite films compared with 30 dB achieved by stacking two layers of 1.1-mm-
thick MWCNT-PMMA bulk composite.

Recently, graphene composites have been found to be one of the most promis-
ing candidates for high-performance porous microwave absorbers in ref. [70] 
because of their 3D conductive network and multiple scattering. A qualified 
frequency bandwidth (reflection loss <−10 dB) reaches 5.28 GHz covering almost 
the entire Ku band at 2 mm thickness. These results might open the door for a 
new design of lightweight coating absorber. This may allow us to say that the 
performance of microwave devices is mainly based on the properties of the used 
materials. Knowledge of the frequency dependence of such material is a prerequi-
site to select suitable materials for various microwave applications and vice versa 
[71–73]. Novel nanocomposite systems are prepared for microwave applications 
such as para-toluene sulfonic acid (p-TSA)-doped polyaniline (PANI)-graphene 
nanoplatelet (GRNP) composite films. The addition of GRNPs in the PANI matrix 
allows to improve the conductivity and dielectric properties of the composites due 
to the formation of 3D conducting networks. Shielding effectiveness of the PANI-
GRNP composite films doped with p-TSA was examined by using S-parameters 
obtained from vector network analyzer in the X-band microwave frequencies. The 
efficiency of shielding for these composites depends on GRNP’s content in the 
PANI matrix [74]. Electrical and mechanical properties of carboxylic (▬COOH) 
functionalized multiwall carbon nanotube (MWNTs)/epoxy composites at low 
wt.% (0.5, 0.75, and 1 wt.%) are studied in Ref. [75]. Microwave shielding effec-
tiveness (SE) for X-band (8–12 GHz) and the flexural properties showed that the 
total SE of the nanocomposites was increased with the positive gradient of MWNT 
contents. Great efforts have been made to improve the requirements for microwave 
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applications in X-band and new materials are being tested [70, 76–78]. Promising 
results were found and the search for new materials continues.

In the present chapter, we have explored EMI shielding effectiveness character-
istics of M-type Ba-Co-Ti hexagonal ferrites.

2. Experimental details

The M-type BaCoxTixFe(12−2x)O19 hexaferrites, with x = 0.1, 0.3, 0.5, and 0.7, 
were prepared by ceramic method. The powder chemicals were mixed thoroughly, 
ground, and sintered in an electric furnace at 900°C for 7 h. The pellets were made 
of the powder with the hydraulic press at uniform pressure of 75 kN/m2 and final 
sintering was done at 1100°C for 9 h. The crystal structure was measured using 
Bruker D8Diffractometer of Cu X-ray radiation.

The microwave properties have been studied by the vector network analyzer, 
Agilent model N5225A. Before performing the measurements, permittivity and 
permeability of air were measured with an analyzer for calibration purposes. The 
DC resistivity (ρdc) was investigated using Keithley Electrometer, model 6514. The 
selected thickness of composites for optimized characteristics are x = 0.1–3.3 mm, 
x = 0.3–3.8 mm, x = 0.5–3.4 mm, and x = 0.7–3.2 mm.

3. Results and discussion

Figure 1 shows patterns obtained from X-ray diffraction of BaCoxTixFe(12−2x)O19 
hexaferrite composites. The observed XRD peaks confirm M-type phase of hexafer-
rite with space group P63/mmc. The change of intensity in the peaks shows that the 
substituted Co2+ and Ti4+ ions have occupied crystallographic sites.

3.1 Shielding in near field

The shielding effectiveness (SE) is accompanied by reflection or absorption of 
unwanted microwave signal (EMI) and can be represented as SE = SER + SEA with 
SER due to reflection and SEA as absorption. When the microwave signal passes 

Figure 1. 
X- ray diffraction pattern of BaCoxTixFe(12−2x)O19 ferrite.
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Recently, graphene composites have been found to be one of the most promis-
ing candidates for high-performance porous microwave absorbers in ref. [70] 
because of their 3D conductive network and multiple scattering. A qualified 
frequency bandwidth (reflection loss <−10 dB) reaches 5.28 GHz covering almost 
the entire Ku band at 2 mm thickness. These results might open the door for a 
new design of lightweight coating absorber. This may allow us to say that the 
performance of microwave devices is mainly based on the properties of the used 
materials. Knowledge of the frequency dependence of such material is a prerequi-
site to select suitable materials for various microwave applications and vice versa 
[71–73]. Novel nanocomposite systems are prepared for microwave applications 
such as para-toluene sulfonic acid (p-TSA)-doped polyaniline (PANI)-graphene 
nanoplatelet (GRNP) composite films. The addition of GRNPs in the PANI matrix 
allows to improve the conductivity and dielectric properties of the composites due 
to the formation of 3D conducting networks. Shielding effectiveness of the PANI-
GRNP composite films doped with p-TSA was examined by using S-parameters 
obtained from vector network analyzer in the X-band microwave frequencies. The 
efficiency of shielding for these composites depends on GRNP’s content in the 
PANI matrix [74]. Electrical and mechanical properties of carboxylic (▬COOH) 
functionalized multiwall carbon nanotube (MWNTs)/epoxy composites at low 
wt.% (0.5, 0.75, and 1 wt.%) are studied in Ref. [75]. Microwave shielding effec-
tiveness (SE) for X-band (8–12 GHz) and the flexural properties showed that the 
total SE of the nanocomposites was increased with the positive gradient of MWNT 
contents. Great efforts have been made to improve the requirements for microwave 
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applications in X-band and new materials are being tested [70, 76–78]. Promising 
results were found and the search for new materials continues.

In the present chapter, we have explored EMI shielding effectiveness character-
istics of M-type Ba-Co-Ti hexagonal ferrites.

2. Experimental details

The M-type BaCoxTixFe(12−2x)O19 hexaferrites, with x = 0.1, 0.3, 0.5, and 0.7, 
were prepared by ceramic method. The powder chemicals were mixed thoroughly, 
ground, and sintered in an electric furnace at 900°C for 7 h. The pellets were made 
of the powder with the hydraulic press at uniform pressure of 75 kN/m2 and final 
sintering was done at 1100°C for 9 h. The crystal structure was measured using 
Bruker D8Diffractometer of Cu X-ray radiation.

The microwave properties have been studied by the vector network analyzer, 
Agilent model N5225A. Before performing the measurements, permittivity and 
permeability of air were measured with an analyzer for calibration purposes. The 
DC resistivity (ρdc) was investigated using Keithley Electrometer, model 6514. The 
selected thickness of composites for optimized characteristics are x = 0.1–3.3 mm, 
x = 0.3–3.8 mm, x = 0.5–3.4 mm, and x = 0.7–3.2 mm.

3. Results and discussion

Figure 1 shows patterns obtained from X-ray diffraction of BaCoxTixFe(12−2x)O19 
hexaferrite composites. The observed XRD peaks confirm M-type phase of hexafer-
rite with space group P63/mmc. The change of intensity in the peaks shows that the 
substituted Co2+ and Ti4+ ions have occupied crystallographic sites.

3.1 Shielding in near field

The shielding effectiveness (SE) is accompanied by reflection or absorption of 
unwanted microwave signal (EMI) and can be represented as SE = SER + SEA with 
SER due to reflection and SEA as absorption. When the microwave signal passes 

Figure 1. 
X- ray diffraction pattern of BaCoxTixFe(12−2x)O19 ferrite.
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through the material, part of the signal is reflected and remaining transmitted or 
absorbed. The reflected power (Pr) and transmitted power (Pt) are derived from 
measured S-parameters: Pr = |S11|2 and Pt = |S22|2, SEA and SER can be calculated as:

 ( )A t r10 log P / 1 PSE = − −    (1)

 ( )R r10 log 1 PSE = − −  (2)

Figure 2 shows plots of EMI shielding effectiveness (SEA) versus frequency for 
doping of Co2+ and Ti4+ ions. Composites x = 0.5 and 0.7 exhibit highest (38.9 dB) 
and lowest (7.9 dB) values at 10.26 and 12.03 GHz respectively and these composites 
stay at maximum and minimum values in the frequency regime.

All composites exhibit nonlinear decrease in SEA with frequency and composites 
x = 0.1, 0.3, and 0.5 show more dispersion in SEA with frequency: x = 0.1, 0.3, and 
0.7 displaying maxima at 9.27 GHz and x = 0.5 at 10.26 GHz. All composites stay at 
SEA > 10 dB or 90% absorption, encompassing the entire frequency region.

Figure 3 depicts the response of shielding effectiveness (SER) of 
BaCoxTixFe(12−2x)O19 ferrite versus frequency for doping of Co2+ and Ti4+ ions. All 
composites exhibit: (i) minimum SER in comparison to SEA encompassing the entire 
frequency region, (ii) nearly the same trend of SER in the investigated frequency 
regime, and (iii) maxima in the mid-frequency region. The shielding effectiveness 
(SER) due to reflection is very small and SER owe excursion between 0.2 and 2.5 dB. 
The low SER implies no composite can act as a microwave reflector shield. The 
composite x = 0.5 has largest SER = 2.48 dB at 10.39 GHz.

3.2 Shielding in far field

Shielding effectiveness for far field can be evaluated by classical electromagnetic 
field theory with the following relation [79]:

 ( ) ( ) ( )010 log / 16 20 d / log eacSE dB σ ωε δ= +  (3)

Figure 2. 
Variation of shield effectiveness due to absorption (SEA) with frequency for BaCoxTixFe(12−2x)O19 ferrite 
(x = 0.1, 0.3, 0.5, 0.7).

133

Investigation of Shielding Effectiveness of M-Type Ba-Co-Ti Hexagonal Ferrite and Composite…
DOI: http://dx.doi.org/10.5772/intechopen.91204

where σac is the AC conductivity, ω is the angular frequency, ε0 is the absolute 
permittivity, d is the thickness of the shield, δ is the skin depth, and μr is the relative 
permeability.

Furthermore, σac = ωε0ε″ and δ = (2/μoωσac)1/2, where μo and ε″ are dielectric 
loss and absolute permeability respectively. The first term, 10 log(σac/16ωε0), in Eq. 
(3) is the shielding effectiveness due to reflection and second term, 20(d/δ) log e, 
relates to the absorption of the microwave signal. The second term is effective at 
high frequencies and Eq. (3) can be rewritten as:

 ( )µo
1/2d / 2 e20 logacASE ωσ=  (4)

Figure 4 depicts the graph of AC conductivity (σac) as a function of frequency 
for doping of Co2+ and Ti4+. It increases with doping from x = 0.1, 0.3 and x = 0.5 
followed by prevalent fall in x = 0.7: composite x = 0.5 observes more dispersion 
with frequency and large value of σac in comparison to other composites. The rise 

Figure 3. 
Variation of shield effectiveness due to reflection (SER) with frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 
0.3, 0.5, 0.7).

Figure 4. 
Plots of ΑC conductivity versus frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7).
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through the material, part of the signal is reflected and remaining transmitted or 
absorbed. The reflected power (Pr) and transmitted power (Pt) are derived from 
measured S-parameters: Pr = |S11|2 and Pt = |S22|2, SEA and SER can be calculated as:

 ( )A t r10 log P / 1 PSE = − −    (1)

 ( )R r10 log 1 PSE = − −  (2)

Figure 2 shows plots of EMI shielding effectiveness (SEA) versus frequency for 
doping of Co2+ and Ti4+ ions. Composites x = 0.5 and 0.7 exhibit highest (38.9 dB) 
and lowest (7.9 dB) values at 10.26 and 12.03 GHz respectively and these composites 
stay at maximum and minimum values in the frequency regime.

