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I 

 

Abstract : 

Epoxy and epoxy based composites are preferred insulating materials for 

several electrical applications, such as printed circuit boards, generator ground 

wall insulation systems, and cast resin transformers, Although epoxy resins are 

extremely valuable materials in coatings and adhesion applications, thermal 

conductivity of these polymer resins is in a low range from 0.1 to 0.3 W/m·K. 

It make epoxy insurable use in heat dissipation application . The addition 

of inorganic nano particles into the epoxy material can significantly improve the 

thermal conductivity and mechanical properties of the nanocomposite. this the 

easiest way to reach the aimed technological goals such as heat dissipation. 

In this study, it is developed a new corrosion protective coating with heat 

dissipation and electrical insulation that can be used to protect turbines in 

automobiles, ships, or planes, as well as in the electric and electronic industry 

such as Automotive electronic control units (ECUs) , using epoxy as matrix 

phase and MgO, h-BN and 1:1 MgO/H-BN  hybrid nanoparticles as 

strengthening phase and it is compared the mechanical, thermal, electrical 

properties  and Potentiodynamic Polarization of  nanocomposites coating. Heat 

dissipation and electrical insulation were provided by magnesium oxide (MgO) 

and hexagonal boron nitride (h-BN), MgO offers a number of appealing 

properties, including affordable ,harmless and good electrical insulation 

Meanwhile, BN appears to be on the verge of developing high temperature 

conductive adhesives for heat dissipations coating applications with better 

electric insulation than graphene nanoparticles. 

Nanocomposites coating  were prepared using Dip coating with different 

concentrations of nanoparticles (NP) MgO , BN or hybrid (with ratio1:1) with 

weight percent ( 0, 1, 3, 5 and 7 Wt %).  



II 
 

The characteristics of the polymer nanocomposites were investigated using 

(FTIR,XRD, FESEM, AFM, Thermal and Electrical measurements, Tensile Test, 

Impact test, Fracture Toughness test, Shor D hardness, Pull-Off Adhesion test and 

Potentiodynamic Polarization test and Coating Thickness measurement .  

In FESEM images, MgO NP has a coarse size but BN shows a finer size, The 

addition of 7 wt %  hybrid nanoparticles  improved the tensile strength , about 19 % 

as compared of pure epoxy and another non hybrid nanocomposites .The addition of 

7% hybrid nanoparticles enhanced (Tensile Strength ,Modulus of Elasticity  ,Shor D 

Hardness, The Impact Strengths, The Compact Tension Fracture Toughness KIC ,The 

Single Edge Notched Bending KIIC, Pull off Adhesion Strength) about (19 % ,37%,  

10,%56%  ,68%,41%  and 69%) Respectively ,as compared to pure epoxy and 

another non hybrid nanocomposites .The addition of 7% hybrid nanoparticles 

enhanced the  efficiency of inhibition about 87%  as compared to pure epoxy and 

another non hybrid nanocomposites . The 1:1 MgO/h-BN hybrid is chosen as an 

appropriate filler to prepare nanocomposites coating  with the best efficiency of 

inhibition  . In addition, the application of  hybrids  in  thermally conductive and 

electrical insulation coatings are also worth investigating due to good electrical 

insulation and mechanical strength of MgO nanoparticles and high thermal 

conductivity of h-BN nanoparticles. 
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Chapter One                                                                          Introduction   

1 
 

1.1 Introduction   

At present, the rapid development of highly integrated and high-power 

microelectronic devices,5G semiconductor chips, and integrated circuits has led to 

the continuous reduction in product size and increment in product power[1,2]. 

 The electronic equipment and its associated components produce a large 

amount of heat during operation, so the heat generated will be in certain locations, 

resulting in the problem of local overheating [3,4].Therefore, the problem of rapid 

heat accumulation and heat dissipation becomes increasingly more prominent, 

seriously affecting the stability and service life of electronic products, and is also 

one of the most important difficulties at present[5,6].There is evidence that the 

performance of electronic products decreases by 10% when the temperature 

increases to 2 ◦C [7].Hence, it is extremely urgent to prepare thermal management 

materials (TMMs) with excellent comprehensive properties[8].Thermal interface 

materials (TIMs) for the thermal management system of key components, which is 

usually made of polymer composites, can fill the space between the two surfaces, 

thus increasing the effective contact area. TIMs have a significant improvement in 

interface heat transfer, because the λ of air between two surfaces is particularly low 

(0.026W/m·K). Consequently, TIMs play an important role in the heat dissipation 

of electronic devices. 

This leads to a continuous demand of thermal conductive coatings and 

adhesives, with high electrical insulation capability. This demand is originated by 

the constant miniaturization, integration and functionalization of electronics and 

the appearance of new applications such as flexible electronics, light emitting 

diodes, etc. In this sense, heat management has special interest in electronic 

components since they can be deserved for greater power output, improved 

efficiency and lengthening of half-life time and prevention of premature failures of 
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devices[9]. These kinds of thermally conductive polymers find also usage in other 

applications like aerospace industry, heat exchangers and corrosion-resistant 

coatings and therefore the research in these materials is in constant development 

[10]. As shown in figure (1.1). 

 Thermal energy is defined by the existence of microscopic vibrations of 

particles. The temperature, describing the state of a body, is a physical property 

quantifying those microscopic thermal vibrations of the particles. Heat is directly 

related to the thermal conductivity (TC), and has been defined as the thermal 

energy transfer from a specific point to its surroundings due to the temperature 

gradient[11]. Thus, temperature is produced by particles vibration and heat 

evaluates how much of this energy is transferred, how fast and in what direction. 

epoxy and epoxy based composites are preferred insulating materials for several 

electrical applications, such as printed circuit boards, generator ground wall 

insulation systems, and cast resin transformers. Excellent adhesive properties, 

resistance to heat and chemicals, good mechanical properties and very good 

electrical insulating properties make epoxy a favored insulating material [12]. 

Although epoxy resins are extremely valuable materials in coatings and 

adhesion applications, thermal conductivity of these polymer resins is in the low 

range from 0.1 to 0.3 W/m·K.The addition of inorganic filler particles into the 

epoxy material can significantly improve the TC and can also affect the 

mechanical properties of the composite. However, this constitutes the easiest way 

to reach the aimed technological goals such as heat dissipation[13]. 

Polymeric nanocomposite has been attracting more attention as a new 

insulating material because homogeneous dispersion of nanosized inorganic fillers 

can improve various properties significantly. They possess promising high 

performances as engineering materials if they are prepared and fabricated 
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properly[14]. Therefore, studies have  focused on how nanotechnology can 

improve the thermal conductivity without deteriorating existing electrical 

properties[15]. 

Among inorganic fillers, hexagonal boron nitride (BN) is structurally 

analogous to graphite and has similar thermal conductivity[16,17] ,and was several 

advantages over those based on graphite because of BN is a nonelectrically 

conductor[18]. 

In addition, thermally conducting but electrically insulating MgO nano 

particles [19]. the MgO represents a prospective filler. Especially, due to wide 

band gap (7.8 eV) and high volume resistivity (10
17

 Ω·m). It is the highest value of 

volume resistivity from commonly used nanoscale oxides[20]. were used as hybrid 

fillers to improve the thermal conductivity of epoxy composites.  

 

Figure 1.1: Application fields of epoxy-based coating [21]. 
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In this study, an attempt was made to investigate the fundamental properties 

of the nano magnesium oxide MgO ,nano boron nitride BN and hybrid of(1:1 MgO 

/BN) materials using it as a filler material in epoxy resin. The dielectric 

characteristics of epoxy nanocomposites are known to be influenced by the 

interfacial interactions between the nanoparticles and the base polymer matrix. As 

a result, an attempt was made to comprehend the differences in properties of epoxy 

nanocomposites having various percentages of nanofiller. Furthermore, the 

mechanical and thermal properties of insulating materials. 

1.2 Aim of The Research  

This work aims to prepare nanocomposite coating for electrical insulating 

and thermal conducting applications . 

1.3 Objective  

 Using MgO, BN and hybrid as Nanoreinforcement. 

  Study the effect of nanoparticles MgO, BN and hybrid on the mechanical, 

morphological, structural, thermal ,electrical and corrosion properties of 

epoxy nanocomposites material. 

 Prepare epoxy nanocomposite reinforced with different weight percent of 

MgO , BN, and (1:1 of MgO/BN) hybrid Nps with  (1, 3,5,7%wt %).  

 Study the mechanical properties ,fracture toughness (C.T and SENB,tensile, 

impact, hardness and pull off adhesion)  for prepared nanocomposites.  

 Study the physical (FTIR) and morphological( SEM, AFM) properties for 

nanocomposites.  

 Study the structural properties for nanocomposites by XRD.  

 Study thermal and electrical properties for prepare nanocomposites.  

 Study Potentiodynamtic polarization properties for prepare nanocomposites. 
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2.1 Nanocomposite 

A nanocomposite is a multiphase solid substance with one, two, or three 

dimensions of fewer than 100 nanometers, or a structure with nanoscale repeat 

distances between the distinct phases that make up the material (nm). According to 

the matrix type, nanocomposite materials are divided into three types [22,23]: 

1- Composite with metal matrix. 

2- Composite with ceramic matrix. 

3- Composite with polymer matrix.      

2.1.1 Polymer Nanocomposite 

Polymer nanocomposites are a novel type of polymer composite that can be 

used instead of regular polymer composites [24]. PNCs are a mixture of two or 

more materials in which the matrix is a polymer and the dispersed phase has at 

least one dimension less than 100 nm [25] . Mechanical strength, toughness, and 

stiffness, electrical and thermal conductivity, enhanced flame retardancy, and a 

higher barrier to moisture and gases are all examples of improved performance of 

those materials. As illustrated in Figure (2.1), nanocomposites have unique design 

possibilities that provide significant benefits in the creation of functional materials 

with desired qualities for specific applications[26].  
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Figure 2.1: Polymer nanocomposites with (a) shape, (b) dispersion, (c) 

morphology, and (d) external stimulus [27]. 

2.1.2 Polymer Matrix Nanocomposite Processing Techniques 

Chemical or mechanical methods can be used to create polymer matrix 

nanocomposite. The primary issues that arise during the construction of polymer 

nanocomposite are uniform and homogenous dispersion of nanoparticles in the 

polymer matrix[23]. 
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Polymer nanocomposites can be made in a variety of ways, however there are three 

typical approaches to make nanomaterials [28]: 

1- Solution method. 

2- Mixing the molten. 

3- In-situ polymerization method. 

 In Solution Method:  

The nanoparticles were disseminated in the solvent before being introduced 

to the polymer solution, allowing them to spread evenly throughout the polymer 

and evaporating the solvent. As illustrated in Figure (2.2): 

 

Figure 2.2: Schematic illustration for the solution blending method [29] . 

 Melt Compounding Method:  

This method includes adding nanoparticles to a polymer at a temperature 

above its melting point, then forming the final material. As illustrated in Figure 

(2. 3) [30]:  
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Figure 2.3:  Effect of shearing on the dispersion of the nanoparticles during 

melt blending[31]. 

 In - Situ Polymerization:  

This method is for making nanocomposites by including nanoparticles 

into the polymerization process. It's a good way to get a homogeneous filler 

dispersion in the polymer [32,33]. Figure (2.4) shows the approach for making 

polymer nanocomposites using this technique. 
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Figure 2.4: Schematic illustration for the in situ polymerization method[34]. 

2.1.3 Properties of Polymer Matrix Nanocomposites 

The qualities of nanocomposites are determined not only by the properties of 

individual components, but also by the parameters listed below [35]: 

1. A method for making nanocomposite materials. 

2. The many types of filler materials and how they are oriented 

3. The degree to which two phases are mixed 

4. Nanoparticle properties and morphology 

5. Size and shape of nano filler materials  

Nanosized particles must be correctly dispersed and distributed in the 

matrix material to produce increased nanocomposites properties; otherwise, 

particles would agglomerate and the properties of nanocomposites will 

deteriorate. These aggregates operate as defects, limiting the nanocomposite's 

property enhancement. To obtain optimum property enhancement, the 

nanoparticles should be uniformly disspertion throughout the matrix,as 

illustrated in Figure (2.5) [36]. 
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Figure 2.5:Distribution and dispersion of nanoparticles in the matrix[37]. 

Nanoparticles have a large surface area, and the overall surface area of a 

nanoparticle dictates the amount of the interface phenomenon that influences 

nanocomposites' attributes, as illustrated in Figure (2.6) [38].  

 

Figure 2.6: Interphase region between filler and polymer matrix [39]. 

2.2 Classification and Types of Fillers  

Fillers that are commonly employed to reinforce polymer materials can be 

classified into three types based on their size. Micron sized particles, also known as 

conventional sized filler, are the earliest type of filler. The size of these particles 

can range from 1 μm to 100 μm, The second type of particle is known as 

submicron-sized particles. Their size ranges from 100 nm to 1 μm. The first two 
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types are sometimes grouped together and referred to as micro particles. The group 

of nanometer sized particles is the third type of particle. These particles should be 

less than 100 nm in at least one dimension. Nanofillers can be one-dimensional 

(nanotubes, fibers, rods), two-dimensional (clay, plane-like particles), or three-

dimensional nanospheres, (spherical particles). Fillers are defined by their shape 

and size, as well as their aspect ratio. The chemical structures, forms, dimensions, 

sizes, and intrinsic qualities of the numerous substances employed as fillers vary 

significantly. Fillers are categorised as either inorganic or organic chemicals, with 

further subcategories based on chemical family[40]. In the creation of 

thermosetting composites, the use of nanostructured fillers in epoxy systems has 

become increasingly important. Carbon-based fillers, inorganic fillers, metal 

fillers, and hybrid fillers are the four different types of thermally conductive fillers. 

as seen in the Table (2.1) [41]. 

Table 2.1: Different types of filler[42]. 

Chemical family Examples 

Inorganics 

Oxides Al2O3, SiO2, MgO, ZnO, TiO2, glass 

Hydroxides Al(OH)3, Mg(OH)2 

Silicates Talc , mica, nanoclays, asbestos 

Salts, compounds CaCO3, BaSO4, BaTiO3  

Metals Al, Ag, Sn, Au, Cu 

Nitrides, carbides AlN, BN, Si3N4, SiC 

Organics 

Carbon Carbon fibers, carbon black, graphite fibers 

and flakes, carbon nanotubes, nanodiamonds 

Natural polymers Cellulose fibers, wood flour, flax, sisal 

Synthetic polymers Polyamide, polyester, aramid 
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2.2.1 Hybrid fillers  

Multiscale fillers, such as hybrid fillers, are utilized to enhance polymer 

matrix materials. The main benefit of hybrid fillers is that the inherent qualities of 

each filler are combined to obtain the necessary mechanical properties in the final 

composite. Hybrid fillers have a unique architecture capable of reinforcing the 

filler matrix interface and contributing considerably to the mechanical 

characteristics of epoxy composites, in addition to improving electrical[38,39] , 

thermal [45] and corrosion resistance [41,42] .Hybrid fillers are often employed in 

thermally conductive composites because combined fillers of different sizes or 

types can generate a better thermally conductive network. By constructing bridges 

between fillers and increasing filler packing density, a hybrid filler system can aid 

in the formation of a vast thermally conductive network. Another benefit of a 

hybrid filler system is that it can help lower overall filler loading and hence system 

viscosity. A tiny amount of carbon nanotubes (CNTs) (1 vol%) in an aluminum 

nitride (AlN)/epoxy system with a 25 vol% AlN loading demonstrated similar 

thermal conductivity to an epoxy composite with 50 vol% AlN. a hybrid filler 

system can not only increase packing density and minimize system viscosity but 

also improve thermal conductivity [48] . 

2.3 Thermoset 

A thermosetting polymer, often known as a thermoset, is a polymer made by 

irreversibly hardening and curing a soft solid or viscous liquid pre polymer (resin). 

Curing is caused by heat or appropriate radiation, and it can be accelerated by 

applying high pressure or mixing with a catalyst. Heat is often generated through 

the reaction of the resin with a curing agent, rather than being applied externally 

(catalyst, hardener). Curing causes chemical processes that result in substantial 

cross-linking between polymer chains, resulting in an insoluble and infusible 
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polymer network[49], Prior to curing, the beginning material for thermosets is 

usually pliable or liquid, and it is frequently designed to be molded into the final 

shape. It can be used as an adhesive as well. In contrast to thermoplastic polymers, 

which are frequently produced and distributed in the form of pellets and moulded 

into the final product form by melting, pressing, or injection molding [45,46]. 

thermoset polymers cannot be melted for reshaping once hardened as seen in 

figure(2.7). 

 

 

 

 

 

 

 

Figure 2.7: Synthesis and structures of thermoset and linear adhesives by 

addition polymerization[51]. 

When cured with a curing agent, thermosetting resins such as epoxy, 

unsaturated polyester or phenolic resins become rigid. The system can be thought 

of as a three-dimensional cross-linked network. Figure (2. 8)  shows how it may 

appear in a plane[52].  
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Figure 2.8: Schematic representation of a thermosetting polymer[53]. 

2.4. Epoxy  

Epoxy resins are pre-polymers with a low molecular weight that contain 

more than one epoxide group of the form [54] : 

 

Figure 2.9: The Chemical Structure of  the Epoxy Group [55]. 

Because of their high modulus and strength, excellent chemical resistance, 

and ease of processing, epoxy resin is one of the most important thermosetting 

polymers materials. It has been widely used as a high performance material, 

adhesive, coating, matrix of composite materials, and electronic encapsulating 

materials[31,32]. where a number of researchers looked at the mechanical 

properties of particle reinforced epoxy composites by use of inorganic filler to 

improve the thermal and mechanical properties of epoxy systems [53–56]. 
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2.4.1 Applications Fields of Epoxy Resin  

Coatings, electrical, automotive, marine, aerospace, sealing liquids, 

laminates, adhesives, tool fabrication, pipes and vessels in the chemical industry, 

food packing, construction and building material, and light weight structural 

components are just a few of the many applications for epoxy resins (2.10). Epoxy 

resins have become a viable material for high performance applications in the 

transportation industry, mainly in the form of composite materials, due to their low 

density and outstanding adhesive and mechanical qualities. Epoxy composite 

materials can be found in many elements of the body and structure of military and 

civil aircrafts, and the number of uses is growing in the aerospace sector. Epoxy 

resins are widely utilized in commercial and military applications due to their high 

mechanical/adhesion properties, solvent and chemical resistance, and ability to 

cure over a wide temperature range. Epoxy resin systems are thermosets 

commonly utilized in electrical engineering applications such rotating machines, 

switchgear systems, generator ground wall insulation systems and insulators[57–

59] . 
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Figure 2.10: Applications of Epoxy Resins Used in (a) Paints and Coatings, (b) 

Adhesives, (c) Electronic materials, and (d) Aerospace Industry[65]. 

2.5 Epoxy/Inorganic Filler Nanocomposites  

The stiffness, flame retardancy, barrier and scratch resistance, optical 

properties, and electrical properties of the polymer inorganic filler nanocomposites 

are all exceptional. Because of their improved structural properties, these 

nanocomposites are currently attracting study attention. In most cases, these 

materials are made up of two phases: inorganic strengthening material and a 

polymer matrix. Nanometer-scale particles (1-100 nm) dispersed throughout the 

polymeric matrix make up the inorganic material. Because nanoparticles have a 

large surface area per unit volume, phase interactions between the polymeric 

matrix and nanoparticles are improved[66]. In the electric and electronic industries, 
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epoxy resin has been widely used as a packing material [67]. Because of its cheap 

cost effectiveness, low viscosity, and excellent thermal stability [68],[69]. 

Inorganic thermally conductive fillers are commonly utilized to make thermally 

conductive insulating composites because they have high thermal conductivity TC 

and electrical insulation characteristics. BN, AlN, SiC, Al2O3, MgO, and other 

inorganic fillers are examples. Boron nitride has a substantially higher thermal 

conductivity (TC) than other inorganic fillers[70]. 

2.6. Magnesium Oxide ) MgO) Nanoparticles: 

Magnesium oxide is a refractory substance that is white in color. It has the 

empirical formula MgO, and its lattice is made up of Mg
2+

 ions and O
2- 

ions bound 

together by ionic bonds (Figure 2.11). The calcination of magnesium hydroxide 

Mg(OH)2 or magnesium carbonate MgCO3 produces magnesium oxide. The 

surface area and pore size of produced magnesium oxide, as well as the ultimate 

reactivity, are all affected by the thermal treatment utilized during the calcination 

process. Temperatures used can be divided into three groups: 700°C to 1000°C for 

caustic calcined magnesium oxide, 1000°C to 1500°C for lower chemical activity 

magnesium oxide, and calcination over 1500°C for reduced chemical activity type 

of refractory magnesium oxide, which is mostly used for electrical and refractory 

applications[66,67]. 



Chapter Two                               Theoretical Part &Literature Survey 

18 
 

 

Figure 2.11:Structure of magnesium oxide[72]. 

2.6.1 Properties of magnesium Oxide Nanoparticles 

Magnesium oxide has physical qualities that make it available for a various 

of applications. When looking at the surface structure of MgO, it is clear that it 

possesses the simplest oxide structure. It has a density of about 3.579 g/cm
3
. At 

T=100°C, the thermal conductivity of sintered magnesium oxide is defined as 36 

W/m
.
k

 
.Magnesium oxide has extremely high melting and boiling points due to its 

refractory qualities (melting point: 2800°C, boiling point: 3600°C). The purity of 

magnesium oxide determines the value of electrical resistance. Magnesium oxide 

has a dielectric constant ranging from 3.2 to 9.8 at 25°C and 1 MHz, and dielectric 

loss values for the same conditions are approximately 10
−4

  [68- 70].  

2.6.1.1  Applications of Magnesium Oxide Nanoparticles 

Magnesium oxide has a wide range of applications in a variety of industries. 