All composites exhibit nonlinear decrease in SEA with frequency and composites 
x = 0.1, 0.3, and 0.5 show more dispersion in SEA with frequency: x = 0.1, 0.3, and 
0.7 displaying maxima at 9.27 GHz and x = 0.5 at 10.26 GHz. All composites stay at 
SEA > 10 dB or 90% absorption, encompassing the entire frequency region.

Figure 3 depicts the response of shielding effectiveness (SER) of 
BaCoxTixFe(12−2x)O19 ferrite versus frequency for doping of Co2+ and Ti4+ ions. All 
composites exhibit: (i) minimum SER in comparison to SEA encompassing the entire 
frequency region, (ii) nearly the same trend of SER in the investigated frequency 
regime, and (iii) maxima in the mid-frequency region. The shielding effectiveness 
(SER) due to reflection is very small and SER owe excursion between 0.2 and 2.5 dB. 
The low SER implies no composite can act as a microwave reflector shield. The 
composite x = 0.5 has largest SER = 2.48 dB at 10.39 GHz.

3.2 Shielding in far field

Shielding effectiveness for far field can be evaluated by classical electromagnetic 
field theory with the following relation [79]:

 ( ) ( ) ( )010 log / 16 20 d / log eacSE dB σ ωε δ= +  (3)

Figure 2. 
Variation of shield effectiveness due to absorption (SEA) with frequency for BaCoxTixFe(12−2x)O19 ferrite 
(x = 0.1, 0.3, 0.5, 0.7).
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where σac is the AC conductivity, ω is the angular frequency, ε0 is the absolute 
permittivity, d is the thickness of the shield, δ is the skin depth, and μr is the relative 
permeability.

Furthermore, σac = ωε0ε″ and δ = (2/μoωσac)1/2, where μo and ε″ are dielectric 
loss and absolute permeability respectively. The first term, 10 log(σac/16ωε0), in Eq. 
(3) is the shielding effectiveness due to reflection and second term, 20(d/δ) log e, 
relates to the absorption of the microwave signal. The second term is effective at 
high frequencies and Eq. (3) can be rewritten as:

 ( )µo
1/2d / 2 e20 logacASE ωσ=  (4)

Figure 4 depicts the graph of AC conductivity (σac) as a function of frequency 
for doping of Co2+ and Ti4+. It increases with doping from x = 0.1, 0.3 and x = 0.5 
followed by prevalent fall in x = 0.7: composite x = 0.5 observes more dispersion 
with frequency and large value of σac in comparison to other composites. The rise 

Figure 3. 
Variation of shield effectiveness due to reflection (SER) with frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 
0.3, 0.5, 0.7).

Figure 4. 
Plots of ΑC conductivity versus frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7).
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in σac is seen with frequency in composite x = 0.1, 0.3, and 0.5; however, it remains 
nearly independent of frequency in x = 0.7. This increase in σac is ascribed to Koops-
Wagner model, which explains ferrite comprising of heterogeneous structure [80]: 
ferrites owe layers of good conducting grains, effective at high frequencies, are 
separated by poor conducting grain boundaries that are effective at low frequencies.

The composites x = 0.1, 0.3, 0.5, and 0.7 have DC resistivity (ρdc) of 
693.6 MΩ cm, 2.8 kΩ cm, 0.5 kΩ cm, and 33.8 MΩ cm, respectively. The composite 
x = 0.1 has the highest resistivity but still a large σac attributed to the presence of 
more strength of Fe3+: electron hopping between Fe3+–Fe2+ ions is responsible for 
conduction in ferrites [81]. Among all composites, composite x = 0.5 (i) owe maxi-
mum σac besides with diminution in the number of Fe3+ ions and (ii) has the lowest 
DC resistivity. The competition between these factors altogether increases σac in this 

Figure 6. 
Plots of SEA versus (σac)0.5(S/m)0.5 for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7).

Figure 5. 
Change in skin depth (δ) with frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7) with frequency 
in X-band.
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in σac is seen with frequency in composite x = 0.1, 0.3, and 0.5; however, it remains 
nearly independent of frequency in x = 0.7. This increase in σac is ascribed to Koops-
Wagner model, which explains ferrite comprising of heterogeneous structure [80]: 
ferrites owe layers of good conducting grains, effective at high frequencies, are 
separated by poor conducting grain boundaries that are effective at low frequencies.

The composites x = 0.1, 0.3, 0.5, and 0.7 have DC resistivity (ρdc) of 
693.6 MΩ cm, 2.8 kΩ cm, 0.5 kΩ cm, and 33.8 MΩ cm, respectively. The composite 
x = 0.1 has the highest resistivity but still a large σac attributed to the presence of 
more strength of Fe3+: electron hopping between Fe3+–Fe2+ ions is responsible for 
conduction in ferrites [81]. Among all composites, composite x = 0.5 (i) owe maxi-
mum σac besides with diminution in the number of Fe3+ ions and (ii) has the lowest 
DC resistivity. The competition between these factors altogether increases σac in this 

Figure 6. 
Plots of SEA versus (σac)0.5(S/m)0.5 for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7).

Figure 5. 
Change in skin depth (δ) with frequency for BaCoxTixFe(12−2x)O19 ferrite (x = 0.1, 0.3, 0.5, 0.7) with frequency 
in X-band.
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composite. Similarly, steep fall of σac in x = 0.7 is associated with the least number 
of Fe3+ ions available for electron hopping and large DC resistivity.

The dependence of skin depth (δ) on frequency for a different level of substitu-
tion is shown in Figure 5. The decrement trend in δ is observed with frequency, 
and x = 0.7 and 0.5 exhibit large and small δ respectively among the composites in 
the frequency regime. The large conduction loss, as shown in σac (Figure 4), causes 
minimum δ, which attenuates the propagating microwave signal in the composite 
and vice versa; thus further penetration of signal is not possible inside the thickness 
of composite: the signal is attenuated more in x = 0.5 due to highest σac depicted in 
Figure 4, thereby causing lowest δ.

The dependence of shielding effectiveness (SEA) on AC conductivity (σac
0.5) for 

different levels of doping is shown in Figure 6: it increases with doping from x = 0.1 
to x = 0.5 and steep decrement is seen thereafter in x = 0.7. All composites display 
a monotonic trend of increase in SEA with σac

0.5 and x = 0.5 owe maximum value 
while x = 0.7 stay at lowest one.

Table 1 shows bandwidth (10 dB and 20 dB) of SEA for both near and far field 
versus doping: 10 and 20 dB means 90% and 99% absorption respectively. For near 
field, x = 0.1, 0.3, and 0.7 exhibit 10-dB bandwidth of 2.23, 2.34, and 2.12 GHz 
respectively whereas 20-dB bandwidth of 1.54, 0.89, and 3.60 GHz is observed in 
x = 0.1, 0.3 and 0.5 respectively. For far field, x = 0.1, 0.3, and 0.5 show 10 dB-band-
width of 3.20, 3.70, and 0.50 GHz respectively, and 20-dB bandwidth of 4.70 GHz 
is seen in x = 0.5 only.

4. Conclusions

For near and far field, microwave shielding effectiveness in BaCoxTixFe(12−2x)O19 
ferrite is governed by absorption and doping of Co2+ and Ti4+ ion increases SEA 
from x = 0.1, 0.3, and 0.5. Composite x = 0.5 owes the highest SEA of 38.9 dB at 
10.26 GHz and 3.4 mm thickness; σac

0.5, ρdc and δ are the contributing factors and 
same composite carries with highest SEA of 44.6 dB at σac

0.5 of 4.5 (Ohm.cm)−0.5 for 
far field; s-parameter is the deciding factor. Furthermore, SEA increases monotoni-
cally with frequency and it can be tuned by varying intrinsic and extrinsic param-
eters. Composite x = 0.5 has far field and near field wideband of 4.70 and 3.60 GHz 
respectively for 20 dB SEA. The studied composites have the potential for practical 
absorber applications. The applications of these composite materials or other 
composite materials are very an important subject and more research is needed 
to find the optimum properties and optimum materials for X-band microwave 
applications.
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Nonlinear Generalized
Magneto-Thermoelastic
Problems of FGA Composite
Microstructures
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Abstract

The main purpose of this chapter is to propose a new boundary element formu-
lation for the modeling and optimization of three-temperature nonlinear general-
ized magneto-thermoelastic functionally graded anisotropic (FGA) composite
microstructures’ problems, which is the gap of this study. Numerical results show
that anisotropy and the functionally graded material have great influences on the
nonlinear displacement sensitivities and nonlinear thermal stress sensitivities of
composite microstructure optimization problem. Since, there are no available data
for comparison, except for the problems with one-temperature heat conduction
model, we considered the special case of our general study based on replacing three-
temperature radiative heat conductions with one-temperature heat conduction. In
the considered special case, numerical results demonstrate the validity and accuracy
of the proposed technique. In order to solve the optimization problem, the method
of moving asymptotes (MMA) based on the bi-evolutionary structural optimization
method (BESO) has been implemented. A new class of composite microstructures
problems with holes or inclusions was studied. The two-phase magneto-
thermoelastic composite microstructure which is studied in this chapter consists
of two different FGA materials. Through this chapter, we investigated that the
optimal material distribution of the composite microstructures depends strongly on
the heat conduction model, functionally graded parameter, and shapes of holes or
inclusions.
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three-temperature, nonlinear generalized magneto-thermoelasticity, functionally
graded anisotropic, composite microstructures

143



Composite Materials

142

Sm, Nd, and Eu) on some physical 
properties. Journal of Nanoparticle 
Research. 2020;22:45. DOI: 10.1007/
s11051-020-4759-z

[74] Khasim S. Polyaniline-graphene 
nanoplatelet composite films with 
improved conductivity for high 
performance X-band microwave 
shielding applications. Results in 
Physics. 2019;12:1073-1081

[75] Bal S, Saha S. Scheming of 
microwave shielding effectiveness for 
X band considering functionalized 
MWNTs/epoxy composites. IOP 
Conference Series: Materials Science 
and Engineering. 2016;115(1):012027

[76] Arora M, Wahab MA, Saini P.  
Permittivity and electromagnetic 
interference shielding investigations 
of activated charcoal loaded acrylic 
coating compositions. Journal of 
Polymers. 2014

[77] Das NC, Chaki TK, Khastgir D, 
Chakraborty A. Electromagnetic 
interference shielding effectiveness of 
conductive carbon black and carbon 
fiber&#8208;filled composites based 
on rubber and rubber blends. Advances 
in Polymer Technology: Journal of 
the Polymer Processing Institute. 
2001;20(3):226-236

[78] Das NC, Chaki TK, Khastgir D, 
Chakraborty A. Electromagnetic 
interference shielding effectiveness of 
ethylene vinyl acetate based conductive 
composites containing carbon fillers. 
Journal of Applied Polymer Science. 
2001;80(10):1601-1608

[79] Colaneri NF, Shacklette LW. IEEE 
Transactions on Instrumentation and 
Measurement. 1992;41:291

[80] Maxwell JC. New York: Oxford 
University Press; 2004. p. 828

[81] Van Uitert LG. The Journal of 
Chemical Physics. 1955;23:1883

Chapter 9

A New Boundary Element
Formulation for Modeling
and Optimization of
Three-Temperature
Nonlinear Generalized
Magneto-Thermoelastic
Problems of FGA Composite
Microstructures
Mohamed Abdelsabour Fahmy

Abstract

The main purpose of this chapter is to propose a new boundary element formu-
lation for the modeling and optimization of three-temperature nonlinear general-
ized magneto-thermoelastic functionally graded anisotropic (FGA) composite
microstructures’ problems, which is the gap of this study. Numerical results show
that anisotropy and the functionally graded material have great influences on the
nonlinear displacement sensitivities and nonlinear thermal stress sensitivities of
composite microstructure optimization problem. Since, there are no available data
for comparison, except for the problems with one-temperature heat conduction
model, we considered the special case of our general study based on replacing three-
temperature radiative heat conductions with one-temperature heat conduction. In
the considered special case, numerical results demonstrate the validity and accuracy
of the proposed technique. In order to solve the optimization problem, the method
of moving asymptotes (MMA) based on the bi-evolutionary structural optimization
method (BESO) has been implemented. A new class of composite microstructures
problems with holes or inclusions was studied. The two-phase magneto-
thermoelastic composite microstructure which is studied in this chapter consists
of two different FGA materials. Through this chapter, we investigated that the
optimal material distribution of the composite microstructures depends strongly on
the heat conduction model, functionally graded parameter, and shapes of holes or
inclusions.