It is a valuable fireproofing element in construction materials due to its refractory 

characteristics. MgO is highly valued as a refractory material, or a solid that 
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remains physically and chemically stable at high temperatures. It possesses a high 

thermal conductivity as well as a high electrical resistance, which are both 

beneficial. A prominent application is in the heating components of kitchen electric 

stoves. The refractory sector is by far the greatest consumer of MgO and another  

used in agricultural, chemical, construction, environmental, and other industrial 

uses[76]. Magnesium oxide (MgO) is a common crucible refractory material Also 

in corrosion prone applications [58]. MgO is used for medicinal applications[59]. 

Insulators[77] fertilizers [78], water treatment [79], protective coatings [80], and 

other applications are among the others. There is currently a movement to utilize 

nanoscale fillers [81]. Nanotechnology [82], could be utilized to make nanoscale 

magnesium oxide [78,79].  

2.6.1.2 Epoxy /MgO Nanocomposite: 

Rotating machineries, gas insulated systems (GIS), transformers, and cable 

joints all use epoxy resin as an insulant[80,81]. In addition to electrical stress, the 

insulating structure in the power apparatus is subjected to heat stress during 

operation. Chemical modifications to the insulating material are also possible 

depending on where it is used. This implies that the insulating material undergoes 

multi stress ageing during operation. In order to improve the reliability of power 

apparatus, it is now necessary to design and create insulation structures with 

desired electrical, thermal, and mechanical properties. It has been discovered that 

adding a small percentage of nanoparticles to the base polymer material improves 

properties such as breakdown strength, dielectric loss, and dielectric constant, as 

well as reducing weight and improving chemical, mechanical, thermal, and 

electrical discharge resistance [82-85]. Epoxy nanocomposites have recently 

gained favor, particularly when magnesium oxide is used as a filler, due to the 

nanocomposites material's lack of space charge [89].  
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2.6.2 Boron nitride (BN) Nanoparticles 

Boron nitride (BN) is a refractory substance comprised of boron and 

nitrogen that contains 43.6 percent boron and 56.4 percent nitrogen by chemical 

composition. It possesses good lubrication and abrasion resistance, as well as good 

thermal conductivity and electrical insulation. Diverse boron and nitrogen atom 

configurations yield different structures. Depending on the pressure and 

temperature, it can crystallize in a variety of shapes (hexagonal, rhomboedral, 

diamond-like cubic) [90]. However, as demonstrated in Figure (2.12), among the 

BN types, the hexagonal form corresponding to graphite is the most stable and 

softest [91]. Hexagonal boron nitride is sometimes known as white graphite (h-

BN) because of its extremely high thermal conductivity, it is a one of a kind 

substance [87,88], and electrically insulating behavior [94] and has recently gotten 

a lot of press because of its excellent heat dissipation performance. It's comparable 

to graphene, which is utilized to make thermal management materials 

(TMMs)[90,91]. It's also utilized to improve overall thermal conductivity in 

polymeric nanocomposites. The resurgence of interest in h-BN has been sparked by 

the advent of two-dimensional materials, which has been heralded by graphene 

[92, 93]. The arrangement in layers of hexagons of alternating boron and nitrogen 

atoms, similar to graphene structure, characterizes this configuration Strong 

covalent bonding with a spacing that is nearly identical to graphene characterize 

the hexagonal layer plane. As B and N atoms align alternatively in a vertical 

orientation, the layers composing the three-dimensional structure are held together 

by van der Waals forces, as stated in[99] . Because of its structural similarities to 

graphene, this material has gotten a lot of attention in recent years, since its layered 

structure has been used to create various nanostructures such boron nitride 

nanotubes, nanosheets, nanohorns, and nanoparticles of various forms[100].  
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Figure 2.12: Structure models of hexagonal BN, rhombohedral BN, wurzite BN, 

and cubic BN[101]. 

2.6.2.1 Application Areas of Boron Nitride Nanoparticles 

The boron nitride nanoparticles are incredibly fine powder. Boron nitride 

nanoparticles can be used in a variety of applications due to their hardness, thermal, 

and electrical properties. It's easy to see why boron nitride is so important in the 

industrial world. Because of its high hardness and thermal stability, low dielectric 

constant, corrosion and oxidation resistance, high mechanical strength, and great 

thermal conductivity [102]. Boron nitride nanoparticles are used in subsurface 

exploration, drilling, and high-speed cutting tools. Metal forming and metal 

drawing lubricant releasing agents made of boron nitride nanoparticles are utilized. 

These nanoparticles can be molded into a variety of shapes and employed as high-

voltage, high-temperature, insulation, and cooling components. Boron nitride 

nanoparticles can be found in transistors, plasma arc insulators, high-voltage high-

frequency electricity, automatic welding high-temperature coating and rocket 

engine components. Another application for boron nitride nanoparticles is as a 
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catalyst in high-temperature and high-pressure processes. Boron nitride 

nanoparticles are widely employed as a ceramic composite, a thermally conductive 

filler for polymers, and a high temperature lubricant. The aerospace industry uses 

boron nitride nanoparticles because they can be employed in heat shielding 

materials. So, boron nitride nanoparticles have exceptional performance, a wide 

range of applications, and a lot of potential, and they play an essential role in a 

variety of technical sectors [101]. The higher chemical inertness of BN over carbon 

nanostructures makes it a compelling candidate for use as a carbon nanostructure 

replacement in biological applications [103]. Boron nitride has a high heat 

conductivity and is commonly utilized in the manufacture of thermally conducting 

epoxy composites [99,101].  

2.6.2.2 Epoxy/boron nitride Nanocomposite 

Because of its superior electrical insulation, ease of processing, and low 

cost, epoxy resin is a suitable molding compound for encapsulating heat-

dissipating electronic components. To improve the resin's thermal conductivity, 

high thermal conductive fillers are applied. Various types of fillers, such as metal 

particles (copper, iron, and zinc) and ceramic particles (aluminum nitride), have 

been used in numerous investigations. Metallic fillers have a number of drawbacks 

over ceramic fillers, including high density and oxidation susceptibility. Due to 

their excellent thermal conductivity, BN and aluminum nitride are among the most 

effective ceramic fillers for these composites. Aluminum nitride, on the other hand, 

is vulnerable to moisture, but BN is not[106]. Hexagonal boron nitride (h-BN), 

often known as white graphite, is a platelet-shaped synthetic ceramic with a high 

aspect ratio and layers of hexagonal crystals. The platelets have a great thermal 

conductivity inherent to them[106] . Furthermore, as compared to Al2O3, SiO2, and 

AlN, h-BN is electrically insulating and has great chemical and thermal stability, 



Chapter Two                               Theoretical Part &Literature Survey 

23 
 

with a dielectric constant of around 4[107]. These characteristics make h-BN a 

suitable filler for high thermally conductive composite production. 

2.7 Coating 

polymer coatings on conducting substrates have always piqued researchers' 

interest. Surface decoration, optical activity change, heat and corrosion protection 

are all possible applications for the coatings. Improvement of interfacial laminar 

shear strength and toughness of brittle composites are two more major 

applications. polymer coatings are once applied to substrates by hand or 

mechanically. Manual or mechanical application of coatings, on the other hand, 

has inherent drawbacks and has resulted in additional problems[108] . 

The coating process can be classification in to: 

A. Spin coating 

Spin coating is a technique for depositing a homogeneous coating of organic 

compounds on flat surfaces in thin films [105,106] . Deposition, spin up, spin off, 

and evaporation are the four steps of spin coating, as shown in Figure (2.13).  

 

Figure 2.13: Stages of spin coating on substrate[109]. 
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The material is placed on the turntable in the first stage, after which it is 

spun up and spun off in series, with the evaporation stage occurring throughout the 

operation. Centrifugal force distributes the applied solution on the turntable. The 

layer thins as the spinning speed increases. The applied layer is then dried after this 

procedure. Because of the quick rotation, uniform evaporation of the solvent is 

achievable. Evaporation or simply drying removes the high volatile components of 

the solution from the substrate, while the low volatile components of the solution 

stay on the surface. The viscosity of the coating solution and the rotational speed 

control the thickness of the deposited layer[111] . The size of the substrate is one 

of the major drawbacks of spin coating. Because film thinning becomes more 

difficult as the size grows, high-speed spinning becomes more challenging. As a 

result, spin coating's material efficiency is quite low. In general, during the 

procedure, (95-98%) of the material is tossed off and discarded, while just (2-5%) 

of the material is dispensed onto the substrate[112] .  

B. Spray Coating 

Spray coating is commonly utilized in the industry to coat complex-shaped 

polymeric substrates. Atomizers are a type of atomizer that is used to generate 

electricity. The core of a tool that generates a spray of liquid is the atomizer nozzle. 

Atomizer nozzles are used for spraying and applying paint, fuel injection systems 

[113]. as shown in Figure (2.14). 
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Figure 2.14: Spray coating on substrate[109] . 

C. Dip Coating 

The substrate is coated by immersing it in a liquid during the dip-coating 

process[111]. Figure (2.15) depicts a typical schematic depiction of the dip-coating 

process. Dip-coating is a common alternative to spin coating for producing thin 

films from sol-gel precursors for research purposes, where many chemical and 

nanomaterial engineering research projects use the dip coating technique to create 

thin-film coatings. and technique is typically used for applying films to flat or 

cylindrical substrates [114]. 

There are five phases to the dip-coating procedure: 

1- Immersion: At a steady pace, the substrate is immersed in the coating material's 

solution (preferably jitter-free). 
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2- Start-up: The substrate has been suspended in the solution for some time and is 

now being hauled up. 

3- Deposition: As the thin layer is dragged up, it deposits itself on the substrate to 

avoid jitters, the withdrawing is done at a constant speed. The thickness of the 

coating is determined by the speed (faster withdrawal gives thicker coating  

material). 

4- Drainage: Any excess liquid will run off the surface. 

5- Evaporation: The solvent in the liquid evaporates, leaving a thin layer behind. 

Evaporation begins during the deposition and drainage processes for volatile 

solvents like alcohols [112].The phases of a continuous process are carried out 

one after the other. The final state of a thin film's dip coating is determined by 

a number of factors. Many factors, including the functionality of the initial 

substrate surface, submersion time, withdrawal speed, number of dipping 

cycles, solution composition, concentration and temperature, and environment 

humidity, can be controlled to produce a wide range of repeatable dip coated 

film structures and thicknesses. Even on bulky, complex shapes, the dip 

coating process can produce homogeneous, high-quality films[117]. 

 Nanoparticles are often used as a coating material. Dip coating applications 

include: 

1- Multilayer sensor coatings 

2- Implant functionalist 

3- Hydro gels  

4- Sol-gel nanoparticle coatings 

5- Self-assembled mono layers 

6- Layer-by-layer nanoparticle assemblies. 

https://en.wikipedia.org/wiki/Nanoparticle
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Figure 2.15: A schematic view of the steps in dip coating[118]. 

Dip coating has a number of distinct advantages. These benefits are 

illustrated by a quick glance at some of the most typical applications: 

1-  Metal heating, ventilation, and air conditioning (HVAC) component dip 

coating: the ability of dip coating to offer comprehensive coverage to 

surfaces with difficult geometries is perhaps its most important benefit. In 

the HVAC and air pollution control industries, metal blower wheels, for 

example, are utilized in centrifugal fans. The blades on the wheel, often 

known as a'squirrel cage,' are important to the fan's basic function but make 

spraying or powder coating a nightmare. Consider how difficult it would be 

for a technician to coat hundreds of crevices on the wheel with a uniform 

thickness and in a timely manner. A dip coat, on the other hand, glides over 

the entire surface with relative ease, producing uniform coverage. 

2-  Tool Handle Dip Coatings: When it comes to giving their handles a soft, 

graspable touch, manufacturers have two options: injection molding a sleeve 

or adding a dip coating. Dip coating achieves the same result as injection 
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molding, but in a far more straight forward and cost-effective industrial 

method. 

3-  Metal Warehousing Rack Dip Coatings: Because of their open shape, metal 

warehouse racks are frequently dip coated. Spraying racks would be 

inefficient, and it would be a waste of money to invest in a powder coating 

plant to coat these materials. Dip coating methods offer similar benefits in 

the manufacturing  

4- Dip coating lines are also highly efficient, low-waste systems, because any 

surplus paint simply drops back into the dip tank, where it will be reused in 

the next cycle of application. When it comes to spray painting lines, a large 

amount of the paint gets up on the walls and floor around the coated item. 

[111]. 

2.8 Failure Modes in Adhesive Bonds : 

There are several different modes of failure in Adhesive Bonds of as following: 

2.8.1 Adhesive Failure  

Failure of a bonded joint between the adhesive and the substrate as 

shown in Figure (2.16),is Primarily due to a lack of chemical bonding between 

the adhesive and the bonding substrate. Can be indicative of poor surface 

preparation or contamination or incorrect adhesive selection for the substrate 

materials. This failure mode can be mitigated by several methods. Preparation 

of the substrate’s surface by using abrasives or bead/shot blasting to roughen 

will give better adhesion and bond strength[119] . Cleanliness of the substrate is 

also of importance, due to the possibility of machining fluids, lubricants, and 

leftover materials (e.g., powder) causing adhesion issues. For most applications, 

degreasing with chemical methods—such as detergents and solvents can lead to 
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successful adhesion. For materials with lower surface energy, more specialized 

treatments (e.g., plasma or corona discharge) can enhance bond ability [120]. 

 

Figure 2.16 : Adhesive Failure[119]  

2.8.2 Cohesive Failure  

Cohesive failure is a breakdown of intermolecular bonding forces in a 

given adhesive substance as shown in Figure (2.17). This type of failure occurs 

in the bulk layer of the adhesive [120].This is most common failure when the 

adhesive is too weak for the intended application. As shown below, the 

adhesion to the substrates is greater than of the structural integrity of the 

adhesive. This can occur with soft adhesives like certain urethanes and 

silicones. It can also occur if the adhesive bondline is applied too thick [121]. 

 

Figure 2.17: Cohesive Failure[119]  
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2.8.3 Substrate Failure  

Interlaminer fracture in composite structures as shown in Figure(2.19) , 

usually between the first and second plies adjacent to the bond line, can be 

common in composite laminates especially those with brittle epoxies [57,58]. 

 

Figure 2.18: Substrate Failure[119] . 

2.9  Introduction of Thermal and Electrical Characterizations:  

2.9.1 Thermal Conduction Mechanisms 

In general, heat transfer can be conducted in three basic ways: Thermal 

conduction, thermal convection, thermal radiation[122] . Thermal conduction 

refers to the process of heat energy transfer caused by the existence of temperature 

differences in objects. Thermal convection is a process in which heat flows through 

a fluid medium to stabilize the temperature uniformly. Thermal radiation refers to 

the phenomenon that the object holds temperature and emits energy in the form of 

electromagnetic waves. The heat transfer mechanisms of gases, liquids, and solids 

are different.  

The essence of heat conduction refers to the process that the thermal motions 

of molecules in a substance collide with each other to transfer energy. In solid 

materials, due to the difference in temperature, the kinetic energy of the particles at 

the nodes in the crystal is different. The heat energy inside the crystal is transferred 
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from the part with high kinetic energy to the part with low kinetic energy. In 

conductive material, there are a large number of free electrons that are constantly 

making irregular thermal motions, and the general lattice vibration energy is low, 

so free electrons play a major role in heat conduction. In insulated conductors, the 

main form of thermal conduction is the lattice vibration of atoms and molecules 

near their equilibrium positions. The normal-mode energy quantum of lattice 

vibration is called the phonon[123] . The phonon has no mass and obeys Bose–

Einstein theory[124] . Polymers usually have no free electrons, and their thermal 

conduction mainly relies on phonon transport. However, the polymer has 

characteristics of the random entanglement of molecular chains and high relative 

molecular mass, so it is difficult to crystallize completely. These factors can lead to 

phonon scattering and hinder phonon transfer. Therefore, the λ of most polymer 

composites were relatively poor (0.1–0.5 W/m·K) [125,126]. 

At present, the synthesis of intrinsic thermally conductive polymers and the 

preparation of filled thermally conductive polymers are the two main methods for 

obtaining high TCPCs. Intrinsic thermally conductive polymers mainly change the 

molecular chain structure of the polymer to obtain an ordered structure, thereby 

enhancing the λ of composites. The filled thermally conductive polymer is stuffed 

with high-thermal-conductivity inorganic fillers or metal fillers in the polymer 

matrices to obtain high TCPCs. Compared with the low fabrication efficiency, 

cumbersome synthesis process, and high cost for the synthesis of intrinsic 

thermally conductive polymer composites, the fabrication of the filled thermally 

conductive polymers shows the advantages of easy operation, low cost, and 

suitability for industrial production. It has already become the mainstream 

development direction of TCPCs[127] . 
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The addition of high-thermal-conductivity fillers to polymer matrices can 

effectively improve the λ of composites. However, the thermal conductivity 

mechanism of TCPCs will become very complicated because it is related to the 

filler type, filler structure, filler distribution, filler content, interface thermal 

resistance, and intrinsic thermal conductivity of the fillers. Currently)thermal 

conduction path theory, percolation theory, and thermoelastic coefficient theories( 

are the accepted explanation of the thermal conductivity mechanism of TCPCs 

[128]. 

The thermal conduction path theory is, when the thermally conductive fillers are 

added to the polymer matrices, the thermally conductive fillers form continuous 

networks inside the polymer matrices, and heat is conducted along the filler 

network[129] . This theory feels easy to accept.  

Percolation theory is similar to thermal conduction path theory. Percolation 

theory refers to, when the filler load is low, the fillers are evenly dispersed in the 

polymer matrices to form a “sea-island structure” without forming continuous 

networks, and the λ of the composites slowly increases. When the thermally 

conductive fillers reach the percolation threshold, the thermally conductive fillers 

are connected to each other to form a “sea-sea structure”, and the λ increases 

sharply [130].As the critical point is not obvious, this theory is controversial. Many 

experimental results prove the correctness of this theory . The changing law of λ is 

related to the coefficient of elasticity in classical elastic mechanics.Therefore, the 

researchers regard λ as the thermally elastic coefficient of phonons in the 

propagation process . 

These are the thermoelastic coefficient theories. In other words, λ has 

nothing to do with the transmission path, but depends on the overall performance 
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of the composites. The transfer efficiency of phonons increases with the 

improvement in λ and thermoelastic coefficient of composites[131]. 

2.9.2 Thermal conductivity: 

The performance, longevity, and dependability of electronic devices are all 

dependent on thermal dissipation. Thermal dissipation has become a difficult 

challenge with the downsizing, integration, and functionalization of electronics, as 

well as the advent of novel applications such as three-dimensional chip stack, 

flexible electronics, and light emitting diodes, among others. As a result, new 

highly thermally conductive materials are required to address this 

problem[132,133].  

Thermal conductivity, like radiation and convection, is a heat transport 

process. Convection is the direct particle contact that transfers energy inside 

liquids and gases. Radiation is the transfer of energy by energetic particles or 

waves emitting and absorbing energy. Thermal conductivity is the main method of 

heat transfer within solid materials. A material's thermal conductivity is a quality 

that determines how well it can conduct heat. When the temperature difference 

between the opposite sides of the cube is 1K, this physical constant is defined as 

the amount of heat that flows through a unit cube of a material in a unit of time. In 

solids, heat may be transported by charge carriers (such as electrons and holes) or 

by phonons (energy quanta of atomic lattice vibrations). The contribution of 

phonons dominates the thermal conductivity of insulators and semiconductors, but 

the electronic component substantially surpasses the phonon contribution in 

metals. The principal mode of heat conduction in most polymers is by phonons. 

The heat conduction rate is represented by Fourier's equations (2.1) and (2.2) for 

one-dimensional, steady-state heat flow: 
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𝒒 =  𝑲𝑨
𝚫𝐓

𝐋
                                                                 …(2.1) 

Or 

𝑱= 
𝒒

𝑨
 = - 𝒌

𝒅𝑻

𝒅𝑿
                                                                 ...(2.2) 

 

where q is the rate of heat transfer (W), J is the heat flux (W/m
2
), and k is the 

thermal conductivity W/(mK); A is the cross sectional transfer area (m
2
), T is the 

temperature differential (
o
C), and L is the length of the conduction path (m). The 

Debye equation can be used to calculate the thermal conductivity (TC) of polymers 

(typically denoted by a Greek letter or a Latin lowercase k). 

K=
𝑪𝒑 𝒗𝒍

𝟑
                                                                          ...(2.3) 

where Cp is the specific heat capacity per unit volume, υ is the phonon velocity, 

and l is the phonon mean free path. For most polymers, l is extremely small due to 

scattering with other phonons, defects, and grain boundaries. Therefore, most 

polymers have a low TC in the range of 0.1 to 0.5 W/(m⋅K) which is insufficient 

for many applications requiring substantial heat conduction [134].  

2.9.3 Thermal Conductivity of Polymers 

The thermal conductivity of both polymers and fillers affect the thermal 

conductivity of polymer composites. However, because the thermal conductivity of 

polymers is typically low compared to that of the filler it is frequently overlooked 

in the design of thermally conductive polymer composites. Because the thermally 

conductive fillers are separated by the polymer matrix which functions as a thermal 

barrier and becomes rate limiting in the thermal conduction pathway at low filler 

loadings  the thermal conductivity of polymers is especially essential. In order to 
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get a high thermal conductivity, inorganic fillers that are thermally conductive 

must be used. The thermal conductivity of polymer composites is strongly 

influenced by the filler type, loading level, filler size, and filler shape as illustrated 

in Figure (2.19), [134]. 

 

Figure 2.19: Effect of  the structure ,properties of polymer , fillers and the 

morphology of the composites on the thermal conductivity[134]. 

High thermal conductivity is required for a variety of applications in 

electrical and electronic industry . This is much more significant for polymers 

supplemented with various sorts of fillers. The inclusion of highly heat conductive 

fillers or molecule orientation can both improve thermal conductivity in 

polymers[85, 86]. In the production of systems with better mechanical, thermal, 

electrical, and other properties, it is normal practice to reinforce polymers with 

various types of organic or inorganic fillers [84].  One of the most actively 

explored nanodielectric systems is epoxy resin(ER) enhanced with nanoparticles 

[84]. Magnesium oxide (MgO) was chosen as a filler material because it reduces 
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the amount of space charge in the polymer, as well as being a high electrical 

insulation material with a high TC [87, 88] Boron nitride (BN) is a material having 

a high thermal conductivity, low dielectric permittivity, and high dielectric 

breakdown strength [139] . 