Keywords: boundary element method, modeling and optimization,
three-temperature, nonlinear generalized magneto-thermoelasticity, functionally
graded anisotropic, composite microstructures

143



1. Introduction

In the last few years, there is significant interest in using advanced composite
structures, and among the oldest examples of them, reinforced concrete, mixing
concrete and steel, and plastics laminated with wood. The main benefit of the
composite structures which consist of two or more different materials is that the
properties of each material can be combined to form a single unit that performs
better than the separate component parts. The most common form of a composite
structure in construction is a steel and concrete composite, where concrete works
well in pressure but has less resistance to tension. However, steel is extremely
strong in tension, and when tied together, it results in a highly efficient and light-
weight unit usually used for structures such as buildings and multistory bridges.
Although fiberglass and carbon/epoxy composites are not yet as important as the
oldest advanced composite structures in terms of tonnage or total revenue, they are
very important in engineering, aerospace, transportation, bioengineering, optics,
electronics, commodities, chemical plant, and energy industries, especially for the
new airplanes that will concentrate on achieving major improvements in the fuel
use, emissions, noise, transportation energy consumption, and other important
issues to conserve the environment [1–21].

Microstructure has been known to play a major role in determining the behavior
of material. Therefore, material engineers strive to control the microstructure by
improving their properties with the aim of producing a uniform microstructure
throughout the material. They also produced FGMs whose microstructures depend
on the position by treating the microstructure as a position-dependent variable; the
properties of different materials can be combined into one component to achieve an
optimum performance in a specific application [22, 23].

In recent years, great attention has been directed toward the study of nonlinear
generalized magneto-thermoelastic interactions in functionally graded anisotropic
(FGA) structures due to its many applications in physics, geophysics, earthquake
engineering, astronautics, aeronautics, mining engineering, military technologies,
plasma, robotics, high-energy particle accelerators, nuclear reactors, automobile
industries, nuclear plants, soil dynamics, and other engineering and industrial
applications. Duhamel [24] and Neuman [25] proposed the classical
thermoelasticity (CTE) theory which has the following two paradoxes: first, the
infinite propagation speeds of thermal signals are predicted, and second, there is no
any elastic term included in heat equation. Biot [26] invented the classical coupled
thermoelasticity (CCTE) theory to beat the first paradox in CTE, but CTE and
CCTE share the second paradox. Then, numerous generalized thermoelasticity the-
ories have been introduced to overcome the two paradoxes inherent in CTE, such as
the extended thermoelasticity (ETE) theory of Lord and Shulman [27];
temperature-rate-dependent thermoelasticity (TRDTE) theory of Green and
Lindsay [28]; three linear generalized thermoelasticity theories of Green and
Naghdi (GN) [29, 30]; namely I, II, and III, respectively [where, GN theory I is
based on Fourier’s law of heat conduction and is identical to CTE theory, GN theory
II characterizes the thermoelasticity without energy dissipation (TEWOED), and
GN theory III characterizes the thermoelasticity with energy dissipation
(TEWED)]; dual phase-lag thermoelasticity (DPLTE) [31, 32]; and three-phase-lag
thermoelasticity (TPLTE) [33].

A large amount of research has been done on the generalized problems of
thermoelasticity [34–44]. Our interest in studying the three-temperature
thermoelasticity [45–49] has increased due to its important low-temperature and
high-temperature applications. Due to the computational difficulties, inherent in
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solving three-temperature nonlinear generalized magneto-thermoelastic problems
of FGA composite microstructures, the problems become too complicated with no
general analytical solution. Therefore, we propose a new boundary element model-
ing technique which has recently been successfully developed and implemented to
obtain the approximate solutions for such problems. Now, the boundary element
method (BEM), which is also called boundary integral equation method, has been
widely adopted in a large variety of engineering and industrial applications. In the
BEM, only the boundary of the solution domain needs to be discretized, so, it has a
major advantage over other methods which require the whole domain
discretization, such as the finite difference method (FDM) [50–52], discontinuous
Galerkin method (DGM) [53], and finite element method (FEM) [54–57]. This
advantage of BEM over domain methods has significant importance for modeling of
nonlinear generalized thermoelastic problems which can be implemented using
BEM with little cost and less input data [58–71]. Recently, scientists were convinced
that only the FEM method could solve complex engineering problems. But now
after the huge achievements of the BEM and its ability to solve complex engineering
problems with high efficiency, it gets them to change their conviction. Also, they
tried to combine FEM and BEM in the solution of their complex problems.

The main aim of this chapter is to propose a novel boundary element formula-
tion for modeling and optimization of three-temperature nonlinear generalized
thermoelastic problems of functionally graded anisotropic (FGA) composite micro-
structures. The proposed boundary element technique has been implemented suc-
cessfully for solving several engineering, scientific and industrial applications due to
its simplicity, efficiency, ease of use, and applicability [72–85]. The numerical
results are presented graphically to show the influence of anisotropy and function-
ally graded materials on the sensitivities of displacements and thermal stresses.
Also, numerical results show the effect of heat conduction model, functionally
graded parameter, holes shape, and inclusions shape. Numerical results demon-
strate the validity and accuracy of our proposed BEM formulation and technique.

A brief summary of the chapter is as follows: Section 1 introduces an overview of
the historical background for a better understanding of the nonlinear generalized
magneto-thermoelastic problems and composite materials applications. Section 2
describes the physical modeling of the three-temperature nonlinear generalized
thermoelastic problems of FGA composite microstructures. Section 3 outlines the
BEM implementation for solving the governing equations of the considered prob-
lem to obtain the three temperatures and displacement fields. Section 4 outlines the
topology optimization technique used to obtain the optimal composite microstruc-
ture with and without holes or inclusions of various shapes. Section 5 presents the
new numerical results that describe the effects of anisotropy and functionally
graded parameters on the problem’s fields’ sensitivities during the optimization
process. Section 6 outlines the significant findings of this chapter.

2. Formulation of the problem

Consider a Cartesian coordinates system Ox1x2x3 as shown in Figure 1. We shall
consider a functionally graded anisotropic composite microstructure of a finite
thickness β placed in a primary magnetic field H0 acting in the direction of the
x3-axis. The considered composite microstructure occupies the region

R ¼ x1, x2, x3ð Þ : 0< x1 < α, 0< x2 < β, 0< x3 < γ
n o

with functionally graded

material properties in the thickness direction.

145

A New Boundary Element Formulation for Modeling and Optimization of Three-Temperature…
DOI: http://dx.doi.org/10.5772/intechopen.93515



1. Introduction

In the last few years, there is significant interest in using advanced composite
structures, and among the oldest examples of them, reinforced concrete, mixing
concrete and steel, and plastics laminated with wood. The main benefit of the
composite structures which consist of two or more different materials is that the
properties of each material can be combined to form a single unit that performs
better than the separate component parts. The most common form of a composite
structure in construction is a steel and concrete composite, where concrete works
well in pressure but has less resistance to tension. However, steel is extremely
strong in tension, and when tied together, it results in a highly efficient and light-
weight unit usually used for structures such as buildings and multistory bridges.
Although fiberglass and carbon/epoxy composites are not yet as important as the
oldest advanced composite structures in terms of tonnage or total revenue, they are
very important in engineering, aerospace, transportation, bioengineering, optics,
electronics, commodities, chemical plant, and energy industries, especially for the
new airplanes that will concentrate on achieving major improvements in the fuel
use, emissions, noise, transportation energy consumption, and other important
issues to conserve the environment [1–21].

Microstructure has been known to play a major role in determining the behavior
of material. Therefore, material engineers strive to control the microstructure by
improving their properties with the aim of producing a uniform microstructure
throughout the material. They also produced FGMs whose microstructures depend
on the position by treating the microstructure as a position-dependent variable; the
properties of different materials can be combined into one component to achieve an
optimum performance in a specific application [22, 23].

In recent years, great attention has been directed toward the study of nonlinear
generalized magneto-thermoelastic interactions in functionally graded anisotropic
(FGA) structures due to its many applications in physics, geophysics, earthquake
engineering, astronautics, aeronautics, mining engineering, military technologies,
plasma, robotics, high-energy particle accelerators, nuclear reactors, automobile
industries, nuclear plants, soil dynamics, and other engineering and industrial
applications. Duhamel [24] and Neuman [25] proposed the classical
thermoelasticity (CTE) theory which has the following two paradoxes: first, the
infinite propagation speeds of thermal signals are predicted, and second, there is no
any elastic term included in heat equation. Biot [26] invented the classical coupled
thermoelasticity (CCTE) theory to beat the first paradox in CTE, but CTE and
CCTE share the second paradox. Then, numerous generalized thermoelasticity the-
ories have been introduced to overcome the two paradoxes inherent in CTE, such as
the extended thermoelasticity (ETE) theory of Lord and Shulman [27];
temperature-rate-dependent thermoelasticity (TRDTE) theory of Green and
Lindsay [28]; three linear generalized thermoelasticity theories of Green and
Naghdi (GN) [29, 30]; namely I, II, and III, respectively [where, GN theory I is
based on Fourier’s law of heat conduction and is identical to CTE theory, GN theory
II characterizes the thermoelasticity without energy dissipation (TEWOED), and
GN theory III characterizes the thermoelasticity with energy dissipation
(TEWED)]; dual phase-lag thermoelasticity (DPLTE) [31, 32]; and three-phase-lag
thermoelasticity (TPLTE) [33].

A large amount of research has been done on the generalized problems of
thermoelasticity [34–44]. Our interest in studying the three-temperature
thermoelasticity [45–49] has increased due to its important low-temperature and
high-temperature applications. Due to the computational difficulties, inherent in

144

Composite Materials

solving three-temperature nonlinear generalized magneto-thermoelastic problems
of FGA composite microstructures, the problems become too complicated with no
general analytical solution. Therefore, we propose a new boundary element model-
ing technique which has recently been successfully developed and implemented to
obtain the approximate solutions for such problems. Now, the boundary element
method (BEM), which is also called boundary integral equation method, has been
widely adopted in a large variety of engineering and industrial applications. In the
BEM, only the boundary of the solution domain needs to be discretized, so, it has a
major advantage over other methods which require the whole domain
discretization, such as the finite difference method (FDM) [50–52], discontinuous
Galerkin method (DGM) [53], and finite element method (FEM) [54–57]. This
advantage of BEM over domain methods has significant importance for modeling of
nonlinear generalized thermoelastic problems which can be implemented using
BEM with little cost and less input data [58–71]. Recently, scientists were convinced
that only the FEM method could solve complex engineering problems. But now
after the huge achievements of the BEM and its ability to solve complex engineering
problems with high efficiency, it gets them to change their conviction. Also, they
tried to combine FEM and BEM in the solution of their complex problems.