2.9.4 Applications of Thermally Conductive Polymer Composites  

New thermally conductive materials are in high demand these days, because 

rising cooling needs in growing industries. Polymer composites have the following 

characteristics when compared to other thermally conductive materials such as 

metals, ceramics, and carbon compounds  [134] :  

a) The selection of proper fillers can affect electrical insulation and conduction.  

b) Processing integrated pieces or complex geometry is simple. 

c) Light weight.  

d) Corrosion resistant. 

e) If a flexible polymer is utilized, it must conform to the geometry of the nearby 

rough surfaces. 

f) Vibration damping owing to polymer composites' toughness. 

LED devices, electronic assembly and packaging, battery and solar energy are just 

a few of the new application areas for thermally conductive polymer composites, 

as shown in the sections below: 
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 LED devices  

When compared to traditional lighting, light-emitting diode (LED) lighting 

has a longer lifespan and is more energy efficient (30 percent). In LED gadgets, 

however, 70% of the energy is converted to heat. Increasing the TC of thermal 

interface materials(TIM) is a constant need[140]. As shown in figure(2.20), a final 

heat management option for LED heat sinks could be adequate thermally 

conductive polymer composites combined with proper design [82- 87]. 

 

Figures 2.20:Parts of a conventional LED [87]. 

 Electronic Packaging  

The goal of thermal management in electronics is to keep all of the system's 

components within their functioning temperature range. As a result, a thermally 

conductive path for heat dissipation and the elimination of hot spots in electronic 

devices is required [142] . Single chip packages, 3D chip stack packages, and 

automobile electronic control units (ECU) will be the focus of the debate on 
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thermally conductive polymer composites in electronic assembly and 

packaging[134]. as shown in Figure (2.21) . 

 

Figure 2.21: 3D chip stack assembly [134]. 

 Automotive electronic control units (ECUs)  

The ECU is responsible for coordinating and combining a variety of 

complex processes, including mixture generation, combustion, and exhaust gas 

treatment. ECUs are intended to have more functionality, be smaller and lighter, 

and have a higher power density in order to reduce pollutant emissions. As a result, 

thermal management within the chip and its surrounding package is more difficult 

than ever. Another issue to consider is the effect of extreme under-hood vehicle 

ambient temperatures on the electronics utilized in ECU assembly. When exposed 

to high temperatures for an extended period of time, the performance of thermal 

grease, thermal pads, and phase change materials (PCMs) may decrease. As a 

result, the key difficulty for polymer composites in ECU applications is raising TC 

while retaining other attributes in a hostile environment [134] as seen in Figure 

(2.22).  
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Figure 2.22: ECU engine control unit car [134]. 

 Batteries  

Thermal management is becoming one of the most important issues in the 

expanding use of batteries as they become more powerful and used in more diverse 

applications. When cells are utilized at a high discharge/charge rate or at a high 

ambient temperature, the heat generation rate can surpass the heat dissipation rate. 

The cell may experience thermal runaway, as well as internal pressure buildup, 

which could cause the cell to rupture. Due to this safety concern, highly thermally 

conductive materials are required to keep a battery pack at an ideal average 

temperature. In this situation, phase-changing materials and coolants can be 
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employed to help the battery pack dissipate heat [143]. However, because to the 

lack of cost effectiveness and the complexity of structures, they are not particularly 

feasible to apply to real systems. Thermally conductive polymer composites may 

open up new possibilities for battery pack thermal system design, as shown in 

Figure (2.23) [134].  

 

Figure 2.23: Baseline battery pack [144]. 

 Solar  

Solar's popularity as a renewable and sustainable energy source has 

exploded in recent years. Because photovoltaic (PV) cells have a low conversion 

efficiency, most of the absorbed solar energy is converted to heat energy within the 

cell [145]. The solar conversion efficiency of PV cells decline as the operating 

temperature of the cells rises. For crystalline silicon-based cells, increasing the 

temperature by 1 °C reduces the relative conversion efficiency by roughly 0.4-

0.5%  and around 0.25 percent for amorphous silicon cells [146]. It is desirable to 

remove accumulated heat from the PV surface in order to boost the conversion 
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efficiency of PVs, especially for concentrated PV systems [147]. as seen in 

Figure(2.24). 

 

Figure 2.24: heat dissipation effects on the stability of planar perovskite solar 

cells[148]. 

One of the most difficult problems is transferring heat from the cell to the 

outside. Because of their low manufacturing costs and light weight, organic and 

perovskite thin film solar cells are a developing cost-effective photovoltaic 

technology. The poor device stability of organic and perovskite solar cells (PSC) is 

the fundamental impediment to commercialization. Encapsulation of solar 

photovoltaic devices is one of the most effective solutions to address this stability 

issue and extend device life by using materials and structures with good oxygen 

and moisture barrier performance [149]. 

2.10 Electrical Resistivity: 

Electrical resistivity (also known as specific electrical resistance or volume 

resistivity) is a material attribute that determines how well it resists electric current. 

A substance with a low resistivity allows electric current to flow freely. The Greek 
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letter is widely used to indicate resistance (rho). The ohm-meter is the unit of 

electrical resistivity (Ω⋅m) [150]
 
.A material with low resistivity is one that allows 

electricity to flow freely through it. A material with a high resistivity has a tough 

time allowing electricity to flow through it. The Greek letter stands for electrical 

resistance (r). The Greek symbol (s) stands for electrical conductivity, which is 

defined as the inverse of resistivity. As a result, a high resistivity equals a low 

conductivity, and a low resistivity equals a high conductivity[150]. The Simple 

model of electricity flowing through a substance under an applied voltage is shown 

in figure (2.25). The white circle represents an electron travelling through the 

material from left to right, while the black circles indicate the substance's atoms. 

Collisions between the electron and the atoms cause the electron to slow down 

resulting in electrical resistance[150].
 

 

Figure 2.25:Simple model of electricity flowing through a material under an 

applied voltage. 

 In an ideal situation, the studied materials' cross-section and physical 

composition are homogeneous across the sample, and the electric field and current 
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density are parallel and constant everywhere. When this is the case as seen in 

Figure (2.26).  

the electrical resistivity (Greek: rho) can be determined as follows[150]: 

ρ =𝑹 
𝑨

𝑳
                                                                          ….(2.7) 

where 

R is the electrical resistance of an uniform material specimen (Ω). 

L is the specimen's length (m). 

A  is the specimen's cross-sectional area (m
2
). 

 

Figure 2.26: A piece of resistive material with electrical contacts on both 

ends[151]. 

2.11 Literature Review 

In 2016, Wang et al.[152] studied the effect of  MgO  on breakdown strength of 

LDPE with (0.5%,1%,2%,3%,4% wt%) filler loading. The data confirmed that the 

breakdown strength increased when 2% wt of MgO was added, but then began to 

gradually decrease when 3% wt and 4% wt of MgO were added, though the 
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breakdown strength in these nanocomposites was still higher than the breakdown 

strength of the unfilled LDPE. 

In 2016, Chen et al[153] used TiO2 and SiO2 nanoparticles with (0, 0.5 %, 2 %, 

4% wt) filler loading, the relation between dielectric properties of nanoparticles 

and their impacts on dielectric breakdown strength of epoxy was examined. The 

dielectric characteristic was customized by encapsulating a silica surface on TiO2. 

The results revealed that, compared to raw TiO2, adding TiO2 and SiO2 core-shell 

nanoparticles to epoxy resin significantly increased the dielectric breakdown 

strength.  

In 2017, Gong, Ying ,et al[154] investigated the effect of BN/ carboxyl-terminated 

polybutadiene (CTPB) liquid rubber on the toughness and electrical insulating 

capabilities of modified epoxy with (10%, 20%, 30%, and 40% wt%) BN loading. 

The CTPB-epoxy had a stronger impact strength and a lower dielectric constant 

and loss than pure epoxy, according to the findings. Furthermore, epoxy treated 

with 20 phr CTPB was reinforced with boron nitride (BN). The heat conductive 

BN/CTPB/epoxy had a reduced dielectric permittivity and dissipation factor in all 

frequency ranges from 10
2
–10

7
 Hz, a stronger dielectric breakdown strength, and 

improved mechanical toughness when compared to the BN/epoxy under the same 

filler loading. As a result, the generated BN/CTPB/epoxy composites might be 

used in electrical insulation applications. 

In, 2017,K. Elanseralathan et al [155] studied the effect of nano fillers such as 

titanium dioxide (TiO2), zinc oxide (ZnO) with filler concentrations (1 % ,2 %wt) 

on the breakdown strength of epoxy nanocomposites. The waveform used for the 

tests was high voltage AC at power frequency. The results showed that 2% wt 
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nanofillers improved electrical treeing resistance whereas 1% wt worsened it 

compared to pure epoxy.  

In 2017 Li, Y., Zhang,etal [156] studied the mechanical, electrical conductivity, 

and thermal characteristics of exfoliated graphene (GNP)/epoxy nanocomposites in 

situ with different filler concentrations (2 % ,3 % ,4 % ,5% wt ). The end result 

was positive. Mechanical reinforcement (160 %increase in flexural modulus at 4% 

wt GNP) electrical conductivity (102 S/m at 3% wt GNP) and thermal conductivity 

(0.70 W m
-1

 K
-1

 at 5% wt GNP were all satisfactory. 

In 2017, Dass, K et al [157] investigated the influence of silicon carbide (SiC), 

aluminum oxide (Al2O3), and zinc oxide (ZnO) nanoparticles on the mechanical 

performance of epoxy based nanocomposites with filler content (1 % ,2 % ,3 % ,4 

% wt) .The results showed that increasing the filler content increases the hardness 

and flexural strength of epoxy composites filled with nano (SiC, Al2O3, and ZnO) 

particulates. The tensile strength of these nanocomposites increases as the filler 

percentage increases from 1 to 2% wt but if the filler amount increases further the 

tensile strength declines.  

IN 2018 , Farimah Tikhani  et al [158] Investigated the effect of silica 

nanoparticles on curability of epoxy ,Three kinds of silica nanoparticles with non-

porous curved-rod, non-porous spherical, and mesoporous spherical 

microstructures were synthesized and characterized by Fourier-transform infrared 

spectroscopy, scanning electron microscopy (SEM) and Brunauer–Emmett–Teller 

analyses. Epoxy nanocomposites containing 0.1, 0.3, 0.5 wt.% of nanoparticles 

cured nonisothermally in differential scanning calorimetry (DSC) at different 

heating rates and the glass transition temperature (Tg) for fully-cured samples was 

estimated. Cure Index unravelled the effect of nanoparticle morphology and 

https://www.sciencedirect.com/science/article/pii/S0300944019305053#!
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porosity on epoxy crosslinking. Good cure was unconditionally the case for 

systems containing 0.3 wt.% of mesoporous spherical nanoparticles due to 

appropriate dispersion of porous nanoparticles, as captured by SEM. By contrast, 

dependency of curing on heating rate and nanoparticle loading in the case of non-

porous spherical and curved-rod particles was evidenced by partially agglomerated 

domains. The state of nanoparticle-polymer interaction was also inferred in view of 

network formation in the presence of nanosilica particles of various morphology 

and porosity, which was nicely monitored by the use of Cure Index. 