The main aim of this chapter is to propose a novel boundary element formula-
tion for modeling and optimization of three-temperature nonlinear generalized
thermoelastic problems of functionally graded anisotropic (FGA) composite micro-
structures. The proposed boundary element technique has been implemented suc-
cessfully for solving several engineering, scientific and industrial applications due to
its simplicity, efficiency, ease of use, and applicability [72–85]. The numerical
results are presented graphically to show the influence of anisotropy and function-
ally graded materials on the sensitivities of displacements and thermal stresses.
Also, numerical results show the effect of heat conduction model, functionally
graded parameter, holes shape, and inclusions shape. Numerical results demon-
strate the validity and accuracy of our proposed BEM formulation and technique.

A brief summary of the chapter is as follows: Section 1 introduces an overview of
the historical background for a better understanding of the nonlinear generalized
magneto-thermoelastic problems and composite materials applications. Section 2
describes the physical modeling of the three-temperature nonlinear generalized
thermoelastic problems of FGA composite microstructures. Section 3 outlines the
BEM implementation for solving the governing equations of the considered prob-
lem to obtain the three temperatures and displacement fields. Section 4 outlines the
topology optimization technique used to obtain the optimal composite microstruc-
ture with and without holes or inclusions of various shapes. Section 5 presents the
new numerical results that describe the effects of anisotropy and functionally
graded parameters on the problem’s fields’ sensitivities during the optimization
process. Section 6 outlines the significant findings of this chapter.

2. Formulation of the problem

Consider a Cartesian coordinates system Ox1x2x3 as shown in Figure 1. We shall
consider a functionally graded anisotropic composite microstructure of a finite
thickness β placed in a primary magnetic field H0 acting in the direction of the
x3-axis. The considered composite microstructure occupies the region

R ¼ x1, x2, x3ð Þ : 0< x1 < α, 0< x2 < β, 0< x3 < γ
n o

with functionally graded

material properties in the thickness direction.
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The unified governing equations of three-temperature nonlinear generalized
magneto-thermoelasticity for FGA composite microstructures can be expressed as
follows [45–49]:

σab,b þ τab,b ¼ ρ xþ 1ð Þm€ua (1)

σab ¼ xþ 1ð Þm Cabfgu f ,g � βab T � T0 þ τ1 _T
� �� �

(2)

τab ¼ μ xþ 1ð Þm ~haHb þ ~hbHa � δba ~h fH f

� �� �
(3)

The 2D-3T radiative heat conduction Eqs. (7)–(9) can be expressed as follows:

∇ δ1jα þ δ2j ∗
α

� �
∇Tα r, τð Þ� �� r, τð Þ ¼ Cvα ρ xþ 1ð Þmδ1δ1j ∂Tα r, τð Þ

∂τ
(4)

where

 r, τð Þ ¼

ρei Te � Tið Þ þ ρer Te � Tp
� �þ, α ¼ e, δ1 ¼ 1

�ρei Te � Tið Þ þ, α ¼ i, δ1 ¼ 1 ,Cvα ¼
ce α ¼ e

ci α ¼ i

cpT3
p α ¼ p

8>><
>>:

�ρer Te � Tp
� �þ, α ¼ p, δ1 ¼ T3

p

8>>>>>>>><
>>>>>>>>:

(5)

in which

 r, τð Þ ¼ �δ2jα
_Tα,ab þ βabTα0 xþ 1ð Þm Åδ1i _ua,b þ τ0 þ δ2ið Þ€ua,b

� �

þρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� �

€Tα

� � (6)

and

ei ¼ ρeiT�2=3
e ,er ¼ ρerT�1=2

e ,α ¼ αT5=2
α , α ¼ e, i,p ¼ pT3þ

p (7)

Figure 1.
Computational domain of considered structure.
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where σab, τab, uk, Tα, and Tα0 are the mechanical stress tensor, Maxwell’s
electromagnetic stress tensor, displacement vector, temperature, and reference
temperature, respectively; Cabfg Cabfg ¼ Cfgab ¼ Cbafg

� �
and βab βab ¼ βbað Þ are,

respectively, the constant elastic moduli and stress-temperature coefficients of the
anisotropic medium; μ is the magnetic permeability; ~h is the perturbed magnetic
field; α α ¼ e, i, pð Þ are the thermal conductivity coefficients; Cvα α ¼ e, i, pð Þ are
specific heat coefficients; e, i, and p denote electron, ion, and phonon, respectively;
 ∗

α is the second order tensor associated with the TEWED and TEWOED theories;
ei is the electron-ion energy coefficient; ep is the electron-phonon energy
coefficient; cα α ¼ e, i, pð Þ are constants; ρ, τ, and Å are the density, time, and unified
parameter which introduced to consolidate all theories into a unified equations
system, respectively; τ0, τ1, and τ2 are the relaxation times; and m is a functionally
graded parameter. Also, g1, g2, Ψ f , and δ f are suitably prescribed functions; ta are
the tractions defined by ta ¼ σabnb; and δ1j and δ2j are the Kronecker delta functions.

A superposed dot denotes the differentiation with respect to the time, and a
comma followed by a subscript denotes partial differentiation with respect to the
corresponding coordinates.

The unit mass total energy can be written as

P ¼ Pe þ Pi þ Pp,Pe ¼ ceTe,Pi ¼ ciTi,Pp ¼ 1
4
cpT4

p (8)

By using the following initial and boundary conditions:

Tα x, y, 0ð Þ ¼ T0
α x, yð Þ ¼ g1 x, τð Þ (9)

α
∂Tα

∂n

����
C1

¼ 0, α ¼ e, i,Tr

�����
C1

¼ g2 x, τð Þ (10)

α
∂Tα

∂n

����
C2

¼ 0, α ¼ e, i, p (11)

u f x, y, 0ð Þ ¼ _u f x, y, 0ð Þ ¼ 0 for x, yð Þ∈R∪C (12)

u f x, y, τð Þ ¼ Ψ f x, y, τð Þ for x, yð Þ∈C3 (13)

ta x, y, τð Þ ¼ δ f x, y, τð Þ for x, yð Þ∈C4, τ>0,C ¼ C3 ∪C4,C3 ∩C4 ¼ ∅ (14)

By using the fundamental solution that satisfies the following equation:

D∇2Tα þ ∂T ∗
α

∂n
¼ �δ r� pi

� �
δ τ � rð Þ,D ¼ α

ρc
(15)

where pi are singular points.
The above governing Eqs. (1)–(4) can be reduced to the different theories of

three-temperature nonlinear generalized magneto-thermoelasticity for FGA com-
posite microstructures as follows [77]:

CTE : j ¼ 1, Å ¼ 0 and τ0 ¼ τ1 ¼ τ2 ¼ 0 (16)

CCTE : j ¼ 1, Å ¼ 1 and τ0 ¼ τ1 ¼ τ2 ¼ 0 (17)

ETE : j ¼ 1, Å ¼ 1 and τ1 ¼ τ2 ¼ 0 (18)

TRDTE : j ¼ 1, Å ¼ 1 and τ0 ¼ 0 (19)
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where σab, τab, uk, Tα, and Tα0 are the mechanical stress tensor, Maxwell’s
electromagnetic stress tensor, displacement vector, temperature, and reference
temperature, respectively; Cabfg Cabfg ¼ Cfgab ¼ Cbafg

� �
and βab βab ¼ βbað Þ are,

respectively, the constant elastic moduli and stress-temperature coefficients of the
anisotropic medium; μ is the magnetic permeability; ~h is the perturbed magnetic
field; α α ¼ e, i, pð Þ are the thermal conductivity coefficients; Cvα α ¼ e, i, pð Þ are
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parameter which introduced to consolidate all theories into a unified equations
system, respectively; τ0, τ1, and τ2 are the relaxation times; and m is a functionally
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the tractions defined by ta ¼ σabnb; and δ1j and δ2j are the Kronecker delta functions.
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corresponding coordinates.
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P ¼ Pe þ Pi þ Pp,Pe ¼ ceTe,Pi ¼ ciTi,Pp ¼ 1
4
cpT4

p (8)

By using the following initial and boundary conditions:

Tα x, y, 0ð Þ ¼ T0
α x, yð Þ ¼ g1 x, τð Þ (9)

α
∂Tα

∂n

����
C1

¼ 0, α ¼ e, i,Tr

�����
C1

¼ g2 x, τð Þ (10)

α
∂Tα

∂n

����
C2

¼ 0, α ¼ e, i, p (11)

u f x, y, 0ð Þ ¼ _u f x, y, 0ð Þ ¼ 0 for x, yð Þ∈R∪C (12)

u f x, y, τð Þ ¼ Ψ f x, y, τð Þ for x, yð Þ∈C3 (13)

ta x, y, τð Þ ¼ δ f x, y, τð Þ for x, yð Þ∈C4, τ>0,C ¼ C3 ∪C4,C3 ∩C4 ¼ ∅ (14)

By using the fundamental solution that satisfies the following equation:
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where pi are singular points.
The above governing Eqs. (1)–(4) can be reduced to the different theories of
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posite microstructures as follows [77]:
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TEWED : j ¼ 2, Å ¼ 0 and τ0 ¼ 0 (20)

TEWOED : j ¼ 2, Å ¼ 0, τ0 ¼ 0 and α ! 0 (21)

3. BEM implementation

By using Eqs. (2) and (3), we can write Eq. (1) as follows:

Lgbu f ¼ ρ€ua �DaT ¼ f gb (22)

where

Lgb ¼ Dabf
∂

∂xb
þDaf þ ΛDa1f ,Dabf ¼ Cabfgε, ε ¼ ∂

∂xg
,

Daf ¼ μH2
0

∂

∂xa
þ δa1Λ

� �
∂

∂x f
,Da ¼ �βab

∂

∂xb
þ δb1Λþ τ1

∂

∂xb
þ Λ

� �
∂

∂τ

� �
,

Λ ¼ m
xþ 1

, f gb ¼ ρ€ua �DaT: (23)

The field equations can be written in the following operator form:

Lgbu f ¼ f gb (24)

LabT ¼ f ab (25)

where the operators Lgb and f gb are defined above in Eq. (23), and the operators
Lab and f ab are defined as follows:

Lab ¼ ∇ δ2j ∗
α

� �
∇ (26)

f ab ¼ �∇ δ1jα

� �
∇þ cαρδ1δ1j xþ 1ð Þm ∂Tα r, τð Þ

∂τ
þ r, τð Þ (27)

By applying the weighted residual method (WRM) to the differential Eq. (24),
we obtain

ð

R

Lgbu f � f gb
� �

u ∗
dadR ¼ 0 (28)

Now, we can choose the fundamental solution u ∗
df as weighting function as

Lgbu ∗
df ¼ �δadδ x, ξð Þ (29)

The corresponding traction field can be expressed as

t ∗da ¼ Cabfg xþ 1ð Þmu ∗
df ,gnb (30)

The traction vector can be expressed as

ta ¼ ta
xþ 1ð Þm ¼ xþ 1ð Þm Cabfgu f ,g � βab T þ τ1 _T

� �� �
nb (31)
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By applying integration by parts to Eq. (28) and using the sifting property with
Eqs. (29) and (31), we obtain

ud ξð Þ ¼
ð

C

u ∗
data � t ∗daua þ u ∗

daβab xþ 1ð ÞmTnb
� �

dC�
ð

R

f gbu
∗
dadR (32)