In 2018 , Sushil. S et al [159] investigate the effect of SiO2  nanoparticals on the 

tensile and flexural properties of /epoxy polymer. Dispersion of 

SiO2 nanoparticles in the epoxy polymer was achieved by ultrasonication. 

SiO2/epoxy nanocomposites contain varying amount of nano size silicon 

dioxide (SiO2) up to 8 wt.%.  The investigated properties of SiO2/epoxy 

nanocomposites increases with the increasing nanoparticles dispersion up to 4 

wt.% SiO2 nanoparticles and deterioration in the mechanical properties is 

realized above 4 wt.%. This may be due to the significant increase in 

agglomeration and settlement of the SiO2 nanoparticles during the long curing 

time. The tensile strength increases by 30.57 %, flexural strength by 17 % and 

flexural modulus by 76 % for 4 wt. % dispersion of SiO2. 

In 2019, Jen, Y. M  [160] studied the thermomechanical characteristics and 

electric resistance of epoxy polymers after adding multi walled carbon nanotubes 

(MWCNTs) and graphene nanoplatelets (GNPs). The overall concentration of the 

two carbon fillers was held constant at 0.4 wt%, and seven filler ratios (10:0, 1:9, 

3:7, 5:5, 7:3, 9:1, and 0:10) were used between the two fillers (MWCNTs:GNPs). 

The addition of two nanofillers improved storage moduli, glass transition 

temperatures, and electric conductivity according to the findings. On the contrary, 

https://www.sciencedirect.com/science/article/pii/S2214785317332315#!
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The thermomechanical characteristics of composites with a MWCNT:GNP ratio of 

1:9 show the greatest improvement. 

In 2019, Zhaoliang Xing, et al [161] investigated the effects of surface 

hydrophobicity on the tracking resistance of MgO/epoxy nanocomposites with 

nanofiller percentages of (0.1, 1, 2, 6, and 10 wt %), respectively. The results 

showed that MgO/epoxy nanocomposite samples had increased tracking resistance. 

The comparative tracking index (CTI) was enhanced from 400 V for the neat 

epoxy samples to 475 V for the 10 wt percent nano MgO doped samples, which is 

defined as the greatest voltage that the sample can withstand, indicating superior 

anti-tracking ability.  

In 2019,Nagachandrika Peddamallu, et al [162] studied the effect of magnesium 

oxide nanoparticles on the mechanical properties of epoxy nanocomposites. the 

MgO ratio was added were(0.5%, 2%, and 4% wt%), The results showed an 

increase in the content of MgO in the epoxy resin. Tensile and flexural properties 

were greatly improved for nanocomposite compared to epoxy. The dynamic 

mechanical analysis (DMA) results showed an increase in the storage modulus and 

reduction of tan δ of epoxy nanocomposites. The glass transition temperature (Tg) 

and activation energy increased with an increase in the filler content. 

In 2020 ,Tony Zhou,,et al [163] investigated the effects of boron nitride and 

polymer blends on the thermal and mechanical properties of acrylonitrile butadiene 

styrene (ABS) composites containing boron nitride. (10, 20, 30, 40, 50, 60 wt %). 

When compared to an ABS matrix, adding both high density polyethylene (HDPE) 

and maleic anhydride to the acrylonitrile butadiene styrene (ABS) matrix resulted 

in a 40% increase in impact strength without a reduction in thermal conductivity. 

The effective medium theory model is used to help explain how strong filler 

https://sciprofiles.com/profile/author/QTBGSjJXTmY2ZnAxQStvRU5ZaThkWmM2bk9GZHIzazVIZ1VuS1MrcjFxbz0=
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alignment helps achieve high thermal conductivity, greater than 5 W/m K for 60 wt 

% boron nitride. 

In 2021, Fan, J et al [164] investigated the impact of graphene oxide (GO) with 

varied oxidation degrees on the cryogenic mechanical characteristics of GO/epoxy 

nanocomposites. As the graphene oxide ratio (0.05,0.1,0.2,0.3 wt%) rose, it was 

discovered that GO had greater dispersion in the matrix and improved interfacial 

interactions with epoxy resin. When a result, as the GO oxidation degree increased 

the tensile characteristics of GO/epoxy nanocomposites improved at room 

temperature (RT) and liquid nitrogen temperature (LNT), eventually reaching the 

maximum performance with the right GO oxidation degree. The tensile strength of 

GO/epoxy nanocomposites with a modest GO loading of 0.10 wt percent was 78.0 

MPa at RT and 123.2 MPa, respectively, 31% and 14% greater than pure epoxy. 

IN 2021 ,H. Mohit,  et al [165] investigated the effects of of titanium carbide 

(TiC) nanoparticles and coir fiber as hybrid reinforcements on the physical, 

mechanical characteristics, and thermal stability of Coir fiber/TiC epoxy 

composites. The hand layup technique was applied for the fabrication of 

composites by reinforcing a fixed quantity of coir fiber (0, 5, and 10 wt%) and TiC 

nanoparticles (0, 5, and 10 wt%) in the proportion of bio-epoxy Sr 33 (100, 95, and 

90 wt%) and synthetic epoxy (100, 95, and 90 wt%) resin. The cured specimen 

were subjected to flexural, tensile, impact, shore hardness, and chemical resistance 

tests. The fracture surface of the epoxy composites was investigated from a 

scanning electron microscope (SEM). From the outcomes, it was found that the 

reinforcement of coir fiber in epoxy polymer showed better than the neat polymer 

in most of the considered properties. The incorporation of TiC nanoparticles in coir 

fiber/epoxy composites exhibited some improvement in the mechanical 

characteristics (tensile strength by 4.99% and flexural strength from 115.05 to 124 

https://link.springer.com/article/10.1007/s10924-021-02069-7#auth-H_-Mohit
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MPa) and thermal stability (up to 402.71  °C) of the developed composites, which 

have a resistance under different loading conditions. 

In 2022, Nitesh  et al [166] investigated the effects of MWCNT/TiO2 on 

properties of pure epoxy ,In this study, TiO2 nanoparticles are decorated on multi-

walled carbon nanotubes (MWCNTs) by exploitation of opposite zeta potential of 

MWCNTs and TiO2 nanoparticles without degrading the hexagonal interatomic 

structure of MWCNTs, resulting in a new MWCNT/TiO2 hybrid nanofiller with 

improved morphology and tensile performance (MT hybrid nanofiller). To 

understand the multiphase nanocomposite in terms of mechanical performance 

under various loads, the recently developed MT hybrid nanofiller (from 0.25 wt 

percent to 1.50 wt percent) is loaded in crosslinking epoxy matrix (storage 

modulus, loss modulus, tensile strength, and modulus). The outcome revealed the 

addition of TiO2 nanoparticles to MWCNTs alters the fracture process in the mirror 

zone and creates a new fracture surface, altering the behavior of multiphase 

nanocomposites under diverse stress conditions. 

In 2022, JinWang et al [167] investigated the effect of  epoxy-based composite 

has been produced by introducing a long-range ordered carbon/graphene/MgO 

ternary foam (CGMF). The heat conduction shortcut provided by the vertically 

aligned structure of CGMF endows the composites with excellent thermal 

conductivity of 4.87 Wm
-1

K
-1

 at 12.96 vol% filler loading. Meanwhile, the barrier 

of MgO and PVA to the electron transmission in CGMF results in the composite 

with high electrical resistivity which satisfies the requirement of electrical 

insulation.  

In 2022, Namdev, A. et al [168] investigated the impacts of carbon fiber and 

graphene nanoplatelets (GNP) reinforced hybrid composites  with weight percents 

https://www.sciencedirect.com/science/article/abs/pii/S0254058421011196#!
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(0, 0.25, 0.50, 0.75, and 1 wt%) on mechanical, thermal, and physical properties 

The results demonstrated that a 0.5 wt percent GNP filled carbon fiber/epoxy 

composite with increased tensile and flexural strength, interlaminar shear strength, 

and Vickers hardness when compared to other composites. Impact strength was 

highest at 0.25 wt% GNP-filled epoxy hybrid composite. The greatest tensile and 

flexural strength values were achieved at 0.5 wt% GNP, 11 and 8% greater than 

plain fiber composites, respectively. In terms of thermal properties, the 0.5 wt 

percent GNP composite has the maximum heat deflection temperature and thermal 

conductivity.  

In 2022, Ali, N. H et al [169] investigated the influence of reinforcing hybrid 

fibers/particles on the mechanical and physical properties of polymer hybrid 

compounds. According to the findings, fibers have become a viable alternative to 

mineral materials. Synthetic fibers (carbon fibers, electronic glass, Kevlar fibers) 

and natural fibers (bamboo fibers, Jute fibers, sisal fibers) with various particles 

(alumina, graphene, titanium oxide, and silicon carbide) were the most widely used 

and effective, resulting in significant improvements in the mechanical and physical 

properties of polymer materials. 

2.12 Summary: 

The following notes can be prepared based on the literature review: 

1. A group of researchers is looking at the impact of nanomaterials (Al2O3, 

TiO2, ZnO, GO,AIN) on the thermal and electrical properties of epoxy. 

2. A group of researchers is investigating the impact of nanomaterials (Al2O3, 

TiO2, MgO, ZnO, GO, SiO2) and their mixtures on the mechanical properties 

of epoxy and other polymers. 



Chapter Two                               Theoretical Part &Literature Survey 

51 
 

3. The influence of nanomaterials (MWCNTs) and graphene nanoplatelets 

(GNPs) on the thermomechanical characteristics and electric resistance of 

epoxy polymers is being investigated by a group of researchers. 

4. Some studies concerned on the influence of reinforcing hybrid 

fibers/particles on the mechanical and physical properties of polymer hybrid 

compounds. 

Substantial efforts, such as surface modification [170]. alignment by 

electrical field and magnetic field [171].Adding inorganic fillers with high thermal 

conductivity, such as Al2O3,[157,158]. AlN [159,160]. carbon nanotubes (CNTs), 

[176]. graphene[162,163]. etc., is thought to be an effective way to improve the 

polymer matrix's thermal conductivity .However, in order to attain high heat 

conductivity of the polymer composites, very high filler loading (>50 wt percent) 

is commonly used, resulting in high cost, heavy weight, and considerable 

mechanical integrity degradation of the polymer materials [179]. 

5. The impact of hybrid(MgO and BN nanoparticles )  on the morphological, 

structural, thermal, electrical, tribological, and mechanical properties of 

epoxy is considered in this work. 