The fundamental solution T ∗ can be expressed as

LabT ∗ ¼ �δ x, ξð Þ (33)

By implementing the WRM and integration by parts, we can write Eq. (25) in
the following form:

ð

R

LabTT ∗ � LabT ∗Tð ÞdR ¼
ð

C

q ∗T � qT ∗ð ÞdC (34)

where

q ¼ �αt:bna (35)

q ∗ ¼ �αT ∗
:bna (36)

Based on the sifting property, we can express Eq. (34) as follows:

T ξð Þ ¼
ð

C

q ∗T � qT ∗ð ÞdC�
ð

R

f abT
∗ dR (37)

The field Eqs. (32) and (37) can be written in one equation of the form:

ud ξð Þ
T ξð Þ

" #
¼  
ð

C

�
t ∗da �u ∗

daβab xþ 1ð Þmnb
0 �q ∗

" #
ua

T

" #
þ

u ∗
da 0

0 �T ∗

" #
ta

q

" #( )
dC

�
ð

R

u ∗
da 0

0 �T ∗

" # f gb

� f ab

2
4

3
5dR

(38)

The generalized thermoelastic vectors and tensors can be written in contracted
notation as follows:

UA ¼ ua a ¼ A ¼ 1, 2, 3

T A ¼ 4

�
(39)

TA ¼ ta a ¼ A ¼ 1, 2, 3

q A ¼ 4

�
(40)

U ∗
DA ¼

u ∗
da d ¼ D ¼ 1, 2, 3; a ¼ A ¼ 1, 2, 3

0 d ¼ D ¼ 1, 2, 3;A ¼ 4

0 D ¼ 4; a ¼ A ¼ 1, 2, 3

�T ∗ D ¼ 4;A ¼ 4

8>>>><
>>>>:

(41)
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R
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∗
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R
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T ξð Þ

" #
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C

�
t ∗da �u ∗

daβab xþ 1ð Þmnb
0 �q ∗

" #
ua

T

" #
þ

u ∗
da 0

0 �T ∗

" #
ta

q

" #( )
dC

�
ð

R

u ∗
da 0

0 �T ∗

" # f gb

� f ab

2
4

3
5dR
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The generalized thermoelastic vectors and tensors can be written in contracted
notation as follows:

UA ¼ ua a ¼ A ¼ 1, 2, 3

T A ¼ 4

�
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TA ¼ ta a ¼ A ¼ 1, 2, 3
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�
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U ∗
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u ∗
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~T
∗
DA ¼

t ∗da d ¼ D ¼ 1, 2, 3; a ¼ A ¼ 1, 2, 3

�u ∗
d d ¼ D ¼ 1, 2, 3;A ¼ 4

0 D ¼ 4; a ¼ A ¼ 1, 2, 3

�q ∗ D ¼ 4;A ¼ 4

8>>>>><
>>>>>:

(42)

~u ∗
d ¼ u ∗

daβaf n f (43)

The thermoelastic representation formula (38) can be written in contracted
notation as

UD ξð Þ ¼
ð

C

U ∗
DATA � ~TDAUA

� �
dC�

ð

R

U ∗
DASAdR (44)

The vector SA can be splitted as

SA ¼ STA þ S _T
A þ S€T

A þ S _u
A þ S€uA (45)

where STA ¼ ωAFUF

with

ωAF ¼

�Da A ¼ 1, 2, 3;F ¼ 4

∇ δ2j ∗
α

� �
∇Tα þ

ρei Te � Tið Þ þ ρer Te � Tp
� �

, α ¼ e, δ1 ¼ 1

�ρei Te � Tið Þ, α ¼ i, δ1 ¼ 1

�ρer Te � Tp
� �

, α ¼ p, δ1 ¼ 4
ρ
T3
p

8>>>><
>>>>:

otherwise

8>>>>>><
>>>>>>:

(46)

S _T
A ¼ �δ2jα

∂

∂xa

∂

∂xb
þ cαρδ1δ1j xþ 1ð Þm

� �
δAF _UF

with δAF ¼ 1 A ¼ 4;F ¼ 4

0 otherwise

�
(47)

S€T
A ¼ �ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j

� �
δAF €UF (48)

S _u
A ¼ �βab xþ 1ð ÞmTα0Åδ1j _UF (49)

S€uA ¼ Ⅎ€UF with Ⅎ

¼ ρ xþ 1ð Þm A ¼ 1, 2, 3; F ¼ 1, 2, 3,

�Tα0βfg xþ 1ð Þm τ0 þ δ2j
� �

A ¼ 4; f ¼ F ¼ 4

(

(50)

The thermoelastic representation formula (38) can also be expressed as follows:

SA½ � ¼  

�DaTα

∇ δ2j ∗
α

� �
∇Tα þ

ρei Te � Tið Þ þ ρer Te � Tp
� �

, α ¼ e, δ1 ¼ 1

�ρei Te � Tið Þ, α ¼ i, δ1 ¼ 1

�ρer Te � Tp
� �

, α ¼ p, δ1 ¼ 4
ρ
T3
p

8>>>>><
>>>>>:

2
66666664

3
77777775
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þ δ2jα
∂

∂xa

∂

∂xb
� cαρδ1δ1j xþ 1ð Þm

� � 0

_Tα

2
4

3
5

�ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� � 0

€Tα

2
4

3
5� βab xþ 1ð ÞmTα0Åδ1j

0

_u f ,g

2
4

3
5

þ
ρ xþ 1ð Þm€ua
�Tα0βfg xþ 1ð Þm τ0 þ δ2j

� �
€u f ,g

2
4

3
5

(51)

In order to transform the domain integral in Eq. (44) to the boundary, we
approximate the source vector SA by a series of given known functions f qAE and
unknown coefficients αqE:

SA ≈
XN
q¼1

f qANα
q
N (52)

Thus, the thermoelastic representation formula (44) can be expressed as

UD ξð Þ ¼
ð

C

U ∗
DATA � ~T

∗
DAUA

� �
dC�

XN
q¼1

ð

R

U ∗
DA f

q
ANdRα

q
N (53)

By applying the WRM to the following elastic and thermal equations:

Lgbu
q
fn ¼ f qan (54)

LabTq ¼ f qpj (55)

Now, the weighting functions were chosen as the elastic and thermal funda-
mental solutions u ∗

da and T ∗ .
Then, the representation formulae of elastic and thermal fields are given as

follows:

uqdn ξð Þ ¼
ð

C

u ∗
dat

q
an � t ∗dau

q
an

� �
dC�

ð

R

u ∗
da f

q
an dR (56)

Tq ξð Þ ¼
ð

C

q ∗Tq � qqT ∗ð ÞdC�
ð

R

f qT ∗ dR (57)

The elastic and thermal representation formulae can be combined in one single
equation as

Uq
DN ξð Þ ¼

ð

C

U ∗
DAT

q
AN � T ∗

DAU
q
AN

� �
dC�

ð

R

U ∗
DA f

q
ANdR (58)

By substituting from Eq. (58) into Eq. (53), the coupled thermoelastic represen-
tation formula can be expressed as follows:
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∇ δ2j ∗
α

� �
∇Tα þ

ρei Te � Tið Þ þ ρer Te � Tp
� �

, α ¼ e, δ1 ¼ 1

�ρei Te � Tið Þ, α ¼ i, δ1 ¼ 1

�ρer Te � Tp
� �

, α ¼ p, δ1 ¼ 4
ρ
T3
p

8>>>><
>>>>:

otherwise

8>>>>>><
>>>>>>:

(46)

S _T
A ¼ �δ2jα

∂

∂xa

∂

∂xb
þ cαρδ1δ1j xþ 1ð Þm

� �
δAF _UF

with δAF ¼ 1 A ¼ 4;F ¼ 4

0 otherwise

�
(47)

S€T
A ¼ �ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j

� �
δAF €UF (48)

S _u
A ¼ �βab xþ 1ð ÞmTα0Åδ1j _UF (49)

S€uA ¼ Ⅎ€UF with Ⅎ

¼ ρ xþ 1ð Þm A ¼ 1, 2, 3; F ¼ 1, 2, 3,

�Tα0βfg xþ 1ð Þm τ0 þ δ2j
� �

A ¼ 4; f ¼ F ¼ 4

(

(50)

The thermoelastic representation formula (38) can also be expressed as follows:

SA½ � ¼  

�DaTα

∇ δ2j ∗
α

� �
∇Tα þ

ρei Te � Tið Þ þ ρer Te � Tp
� �

, α ¼ e, δ1 ¼ 1

�ρei Te � Tið Þ, α ¼ i, δ1 ¼ 1

�ρer Te � Tp
� �

, α ¼ p, δ1 ¼ 4
ρ
T3
p

8>>>>><
>>>>>:

2
66666664

3
77777775
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þ δ2jα
∂

∂xa

∂

∂xb
� cαρδ1δ1j xþ 1ð Þm

� � 0

_Tα

2
4

3
5

�ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� � 0

€Tα

2
4

3
5� βab xþ 1ð ÞmTα0Åδ1j

0

_u f ,g

2
4

3
5

þ
ρ xþ 1ð Þm€ua
�Tα0βfg xþ 1ð Þm τ0 þ δ2j

� �
€u f ,g

2
4

3
5

(51)

In order to transform the domain integral in Eq. (44) to the boundary, we
approximate the source vector SA by a series of given known functions f qAE and
unknown coefficients αqE:

SA ≈
XN
q¼1

f qANα
q
N (52)

Thus, the thermoelastic representation formula (44) can be expressed as

UD ξð Þ ¼
ð

C

U ∗
DATA � ~T

∗
DAUA

� �
dC�

XN
q¼1

ð

R

U ∗
DA f

q
ANdRα

q
N (53)

By applying the WRM to the following elastic and thermal equations:

Lgbu
q
fn ¼ f qan (54)

LabTq ¼ f qpj (55)

Now, the weighting functions were chosen as the elastic and thermal funda-
mental solutions u ∗

da and T ∗ .
Then, the representation formulae of elastic and thermal fields are given as

follows:

uqdn ξð Þ ¼
ð

C

u ∗
dat

q
an � t ∗dau

q
an

� �
dC�

ð

R

u ∗
da f

q
an dR (56)

Tq ξð Þ ¼
ð

C

q ∗Tq � qqT ∗ð ÞdC�
ð

R

f qT ∗ dR (57)

The elastic and thermal representation formulae can be combined in one single
equation as

Uq
DN ξð Þ ¼

ð

C

U ∗
DAT

q
AN � T ∗

DAU
q
AN

� �
dC�

ð

R

U ∗
DA f

q
ANdR (58)

By substituting from Eq. (58) into Eq. (53), the coupled thermoelastic represen-
tation formula can be expressed as follows:
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UD ξð Þ ¼
ð

C

U ∗
DATA � �T

∗
DAUA

� �
dCþ

XN
q¼1

Uq
DN ξð Þ þ

ð

C

T ∗
DAU

q
AN � U ∗

DAT
q
AN

� �
dC

0
B@

1
CAαqN

(59)

By differentiation of Eq. (59) with respect to ξl, we obtain

∂UD ξð Þ
∂ξl

¼�
ð

C

U ∗
DA,lTA � �T

∗
DA,lUA

� �
dC

þ
XN
q¼1

∂Uq
DN ξð Þ
∂ξl

�
ð

C

T ∗
DA,lU

q
AN �U ∗

DA,lT
q
AN

� �
dC

0
B@

1
CAα

q
N

(60)

According to the procedure described in Fahmy [78], the boundary integral
Eq. (59) can be expressed as

~ζU � ηT ¼ ζ �U � η �℘
� �

α (61)

According to the technique of Partridge et al. [68], the displacements UF and
velocities _UF can be approximated as

UF ≈
XN
q¼1

f qFD xð ÞγqD (62)

_UF ≈
XN
q¼1

f qFD xð Þ~γqD (63)

where f qFD are known functions, and γ
q
D and ~γ

q
D are unknown coefficients.

The gradients of the displacement and velocity can be approximated as

UF,g ≈
XN
q¼1

f qFD,g xð ÞγqK (64)

_UF,g ≈
XN
q¼1

f qFD,g xð Þ~γqD (65)

By substituting from Eqs. (62) and (63) into Eqs. (46) and (49), the
corresponding source terms can be expressed as

STA ¼
XN
q¼1

ST,qADγ
q
D (66)

S _u
A ¼ �βab xþ 1ð ÞmTα0Åδ1j

XN
q¼1

S _u,q
AD~γ

q
D (67)
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where

ST,qAD ¼ SAF f
q
FD,q (68)

S _u,q
AD ¼ SFA f

q
FD,g (69)

By applying the point collocation procedure of Gaul et al. [10] to Eqs. (52), (62),
and (63), we obtain the following equation system:

�S ¼ Jα,U ¼ J0γ, _U ¼ J0~γ (70)

Solving the system (70) for α, γ, and ~γ yields

α ¼ J�1�Sγ ¼ J0�1U ~γ ¼ J0�1 _U (71)

Now, we can write the coefficients α in terms of nodal values of the
displacements, U, velocities, _U, and accelerations, €U as follows:

α ¼ J�1 �S0 þ BTJ0�1U
�

þ δ2jα
∂

∂xa

∂

∂xb
� cαρδ1δ1j xþ 1ð Þm

� �
δAF � βabðx

�

þ1ÞmTα0Åδ1jJ0�1
�
_U

þ �cαρ xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� �

δAF
� �

€U
�

(72)

By substituting from Eq. (72) into Eq. (61) and implementing implicit-implicit
staggered algorithm of Farhat et al. [86], the governing equations can be rewritten as

M
z}|{

€U þ Γ
z}|{

_U þ K
z}|{

U ¼ 
z}|{

(73)

X
z}|{

€T þ A
z}|{

_T þ B
z}|{

T ¼ 
z}|{

€U þ 
z}|{

_U (74)

where

V ¼ η �℘� ζ �U
� �

J�1, M
z}|{

¼ V ~A, X
z}|{

¼ �ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� �

,

K
z}|{

¼ ~ζ þ VBTJ0�1, ¼ ηT þ VS
^0
, B
z}|{

¼ δ1jα þ δ2j ∗
α ,

Γ
z}|{

¼ V α
∂

∂xa

∂

∂xb
� cαρ xþ 1ð Þmδ1j

� �
δAF � T0Åδ1jβfg xþ 1ð ÞmJ0�1

� �
,


z}|{

¼ T0βab xþ 1ð ÞmÅδ1j, 
z}|{

¼ Tα0βab xþ 1ð Þm τ0 þ δ2j
� �

,

A
z}|{

¼ δ2j ∗
α

∂

∂xa

∂

∂xb
� ρcα xþ 1ð Þmδ1j

� �
δAF: (75)

where V, M
z}|{

, Γ
z}|{

, K
z}|{

, A
z}|{

, and B
z}|{

are represent the volume, mass,
damping, stiffness, capacity, and conductivity matrices, respectively; €U, _U, U, T,

and 
z}|{

represent the acceleration, velocity, displacement, temperature, and
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UD ξð Þ ¼
ð

C

U ∗
DATA � �T

∗
DAUA

� �
dCþ

XN
q¼1

Uq
DN ξð Þ þ

ð

C

T ∗
DAU

q
AN � U ∗

DAT
q
AN

� �
dC

0
B@

1
CAαqN

(59)

By differentiation of Eq. (59) with respect to ξl, we obtain

∂UD ξð Þ
∂ξl

¼�
ð

C

U ∗
DA,lTA � �T

∗
DA,lUA

� �
dC

þ
XN
q¼1

∂Uq
DN ξð Þ
∂ξl

�
ð

C

T ∗
DA,lU

q
AN �U ∗

DA,lT
q
AN

� �
dC

0
B@

1
CAα

q
N

(60)

According to the procedure described in Fahmy [78], the boundary integral
Eq. (59) can be expressed as

~ζU � ηT ¼ ζ �U � η �℘
� �

α (61)

According to the technique of Partridge et al. [68], the displacements UF and
velocities _UF can be approximated as

UF ≈
XN
q¼1

f qFD xð ÞγqD (62)

_UF ≈
XN
q¼1

f qFD xð Þ~γqD (63)

where f qFD are known functions, and γ
q
D and ~γ

q
D are unknown coefficients.

The gradients of the displacement and velocity can be approximated as

UF,g ≈
XN
q¼1

f qFD,g xð ÞγqK (64)

_UF,g ≈
XN
q¼1

f qFD,g xð Þ~γqD (65)

By substituting from Eqs. (62) and (63) into Eqs. (46) and (49), the
corresponding source terms can be expressed as

STA ¼
XN
q¼1

ST,qADγ
q
D (66)

S _u
A ¼ �βab xþ 1ð ÞmTα0Åδ1j

XN
q¼1

S _u,q
AD~γ

q
D (67)
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where

ST,qAD ¼ SAF f
q
FD,q (68)

S _u,q
AD ¼ SFA f

q
FD,g (69)

By applying the point collocation procedure of Gaul et al. [10] to Eqs. (52), (62),
and (63), we obtain the following equation system:

�S ¼ Jα,U ¼ J0γ, _U ¼ J0~γ (70)

Solving the system (70) for α, γ, and ~γ yields

α ¼ J�1�Sγ ¼ J0�1U ~γ ¼ J0�1 _U (71)

Now, we can write the coefficients α in terms of nodal values of the
displacements, U, velocities, _U, and accelerations, €U as follows:

α ¼ J�1 �S0 þ BTJ0�1U
�

þ δ2jα
∂

∂xa

∂

∂xb
� cαρδ1δ1j xþ 1ð Þm

� �
δAF � βabðx

�

þ1ÞmTα0Åδ1jJ0�1
�
_U

þ �cαρ xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� �

δAF
� �

€U
�

(72)

By substituting from Eq. (72) into Eq. (61) and implementing implicit-implicit
staggered algorithm of Farhat et al. [86], the governing equations can be rewritten as

M
z}|{

€U þ Γ
z}|{

_U þ K
z}|{

U ¼ 
z}|{

(73)

X
z}|{

€T þ A
z}|{

_T þ B
z}|{

T ¼ 
z}|{

€U þ 
z}|{

_U (74)

where

V ¼ η �℘� ζ �U
� �

J�1, M
z}|{

¼ V ~A, X
z}|{

¼ �ρcα xþ 1ð Þm τ0 þ δ1jτ2 þ δ2j
� �

,

K
z}|{

¼ ~ζ þ VBTJ0�1, ¼ ηT þ VS
^0
, B
z}|{

¼ δ1jα þ δ2j ∗
α ,

Γ
z}|{

¼ V α
∂

∂xa

∂

∂xb
� cαρ xþ 1ð Þmδ1j

� �
δAF � T0Åδ1jβfg xþ 1ð ÞmJ0�1

� �
,


z}|{

¼ T0βab xþ 1ð ÞmÅδ1j, 
z}|{

¼ Tα0βab xþ 1ð Þm τ0 þ δ2j
� �

,

A
z}|{

¼ δ2j ∗
α

∂

∂xa

∂

∂xb
� ρcα xþ 1ð Þmδ1j

� �
δAF: (75)

where V, M
z}|{

, Γ
z}|{

, K
z}|{

, A
z}|{

, and B
z}|{

are represent the volume, mass,
damping, stiffness, capacity, and conductivity matrices, respectively; €U, _U, U, T,

and 
z}|{

represent the acceleration, velocity, displacement, temperature, and
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external force vectors, respectively, X
z}|{

is a Green and Lindsay material constants

vector, and 
z}|{

and 
z}|{

are coupling matrices.
Hence, the governing equations lead to the following coupled system of

differential-algebraic equations (DAEs) as in Farhat et al. [86]:

M
z}|{

€Unþ1 þ Γ
z}|{

_Unþ1 þ K
z}|{

Unþ1 ¼ 
z}|{p

nþ1 (76)

X
z}|{

€Tnþ1 þ A
z}|{

_Tnþ1 þ B
z}|{

Tnþ1 ¼ 
z}|{

€Unþ1 
z}|{

_Unþ1 (77)

where 
z}|{p

nþ1 ¼ ηTp
nþ1 þ V�S

0
and Tp

nþ1.
By integrating Eq. (73) and using Eq. (76), we get

_Unþ1 ¼ _Un þ Δτ
2

€Unþ1 þ €Un
� �

¼ _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � Γ
z}|{

_Unþ1 � K
z}|{

Unþ1

� �" # (78)

Unþ1 ¼ Un þ Δτ
2

_Unþ1 þ _Un
� �

¼ Un þ Δτ _Un þ Δτ2

4
€Un þ M

z}|{�1


z}|{p

nþ1 � Γ
z}|{

_Unþ1 � K
z}|{

Unþ1

� �" # (79)

From Eq. (78) we obtain

_Unþ1 ¼ γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �
(80)

where γ ¼ I Δτ2 M
z}|{�1

Γ
z}|{� �

.

Substitution of Eq. (80) in Eq. (79), we obtain

Unþ1 ¼  Un þ Δτ _Un

þΔτ2

4
€Un þ M

z}|{�1


z}|{p

nþ1 � Γ
z}|{

γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �
� K
z}|{

Unþ1

� �� �

(81)

Substituting _Unþ1 from Eq. (80) into Eq. (76), we obtain

€Unþ1 ¼ M
z}|{�1


z}|{p

nþ1 � Γ
z}|{

γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �� �
� K
z}|{

Unþ1

� �

(82)

Integrating the heat Eq. (74) using the trapezoidal rule and Eq. (77), we get

_Tnþ1 ¼ _Tn þ Δτ
2

€Tnþ1 þ €Tn
� �

¼ _Tn þ Δτ
2

X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � A
z}|{

_Tnþ1 � B
z}|{

Tnþ1

� �
þ €Tn

� �

(83)
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Tnþ1 ¼ Tn þ Δτ
2

_Tnþ1 þ _Tn
� �

¼ Tn þ Δτ _Tn þ Δτ2

4
€Tn þ X

z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � A
z}|{

_Tnþ1 � B
z}|{

Tnþ1

� �� �

(84)

From Eq. (83), we have

_Tnþ1 ¼ γ�1 _Tn þ Δτ
2

X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � B
z}|{

Tnþ1

� �
þ €Tn

� �� �
(85)

where γ ¼ I þ 1
2 A
z}|{

Δτ X
z}|{�1� �

.