2.13 The Originality of The Study :  

The use of hybrid additives [180], [181], [182]. to generate high thermal 

performance polymer composites with minimal loading content. Due to their 

capacity to build effective thermal networks that benefit from the synergistic 

effect, the simultaneous use of multi-component fillers with diverse morphologies, 

dimensions, and sizes is an alternative technique to improve the thermal 

conductivity of composites [183]. This research adds to our understanding of how 

to make very thermally conductive and electrically insulating composites. To 
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achieve high heat conductivity and superior electrical insulation, hybrid adhesives 

incorporating two types of fillers with various shapes and sizes have been 

recommended. Due to the ability of a mixture of conductive fillers to increase the 

filling density, which allows small particles to occupy the space between adjacent 

large particles, thermally conductive networks can be generated with less filler. In 

this study, it is developed a new corrosion protective coating with heat dissipation, 

electrical insulation and strength that can be used to protect parts in automobiles, 

ships, or planes, as well as in electrical engineering, including insulating materials 

for power equipment, electronic packaging and encapsulations, computer chips, 

satellite devices, and other areas where good heat dissipation is required,and it is 

compared the mechanical, thermal, tribological, and electrical properties of coating 

resins using epoxy resin. Heat dissipation and electrical insulation were provided 

by magnesium oxide (MgO) and hexagonal boron nitride (hBN), as described in 

chapter (4). MgO offers a number of appealing properties, including a bulk thermal 

conductivity larger than alumina, as well as being affordable and harmless. 

Meanwhile, BN appears to be on the verge of developing high-temperature 

conductive adhesives for coating applications with better electric insulation than 

graphene nanoparticles, It is a thermally conductive, electrically insulating coating 

that withstands aggressive chemicals, exhibits exceptional performance. superior 

protection against corrosion in various harsh environments, it is resistant to high 

temperatures. 
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3.1 Introduction  

       This chapter describes the experimental work particularlymaterials selection, 

properties of the materials, samples preparation methods, and methods of testing 

used.
 
It provides a full overview of the experimental approach, which includes 

procedures for preparing materials and samples as well as a detailed description of 

the test instruments employed.   

3.2 The Used Materials  

3.2.1 Epoxy Resin  

         Epoxy Sikadur 52(lp) was purchased from Iraq Sikadur company , Hilla, Iraq 

with the properties as shown in Table (3.1). 

Table 3.1 :Properties of Epoxy  

Property Data 

Form Liquid 

 

ratio of mixing Component A (Resin): Component B(Hardener) = 2:1 by 

volume 

Viscosity ≈  330 mPa s  at  +20  
0
C 

Color Clear, pale yellow 

Odour Mild 

Density ≈  1.06 Kg/I 

Tensile Strength 

 

 

≈ 27 N/mm
2 

(7day/30 
0
C)     (ISO527) 
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Compressive 

Strength 

≥ 70 N/mm2  (7day/30 0C) (ASTMD695) 

Tensile Adhesion  

Strength 

≥ 7 N/mm2 

At 25 0C (2days) 

≥ 10 N/mm2 

At 25 0C (14days)  (ASTMC882) 

 

 

3.2.2 Magnesium Oxide Nanoparticles . 

Magnesium Oxide nanoparticles were purchased from US Research 

Nanomaterial, Inc. Limited, Houston TX, USA with properties listed in Table(3.2). 

Table 3.2: The Properties of Magnesium Oxide Nanoparticles  

Property  Data  

Purity 99 % 

Grain Size (100) nm 

Color White Nano powder 

True density 3.58 g/cm
3
 

 3.2.3 Boron Nitride Nanoparticles(BN NPS)  

           Boron Nitride nanoparticles were purchased from Shanghai Civi Chemical 

Technology Co., Ltd., China with properties listed in Table (3.3). 

Table 3.3: The Properties of Boron Nitride Nanoparticles . 

Property  Data  

Purity  99.8% 
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Crystal form Hexagonal 

 Grain Size 50-100 nm 

Color Gray White powder Nano grade  

True density  2.29 g/cm
3
 

3.2.4 Ethanol alcohol: 

Ethanol alcohol with the qualities mentioned in Table(3.4), was acquired was from 

the local Iraqi market. 

Table 3.4: Ethanol Alcohol Properties. 

Property  Data  

Purity  99.9% 

boiling point 70  
0
C 

Color Transparent liquid  

density  789 Kg/m
3
 

3.2.5 Acetone  alcohol:  

Acetone alcohol with the qualities mentioned in Table 3.5 was purchased from the 

local Iraqi market. 

Table 3.5: Acetone Alcohol Properties. 

Property  Data  

Purity  99.9% 
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boiling point 56 
0
C 

Color Transparent liquid  

density  784 Kg/m
3
 

 

3.2.6 Sodium chloride(NaCl) solution: 

Sodium Chloride with the qualities mentioned in Table(3.6), was purchased 

from the local Iraqi market. 

Table 3.6: Sodium chloride Properties. 

 

3.3 Preparation Procedures  

3.3.1 Preparation of pure Epoxy Samples 

         The epoxy resin was mixed with hardener (with ratio 2:1) by using a 

mechanical stirrer for 5 minutes. The mixture was put in under vacuum at room 

temperature for 30 minutes to eliminate bubbles. Then the mixture was poure into 

the silicon mold, which was previously prepared, then left it for 7 days at room 

Property Data 

Chemical formula NaCl 

Molar mass 58.443 g/mol 

Appearance Colorless cubic crystals 

Odor Odorless 

Density 2.17 g/cm
3
 

Melting point 800.7 °C  

Boiling point 1.465 °C  

https://www.bing.com/ck/a?!&&p=a920dbc6a58b91a6e1e085541bd13e33245762cf87e695fd9bdf558790573c95JmltdHM9MTY1MzY2NzE2OCZpZ3VpZD1hZmRiNjJjMi0yNmFkLTQ2M2YtYmY3Zi0zYWY2YTRlYTEwZTMmaW5zaWQ9NTE3NQ&ptn=3&fclid=fc91f9b0-ddd5-11ec-a26f-28011c11ce9c&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU29kaXVtX2NobG9yaWRl&ntb=1
https://www.bing.com/ck/a?!&&p=a920dbc6a58b91a6e1e085541bd13e33245762cf87e695fd9bdf558790573c95JmltdHM9MTY1MzY2NzE2OCZpZ3VpZD1hZmRiNjJjMi0yNmFkLTQ2M2YtYmY3Zi0zYWY2YTRlYTEwZTMmaW5zaWQ9NTE3NQ&ptn=3&fclid=fc91f9b0-ddd5-11ec-a26f-28011c11ce9c&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU29kaXVtX2NobG9yaWRl&ntb=1
https://www.bing.com/ck/a?!&&p=a920dbc6a58b91a6e1e085541bd13e33245762cf87e695fd9bdf558790573c95JmltdHM9MTY1MzY2NzE2OCZpZ3VpZD1hZmRiNjJjMi0yNmFkLTQ2M2YtYmY3Zi0zYWY2YTRlYTEwZTMmaW5zaWQ9NTE3NQ&ptn=3&fclid=fc91f9b0-ddd5-11ec-a26f-28011c11ce9c&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU29kaXVtX2NobG9yaWRl&ntb=1
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temperature to complete curing. Figure (3.1) explains the steps of preparation 

samples of pure epoxy .  

 

Figure (3.1): The Steps of preparation  samples of pure epoxy . 

3.3.2 Preparation of Nanoparticles 

 Magnesium oxide Nanoparticles (MgO). 

  Boron Nitride Nanoparticles (BN). 

 Hybrid Nano Nanoparticles (H). 

Nanoparticles were prepared using different concentrations of nanoparticles 

(NP) MgO , BN or hybrid (with ratio1:1) with weight percent ( 0,1,3,5 and 7%Wt). 

The dispersion of NP in ethanol was carried out using Magnetic stirrer for 5 

minutes, Then the mixture was put in ultrasonic-Probe Model (SJIA-1200W) for 45 

minutes at 25 °C, mode 20 ф and 10 % (watt) for good dispersion of nanoparticles. 
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Figure 3.2 :Image of Ultrasonic Cell crusher 

3.3.3 Preparation of Nano composites  

 Epoxy / Magnesium oxide Composites (EP/MgO). 

  Epoxy / Boron Nitride Composite (EP/BN). 

 Epoxy / hybrid Nano Composite (EP/H). 

Following the preparation of Nanoparticles the NP solution added into resin 

then using mechanical mixing for one hour with heating  in oven at 70 °C for 

evaporate  solvent  and in order to get good mixing .After that , the mixture was 

weighed before using the degassing system under vacuum for 10 min at 70 °C for 

evaporate the solvent, then Re-weighing mixture to insure of evaporating solvent 

after using the degassing system under vacuum. Then the hardener (with ratio 2:1) 

was added and was mixed for 5 minutes using a mechanical stirrer. The prepared 

mixture put in the degassing system under vacuum at room temperature for 30 

minutes to eliminate bubbles, and then the mixture was poured into the silicon 
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mold, and left it for 7 days at room temperature to complete curing. Figure (3.3) 

describes the procedures used to prepare the sample.  

 

Figure 3.3: The Procedure to Prepare Epoxy/ MgO or BN ,and Hybrid Nano 

Composite. 

After completing the process of casting samples in the silicone molds and 

completing curing of the samples, the surfaces of the samples were prepare where 

the grinding paper was used to modify the external surfaces of the samples and 

prepare them for mechanical ,thermal ,electrical,corrosion, morphological tests as 

shown in Figure (3.4) .  
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Figure 3.4: Samples After Finishing. 

Thirteen  samples were tested, as shown in Table 3.7. 

Table 3.7: Samples composition. 

 

Sample no 

 

Sample Code 

 

Sample Composition 

1 EP Epoxy without additives 

2 EP/MgO1 Epoxy/1% Magnesium Oxide 

3 EP/MgO3 Epoxy/3% Magnesium Oxide 

4 EP/MgO5 Epoxy/5% Magnesium Oxide 

5 EP/MgO7 Epoxy/7% Magnesium Oxide 

6 EP/BN1 Epoxy/1% hexagonal Boron Nitride 

7 EP/BN3 Epoxy/3% hexagonal Boron Nitride 

8 EP/BN5 Epoxy/5% hexagonal Boron Nitride 

9 EP/BN7 Epoxy/7% hexagonal Boron Nitride 

10 EP/H1 Epoxy+(1:1) Hybrid(0.5%wt.MgO+0.5%wt. of 

h-BN NP) 

11 EP/H3 Epoxy+(1:1) Hybrid(1.5%wt.MgO+1.5%wt. of 

h-BN NP) 

12 EP/H5 Epoxy+(1:1) Hybrid(2.5%wt.MgO+2.5%wt. of 

h-BN NP) 

13 EP/H7 Epoxy+(1:1) Hybrid(3.5%wt.MgO+3.5%wt. of 

h-BN NP) 
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3.3.4 Preparation of an epoxy nanocomposite coating 

After physically polishing the steel substrates with 400, 800, and 1200 grit 

sandpaper, they were washed with alcohol and degreased with acetone. 

The substrates were then dried in the open air. The nanocomposite coatings 

were uniformly cast on the steel surface using dip coating after being prepared. Dip 

coating method involves immersing a substrate vertically into a solution with 

dispersed nanoparticles and retracting it slowly [111]. Normally, the retracting 

speed is controlled (typically between 1 and 10 mm/min) to promote 

epoxy/Nanoparticles  coating adhesion to the substrate layer  as the solvent  

evaporates as denoted in Figure(3.5).The dip coating cycle is normally repeated 

several times to obtain reasonably homogenous and continuous transparent film of 

several micrometers thick. Maximum film thickness is between 200Mm  and 250 

Mm[184]. 