On substitution of Eq. (85) in Eq. (84), we obtain

Tnþ1 ¼  Tn þ Δτ _Tn þ Δτ2

4
€Tn þ X

z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1

��

� A
z}|{

γ�1 _Tn þ Δτ
2

X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � B
z}|{

Tnþ1

� �
þ €Tn

� �� �� �
� B
z}|{

Tnþ1

�� (86)

On substitution of _Tnþ1 from Eq. (85) in Eq. (77), we get

€Tnþ1 ¼   X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1

�

� A
z}|{

γ�1 _Tn þ Δτ
2

X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � B
z}|{

Tnþ1

� �
þ €Tn

� �� �� �
� B
z}|{

Tnþ1

�� (87)

Now, our algorithm for the solution of Eqs. (81) and (86) is obtained as follows:
First step. Predict the displacement field: Up

nþ1 ¼ Un.
Second step. Substituting for _Unþ1 from Eq. (78) and substituting for €Unþ1 from

Eq. (76). Then, by using the resulted equations in Eq. (86) to obtain the tempera-
ture field.

Third step. Correct the displacement field (81) by using the computed temper-
ature.

Fourth step. Compute _Unþ1, €Unþ1, _Tnþ1, and €Tnþ1 from Eqs. (80), (82), (85),
and (87), respectively.

4. Design sensitivity and optimization

According to Fahmy [77, 78], the design sensitivities of the nonlinear tempera-
ture field and nonlinear displacement field can be performed by the implicit differ-
entiation of Eqs. (76) and (77), respectively, which describe the structural response
with respect to the design variables, then we can compute the nonlinear thermal
stresses sensitivities.

In order to solve our topology optimization problem, the method of moving
asymptotes (MMA) [87] has been implemented as an optimizer in our topology
optimization program. The benefit of MMA algorithm is that it replaces the original
nonlinear, non-convex optimization problem by a sequence of approximating con-
vex subproblems which are much easier to solve. The implemented MMA is based
on the bi-directional evolutionary structural optimization (BESO), which is the
evolutionary topology optimization approach that allows modification of the
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external force vectors, respectively, X
z}|{

is a Green and Lindsay material constants

vector, and 
z}|{

and 
z}|{

are coupling matrices.
Hence, the governing equations lead to the following coupled system of

differential-algebraic equations (DAEs) as in Farhat et al. [86]:

M
z}|{

€Unþ1 þ Γ
z}|{

_Unþ1 þ K
z}|{

Unþ1 ¼ 
z}|{p

nþ1 (76)

X
z}|{

€Tnþ1 þ A
z}|{

_Tnþ1 þ B
z}|{

Tnþ1 ¼ 
z}|{

€Unþ1 
z}|{

_Unþ1 (77)

where 
z}|{p

nþ1 ¼ ηTp
nþ1 þ V�S

0
and Tp

nþ1.
By integrating Eq. (73) and using Eq. (76), we get

_Unþ1 ¼ _Un þ Δτ
2

€Unþ1 þ €Un
� �

¼ _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � Γ
z}|{

_Unþ1 � K
z}|{

Unþ1

� �" # (78)

Unþ1 ¼ Un þ Δτ
2

_Unþ1 þ _Un
� �

¼ Un þ Δτ _Un þ Δτ2

4
€Un þ M

z}|{�1


z}|{p

nþ1 � Γ
z}|{

_Unþ1 � K
z}|{

Unþ1

� �" # (79)

From Eq. (78) we obtain

_Unþ1 ¼ γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �
(80)

where γ ¼ I Δτ2 M
z}|{�1

Γ
z}|{� �

.

Substitution of Eq. (80) in Eq. (79), we obtain

Unþ1 ¼  Un þ Δτ _Un

þΔτ2

4
€Un þ M

z}|{�1


z}|{p

nþ1 � Γ
z}|{

γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �
� K
z}|{

Unþ1

� �� �

(81)

Substituting _Unþ1 from Eq. (80) into Eq. (76), we obtain

€Unþ1 ¼ M
z}|{�1


z}|{p

nþ1 � Γ
z}|{

γ�1 _Un þ Δτ
2

€Un þ M
z}|{�1


z}|{p

nþ1 � K
z}|{

Unþ1

� �� �� �� �
� K
z}|{

Unþ1

� �

(82)

Integrating the heat Eq. (74) using the trapezoidal rule and Eq. (77), we get

_Tnþ1 ¼ _Tn þ Δτ
2

€Tnþ1 þ €Tn
� �

¼ _Tn þ Δτ
2

X
z}|{�1


z}|{

€Unþ1 þ 
z}|{

_Unþ1 � A
z}|{

_Tnþ1 � B
z}|{

Tnþ1

� �
þ €Tn

� �

(83)
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Tnþ1 ¼ Tn þ Δτ
2

_Tnþ1 þ _Tn
� �

¼ Tn þ Δτ _Tn þ Δτ2

4
€Tn þ X
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From Eq. (83), we have
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where γ ¼ I þ 1
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On substitution of Eq. (85) in Eq. (84), we obtain
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On substitution of _Tnþ1 from Eq. (85) in Eq. (77), we get
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Now, our algorithm for the solution of Eqs. (81) and (86) is obtained as follows:
First step. Predict the displacement field: Up

nþ1 ¼ Un.
Second step. Substituting for _Unþ1 from Eq. (78) and substituting for €Unþ1 from

Eq. (76). Then, by using the resulted equations in Eq. (86) to obtain the tempera-
ture field.

Third step. Correct the displacement field (81) by using the computed temper-
ature.

Fourth step. Compute _Unþ1, €Unþ1, _Tnþ1, and €Tnþ1 from Eqs. (80), (82), (85),
and (87), respectively.

4. Design sensitivity and optimization

According to Fahmy [77, 78], the design sensitivities of the nonlinear tempera-
ture field and nonlinear displacement field can be performed by the implicit differ-
entiation of Eqs. (76) and (77), respectively, which describe the structural response
with respect to the design variables, then we can compute the nonlinear thermal
stresses sensitivities.

In order to solve our topology optimization problem, the method of moving
asymptotes (MMA) [87] has been implemented as an optimizer in our topology
optimization program. The benefit of MMA algorithm is that it replaces the original
nonlinear, non-convex optimization problem by a sequence of approximating con-
vex subproblems which are much easier to solve. The implemented MMA is based
on the bi-directional evolutionary structural optimization (BESO), which is the
evolutionary topology optimization approach that allows modification of the
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structure by either adding efficient material or removing inefficient material to or
from the structure design [88–96]. This addition or removal depends upon the
sensitivity analysis. Sensitivity analysis is the estimation of the response of the
structure to the modification of the input design variables and is dependent upon
the calculation of derivatives.

The homogenized vector of thermal expansion coefficients αH can be written in
terms of the homogenized elastic matrix DH and homogenized stress-temperature
coefficients vector βH as follows:

αH ¼ DH� ��1
βH (88)

For the material design, the derivative of the homogenized thermal expansion
coefficients vector can be expressed as

∂αH

∂Xm
kl
¼ DH� ��1 ∂βH

∂Xm
kl
� ∂DH

∂Xm
kl
αH

� �
(89)

where ∂DH

∂Xm
kl
and ∂βH

∂Xm
kl
for any lth material phase, can be calculated using the adjoint

variable method [91] as

∂DH

∂Xm
kl
¼ 1

∣Ω∣

ð

Y
I � BmUmð ÞT ∂D

m

∂Xm
kl

I � BmUmð Þdy (90)

and

∂βH

∂Xm
kl
¼  

1
∣Ω∣

ð

Y
I � BmUmð ÞT ∂D

m

∂Xm
kl

αm � Bmφmð Þdy

þ 1
∣Ω∣

ð

Y
I � BmUmð ÞTDm ∂αm

∂Xm
kl
dy

(91)

where, ∣Ω∣ is the volume of the base cell.

5. Numerical examples, results, and discussion

The proposed technique used in the current chapter should be applicable to any
three-temperature nonlinear generalized magneto-thermoelastic problem. The
application is for the purpose of illustration.

The two anisotropic materials considered in the calculation are monoclinic
graphite-epoxy and North Sea sandstone reservoir rock, where the physical data of
monoclinic graphite-epoxy material is given as follows:

Elasticity tensor:

Cpjkl ¼

430:1 130:4 18:2 0 0 201:3

130:4 116:7 21:0 0 0 70:1

18:2 21:0 73:6 0 0 2:4

0 0 0 19:8 �8:0 0

0 0 0 �8:0 29:1 0

201:3 70:1 2:4 0 0 147:3

2
6666666664

3
7777777775

GPa (92)
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Mechanical temperature coefficient:

βpj ¼
1:01 2:00 0

2:00 1:48 0

0 0 7:52

2
64

3
75 � 106N=Km2 (93)

Tensor of thermal conductivity:

kpj ¼
5:2 0 0

0 7:6 0

0 0 38:3

2
64

3
75W=km (94)

Mass density ρ ¼ 7820kg=m3 and heat capacity c ¼ 461 J/(kg�K),
H0 ¼ 1000000 Oersted, μ ¼ 0:5 Gauss/Oersted, h ¼ 2, and Δτ ¼ 0:0001.

The physical data of the North Sea sandstone reservoir rock is given as follows:
Elasticity tensor:

Cpjkl ¼

17:77 3:78 3:76

3:78 19:45 4:13

3:76 4:13 21:79

0:24 �0:28 0:03

0 0 1:13

0 0 0:38

0 0 0

0 0 0

0:03 1:13 0:38

8:30 0:66 0

0:66 7:62 0

0 0 7:77

2
6666666666664

3
7777777777775

GPa (95)

Mechanical temperature coefficient:

βpj ¼
0:001 0:02 0

0:02 0:006 0

0 0 0:05

2
64

3
75 � 106 N=Km2 (96)

Tensor of thermal conductivity:

kpj ¼
1 0:1 0:2

0:1 1:1 0:15

0:2 0:15 0:9

2
64

3
75W=km (97)

Mass density ρ ¼ 2216kg=m3 and heat capacity c ¼ 0:1 J/(kg�K), H0 ¼ 1000000
Oersted, μ ¼ 0:5 Gauss/Oersted, h ¼ 2, and Δτ ¼ 0:0001.

The initial and boundary conditions considered in the calculations are

at τ ¼ 0 u1 ¼ u2 ¼ _u1 ¼ _u2 ¼ 0,T ¼ 0 (98)

at x ¼ 0
∂u1
∂x

¼ ∂u2
∂x

¼ 0,
∂T
∂x

¼ 0 (99)

at x ¼ h
∂u1
∂x

¼ ∂u2
∂x

¼ 0,
∂T
∂x

¼ 0 (100)

at y ¼ 0
∂u1
∂y

¼ ∂u2
∂y

¼ 0,
∂T
∂y

¼ 0 (101)
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at y ¼ b
∂u1
∂y

¼ ∂u2
∂y

¼ 0,
∂T
∂y

¼ 0 (102)

In order to study the effects of anisotropy and functionally graded materials on
composite microstructure, we consider the following four cases, namely, isotropic
homogeneous (IH), isotropic functionally graded (IF), anisotropic homogeneous
(AH), and anisotropic functionally graded (AF). Also, we considered total temper-
ature T T ¼ Te þ Ti þ Tp

� �
as the considered temperature field in all calculations of

this study.
Figure 2 shows the variations of the nonlinear three-temperature Te, Ti, and Tp

and total temperature T T ¼ Te þ Ti þ Tp
� �

, with the time τ through composite
microstructure.

Figures 3 and 4 show the variation of the nonlinear displacement sensitivities u1
and u2, with time τ for different cases IH, IF, AH, and AF. It was shown from these
figures that the anisotropy and functionally graded material have great effects on
the nonlinear displacement sensitivities through the FGA composite microstructure.

Figures 5–7 show the variation of the nonlinear thermal stress sensitivities σ11,
σ12, and σ22, respectively, with time τ for different cases IH, IF, AH, and AF. It was
noted from these figures that the anisotropy and functionally graded material have

Figure 2.
Variation of the temperature sensitivity with time τ.

Figure 3.
Variation of the displacement u1 sensitivity with time τ.
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Figure 4.
Variation of the displacement u2 sensitivity with time τ.

Figure 5.
Variation of the thermal stress σ11 sensitivity with time τ.

Figure 6.
Variation of the thermal stress σ12 sensitivity with time τ.
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great influences on the nonlinear thermal stress sensitivities through the FGA com-
posite microstructure.

For comparison purposes with those of other studies, we only considered one-
dimensional numerical results of the considered three-temperature problem. In the
considered special case, the nonlinear displacement u1 and nonlinear thermal stress
σ11 results are plotted in Figures 8 and 9, respectively. It can be noticed from these
that the BEM results, which are based on replacing one-temperature heat conduc-
tion with three-temperature heat conduction, are in excellent agreement when
compared to results obtained from the finite difference method of Pazera and
Jędrysiak [97] and the finite element method (FEM) of Xiong and Tian [98]. We
thus demonstrate the validity and accuracy of our proposed BEM technique.

Three numerical examples of BESO topological optimization of composite
microstructures are performed to illustrate the optimization results of this study
[99]. In order to obtain the functionally graded parameter effects during the opti-
mization process of the considered composite microstructure, we consider the
following values m ¼ 0, 0:5, 0:75, and 1 in the one-temperature heat conduction
model and the three-temperature radiative heat conduction model.

Example 1. Composite microstructures without holes or inclusions.

Figure 7.
Variation of the thermal stress σ22 sensitivity with time τ.

Figure 8.
Variation of the displacement u1 sensitivity along x-axis.
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The mean compliance has been minimized, to obtain the maximum stiffness for
the composite microstructures made from two competitive materials and without
holes or inclusions. Investigation of the effect of the functionally graded parameter
on the optimal composite microstructure has been shown in Table 1 for the 1T
model and in Table 2 for the 3T model. It is noticed from these tables that the heat
conduction model and functionally graded parameter have a significant effect on
the topology optimization process of the multi-material FGA composite
microstructures.

Example 2. Composite microstructures with circular or square holes.
The mean compliance has been minimized to obtain the maximum stiffness for

the composite microstructures made from two competitive materials and with
circular or square holes. Investigation of the effect of the functionally graded

Figure 9.
Variation of the thermal stress σ11 sensitivity along x-axis.

Table 1.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure for
the 1T model.

Table 2.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure for
the 3T model.
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parameter on the optimal composite microstructure with circular holes has been
shown in Table 3 for the 1T model and in Table 4 for the 3T model. Also, the
investigation of the effect of the functionally graded parameter on the optimal
composite microstructure with square holes has been shown in Table 5 for the 1T
model and in Table 6 for the 3T model. It is noticed from these tables that the heat

Table 3.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with circular shape holes for the 1T model.

Table 4.
Investigation of the influence of functionally graded parameter m on the optimal composite microstructure with
circular shape holes for the 3T model.

Table 5.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with square shape holes for the 1T model.

Table 6.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with square shape holes for the 3T model.
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conduction model, functionally graded parameter, and holes shape have a signifi-
cant effect on the topology optimization process of the multi-material FGA com-
posite microstructures.

Example 3. Composite microstructures with circular or square inclusions.
The mean compliance has been minimized to obtain the maximum stiffness for

the composite microstructures made from two competitive materials and with
circular or square inclusions. Investigation of the effect of the functionally graded
parameter on optimal composite microstructure with circular inclusions has been
shown in Table 7 for the 1T model and in Table 8 for the 3T model. Also, the
investigation of the effect of the functionally graded parameter on the optimal
composite microstructure with square inclusions has been shown in Table 9 for the
1T model and in Table 10 for the 3T model. It is noticed from these tables that the
heat conduction model, functionally graded parameter, and inclusions shape have a
significant effect on the topology optimization process of the multi-material FGA
composite microstructures.

The BESO topology optimization problem implemented in the numerical exam-
ples to find the distribution of the two materials in the design domain that minimize

Table 8.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with circular shape inclusions for the 3T model.

Table 9.
Investigation of the influence of the functionally graded parameter, m, on the optimal composite microstructure
with square shape inclusions for the 1T model.

Table 7.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with circular shape inclusions for the 1T model.
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the compliance of the structure subject to a volume constraint in both phases can be
stated as

Find XM

That minimize CM ¼ 1
2 PM� �T

uM ¼ 1
2 fM,ter þ fM,mec
� �T

uM

Subject to VM, ∗
j � ΣN

i¼1V
M
i X

M
ij � Σ j�1

i¼1 V
M, ∗
i ¼ 0; j ¼ 1, 2

KMuM ¼ PM

XM
i ¼ xminV1; j ¼ 1, 2

where XM is the design variable; VM, ∗
j is the volume of the jth material phase,

where i and j denote the element ith which is made of jth material; CM is the mean
compliance; P is the total load on the structure, which is the sum of mechanical and
thermal loads; uM is the displacement vector; VM, ∗ is the volume of the solid
material; N is the total number of elements; KM is the global stiffness matrix; xmin is
a small value (e.g., 0.0001), which guarantees that none of the elements will be
removed completely from design domain; fM,mec is the mechanical load vector; and
fM,ter is the thermal load vector. Also, the BESO parameters considered in these
examples can be seen in Table 11. The validity of our implemented BESO topology
optimization technique has been demonstrated in our recent reference [100].

Table 10.
Investigation of the influence of functionally graded parameter, m, on the optimal composite microstructure
with square shape inclusions for the 3T model.

Variable name Variable description Variable value

VM
f 1 Final volume fraction of the material 1 for both interpolations 0.10

VM
f2 Final volume fraction of the material 2 for both interpolations 0.20

ERM Evolutionary ratio for interpolation 1 2%

ERM Evolutionary ratio for interpolation 2 3%

ARM
max Volume addition ratio for interpolation 1 3%

ARM
max

Volume addition ratio for interpolation 2 2%

rMmin Filter ratio for interpolation 1 4 mm

rMmin Filter ratio for interpolation 2 3 mm

τ Convergence tolerance for both interpolations 0.01%

N Convergence parameter for both interpolations 5

Table 11.
Multi-material BESO parameters for minimization of a composite microstructure.
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Example 4. Laminated composite microstructure with three different sets of
boundary conditions are considered in this example to validate the BEM formula-
tion of the current study. These boundary conditions are called: simply—simply
supported (SS), clamped—clamped (CC), and clamped—simply supported (CS).
One-temperature (1T) and three-temperature (3T) models of nonlinear thermal
stresses sensitivities results have been compared with the finite element method
(FEM) results of Rajanna et al. [101] as well as with the finite volume method
(FVM) results of Fallah and Delzendeh [102], which are tabulated in Table 12 for
different types of boundary conditions and different methods. It can be observed
that the BEM results for all the three types of boundary conditions are in excellent
agreement with FEM results of [101] and the FVM results of [102].

6. Conclusion

The main aim of this chapter is to describe a new boundary element formulation
for the modeling and optimization of the three-temperature nonlinear generalized
magneto-thermoelastic functionally graded anisotropic (FGA) composite micro-
structures. The governing equations of the considered model are very difficult to
solve analytically because of the nonlinearity and anisotropy. To overcome this, we
propose a new boundary element formulation for solving such equations, where we
used the three-temperature nonlinear radiative heat conduction equations com-
bined with electron, ion, and phonon temperatures. Numerical results show the
three-temperature distributions through composite microstructure. The effects of

Model Type Method σ11 sensitivity σ12 sensitivity σ22 sensitivity

BEM (present) 0.4084297 0.0509346 0.5332620

IT SS FEM [101] 0.4084297 0.0509346 0.5332620

FVM [102] 0.4084297 0.0509346 0.5332620

BEM (present) 0.3591487 0.0408259 0.3758618

IT CC FEM [101] 0.3591487 0.0408259 0.3758618

FVM [102] 0.3591487 0.0408259 0.3758618

BEM (present) 0.2518379 0.0307736 0.2613532

IT CS FEM [101] 0.2518378 0.0307735 0.2613531

FVM [102] 0.2518379 0.0307736 0.2613532

BEM (present) 0.3147697 0.0304365 0.4767924

3T SS FEM [101] 0.3147696 0.0304364 0.4767923

FVM [102] 0.3147697 0.0304365 0.4767924

BEM (present) 0.2432756 0.0204748 0.3052857

3T CC FEM [101] 0.2432755 0.0204747 0.3052856

FVM [102] 0.2432756 0.0204748 0.3052857

BEM (present) 0.1258948 0.0107825 0.2079735

3T CS FEM [101] 0.1258947 0.0107824 0.2079734

FVM [102] 0.1258948 0.0107825 0.2079737

Table 12.
Models of 1T and 3T nonlinear thermal stresses’ sensitivities for different types of boundary conditions and
different methods.
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the compliance of the structure subject to a volume constraint in both phases can be
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M
i X
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i¼1 V
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XM
i ¼ xminV1; j ¼ 1, 2
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anisotropy and functionally graded material on the three-temperature nonlinear
displacement sensitivities and nonlinear thermal stress sensitivities through the
composite microstructure are very significant and pronounced. Because there are
no available results in the literature to confirm the validity and accuracy of our
proposed technique except for one-temperature heat conduction, we replace the
three-temperature radiative heat conduction with one-temperature heat conduction
as a special case from our current general study. In the considered special case, the
BEM results have been compared graphically with the FDM results and FEM
results, and it can be noticed that the BEM results are in excellent agreement with
the FDM and FEM results. These results thus demonstrate the validity and accuracy
of our proposed technique.

Numerical examples are solved using the method of moving asymptotes (MMA)
algorithm based on the bi-evolutionary structural optimization method (BESO),
where we used the topological optimization to manufacture three-temperature
magneto-thermoelastic composite microstructures to obtain the required specific
engineering properties. A new class of FGA composite microstructures consisting of
two competitive materials has been studied, taking into account existence of holes
or inclusions. The effects of the heat conduction model, functionally graded
parameter, and holes shape and inclusions shape on the optimal composite micro-
structure are investigated through the considered examples with great practical
interest.

The ability to understand and manipulate composite microstructures has been
fundamental to our technical development over time. Today, scientists and engi-
neers recognize the importance of composite microstructures use for economic and
environmental reasons. Based on the BEM implementation and its results, this study
concluded that the boundary element technique is the most suitable technique for
the manufacturing of FGA composite microstructures in the future works. This
technique aimed to describe the behavior of FGA composite microstructures and
achieves improvement in the composition optimization and mechanical properties
of the resulting FGA composite microstructures.

Due to three-temperature and numerous low-temperature and high-
temperature applications in laminated composites microstructures, as a future work
and based on the findings obtained in the present study, we would suggest further
research to develop numerical techniques for solving the three-temperature
nonlinear thermoelastic wave propagation problems and for manufacturing of
advanced laminated composites. The numerical results of our considered study can
provide data references for mechanical engineers, computer engineers, geotechnical
engineers, geothermal engineers, technologists, new materials designers, physicists,
material science researchers, and those who are interested in novel technologies in
the area of three-temperature magneto-thermoelastic FGA composite microstruc-
tures. Application of three-temperature theories in advanced manufacturing tech-
nologies, with the development of soft machines and robotics in biomedical
engineering and advanced manufacturing, and nonlinear generalized magneto-
thermoelastic problems will be encountered more often where three-temperature
radiative heat conduction will turn out to be the best choice for thermomechanical
analysis in the design and analysis of advanced composite microstructures.
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