Samples were kept at room temperature for 7 days to cure completely. Nano 

composite coatings with different nanofillers (MgO, BN, and 1:1 of MgO /BN 

hybrid filler ) were manufactured in a similar manner and termed epoxy/MgO, 

epoxy/BN and epoxy/hybrid, respectively. Furthermore, using the previous method, 

a neat epoxy coating was manufactured, and  finally, the substrate was ready for 

coating tests[185]. 
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 Figure 3.5: A schematic view of the steps in dip coating[185] 

 

Figure 3.6:Image of Steel substrate (A)before coating (B) after coating. 
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3.5 Tests 

The preparation samples tested using different techniques as shown in Figure  

(3.7).  

 

Figure 3.7: Procedure of testing the samples. 

3.6 Characterisations  

3.6.1 Infrared Fourier Transform Spectrometer (FTIR) Test 

      Fourier transforms infrared technique used to characterize the prepared samples 

using instrument type (IR Affinity-1) made in (Kyoto Japan)  are located in the 

laboratory of the Department of polymer Engineering and Petrochemical 

Industries/Materials Engineering College/University of Babylon . To measure a 
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sample, use KBr to calibrate the device, They next make a powder out of the test 

sample and mix it with KBr at a (99%) mixing rate. FTIR spectrum provides a 

diagram between the permeability or absorption and the number of waves that show 

the chemical groups of the material. This test is carried out according to ASTM 

E1252[186]. For epoxy and epoxy/ NPs in order to know the bond between the 

polymer and fillers, if it is a chemical or physical bond. 

 

Figure 3.8: Instrument setup for FTIR spectroscopy 

3.6.2 X-Ray Diffraction (XRD) Test 

It is a rapid analytical technique, primarily used for phase identification of 

crystalline materials and also can provide information on unite cell dimensions. It is 

generated in cathode ray tube by heating a filament to produce accelerated electrons 

toward the target by applying high voltage.  

Characterization of Magnesium Oxide and Boron nitride nanoparticles and 

the structural investigations of nanoparticles were made by X-ray diffraction (XRD) 

measurement at room temperature by using XRD- system type (XRD- 7000, X- Ray 



Chapter Three                                                      Experimental Part  

65 
 

Diffractometer , using Cu Kα radiation (λ = 1.5405 Ǻ), and a scanning speed of 

5θ˚/min from (10ºto 80º)of 2θ to which was located in the laboratories of the 

Department of Ceramic Engineering /College of Materials Engineering at Babylon 

University.as shown in figure (3.9) 

 

Figure 3.9: A schematic of X-ray diffraction (XRD) 

 

3.7 Mechanical Test  

      There are many mechanical tests (Tensile, Fracture Toughness(CT,SENB) , 

Impact , Hardness and Pull Off adhesion) that were used to study the mechanical 

properties of pure epoxy, and epoxy/MgO, epoxy/BN and epoxy/hybrid 

nanocomposites . 

3.7.1 The Tensile Test: 

Tensile samples were manufactured in accordance with ASTM D638 type2 

[187].Three specimens of each percent were tested Microcomputer-controlled 
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electronics universal testing devices developed in China type (WDW-5E). are used 

for tensile  testing and are located in the laboratory of the Department of polymer 

Engineering and Petrochemical Industries/Materials Engineering 

College/University of Babylon, see figure (3.11). All of the samples were tested at 

room temperature with a load cell of 5KN and a speed of 2mm/min. The load was 

applied until the sample failed, and a stress-strain curve was acquired. The tensile 

strength and modulus were calculated by using  the following equation:-                                         

 

           𝑻𝒆𝒏𝒔𝒊𝒍𝒆 𝑺𝒕𝒓𝒆𝒏𝒈𝒕𝒉  =
𝑭

𝑨
                                                          (3.1)            

𝑻𝒆𝒏𝒔𝒊𝒍𝒆 𝑴𝒐𝒅𝒖𝒍𝒖𝒔 =
∆𝝈

∆𝜺
                                                               (3.2) 

Where 

F =   load (N). 

A =  area of samples (mm
2
). 

σ =  σ2- σ1 the stress (MPa) of samples.∆ 

∆𝜀 =  𝜀 2- 𝜀 1 the strain of samples. 

E = Tensile  modulus. 

 
a 
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b 

Figure (3.10) : (a) Schematic tensile specimen (b)Prepared tensile specimens 

 

Figure 3.11: Tensile test  Device 

3.7.2 Impact Test  

Pendulum impact test represents one of the most common tests for determining the 

impact resistance of plastics. Specimens were prepared according to the ISO 180-1 

[188] . Three specimens of each percent were tested, The Figure (3.12) shows 

standard and experimental un-notched samples. 

 
 

(a) (b) 

 

Figure 3.12: (a) Schematic of  impact specimen, (b) experimental impact 

specimens. 
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In this test, the specimen was fixed in a cantilever position. The specimen is 

struck by the arm of a pendulum.  The energy absorbed by the specimen in the 

breaking process is defined as the breaking energy[189]. The breaking energy was 

measured using a joule unit. Model WP 400 charpy type  made in German, 

pendulum impact tester was employed and located in the laboratory of the 

Department of polymer Engineering and Petrochemical Industries/Materials 

Engineering College/University of Babylon, as indicated in Figure (3.13). 

 
 

Figure 3.13: Pendulum Impact of (A) Machine for the Test, (B) Specimen 

Fixation 

Fixation of the impact strength in this test were determined by calculating the 

needed energy for fracture. The following equation is used to determine impact 

strength: [190]. 

𝑮𝒄 = 𝑼𝒄/𝑨                                                                          (3.3)                                                                                                                                                                                          

Where:  

Gc; Impact strength (J/m
2
)  

Uc; Energy of impact (J(  

A;  is an abbreviation for cross-sectional area (m
2
).  
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3.7.3 Hardness  

It is well known that the hardness of the materials is determined by their 

resistance of penetration at the outer surface. Coatings for electronic devices need a 

high hardness to maintain the surface's appearance and protect the device. Because 

hardness is a desired attribute for coating resistance and endurance[191].  

The samples' hardness was measured using a Model of Shore D hardness 

device developed in Germany (TH 210 FJ), which is located in the laboratory of the 

Department of polymer Engineering and Petrochemical Industries/Materials 

Engineering College/University of Babylon, as seen in the Figure (3.14). With 

ASTM D2240[192], the Shore instrument is similar to a compass in that it has a 

needle that is perpendicular to the sample. For each sample, an average result of 

three readings must be collected in various locations and at various points to 

achieve some degree of accuracy[193] . 

  

a b 

Figure 3.14:(a)Exhibits Hardness Shore D apparatus, (b)Schematic Hardness specimen 

3.7.4 Fracture Toughness Tests  

       For tests of Fracture Toughness (Compact Tension  CT) and Single Edge 

Notched Beam SENB) after completing the preparation process of the samples 

an incision was made in the center of the original slit of the sample called a 
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sharp crack introduced by the razor where it was placed on the sample using a 

certain weight and a force called force of the hand to create an incision as shown 

in Figure (3.15), used to create an incision that is a stress center with a length of 

(2mm). 

 

Figure 3.15:Method of Creating Incision for Samples of ( SENB and C.T) 

3.7.4.1  Compact Tension(C.T) Test  

            Fracture toughness test was conducted at room temperature according  to 

the ASTM D5045 [194], [195].This type of universal testing machine (WDW/5E) 

samples was used for the testing, as shown in Figure (3.16A). standard sample 

geometries, as shown in Figure (3.17). To study the fracture toughness properties, 

the testing speed was chosen to be 10 mm/min with a 5 kN load cell. The stress 

intensity factor, KIC, under the plane strain conditions was calculated using the 

following equation: 

             KIC      =
𝑷𝑴𝑨𝑿

𝑩(𝑾)𝟏/𝟐 
 𝒇(

𝒂

𝒘
).                                                                              (3.4) 
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 𝒘𝒉𝒆𝒓𝒆 

    𝒇 (
𝒂

𝒘
) =

(𝟐+
𝒂

𝑾
)[𝟎.𝟖𝟖𝟔+𝟒.𝟔𝟒(

𝒂

𝝅
)−𝟏𝟑.𝟑𝟐(

𝒂

𝑾
)

𝟐
+𝟏𝟒.𝟕𝟐(

𝒂

𝒘
)

𝟑
−𝟓.𝟔(

𝒂

𝝅
)

𝟒
]

(𝟏−
𝒂

𝒘
)

𝟑/𝟐

                        (3.5) 

Where, P is the maximum load, B: the specimen thickness, W: the width, a: the 

initial crack length, X = a/w ,where (0 < x < 1). 

  

   
(a) (b) (c) 

 

Figure 3.16:Display (a) Samples Used for Tests, (b): Create Crack, (c):Test  

 

 

 

  

Figure 3.17: Standard Sample Geometries of   Compact Tension test[196]. 

3.7.4.2  Single Edge Notched Beam Test Specimen Fracture Toughness  

 Single Edge Notched Beam  (SENB) test was carried out to investigate the 

toughness of nanocomposite specimens. They were tested using a universal testing 

machine type (WDW/5E). Samples were being  used for the testing such as shown 

in the figure(3.19 A). Standard Sample Geometries as shown in Figure(3.19), The 

cross-head speed was held constant and was chosen (10mm/min), span length was 

https://www.twi-global.com/technical-knowledge/faqs/senb-test-specimen-fracture-toughness-tests-without-clip-gauges


Chapter Three                                                      Experimental Part  

72 
 

(40 mm) according to ASTM D5045 [181,182]. The stress intensity factor (KIC) was 

obtained using the relationships as shown below[199]. 

 

                              𝑲𝑰𝑪 = (
𝑷

𝑩𝑾
𝟏
𝟐

)𝒇(
𝒂

𝒘
)                                                                  (3.6) 

where (0 < x < 1), P is the critical load for split propagation, B is the specimen 

thickness, W is the specimen width, a is the crack length, and f (x) is a non-

dimensional shape factor with x = a/W.             

𝒇(𝒙) = 𝟔𝒙𝟏/𝟐 [𝟏,𝟗𝟗−𝒙(𝟏−𝒙)(𝟐,𝟏𝟓−𝟑,𝟗𝟑𝒙+𝟐,𝟕 𝒙𝟐)]

(𝟏+𝟐𝒙)(𝟏−𝒙)𝟑/𝟐
                                            (3.7) 

   

(a)  (b) (c) 

Figure 3.18: Image of (a): samples used for tests, (b): create crack,(c):test. 

 

Figure 3.19 : Standard Sample Geometries of SENB Test . 

3.7.5 Pull Off adhesion Test:  

Adhesion is a complex property that depends on many different factors such 

as the properties of the coatings and substrates,surface roughness,type and content 

of addhesive material  interfacial interactions or environmental conditions [200] . 
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                 The pull-off adhesion strength of coating systems was tested using the ASTM 

D4541 standard. There are several steps that were taken before   coating and testing 

all steel substrates  were grinding by sand paper. All grinding steel surfaces were 

cleaned using acetone to remove grease or oil contamination of the surfaces before 

application of each coating system. The substrates were coated with  epoxy coating 

and epoxy with nanoparticles. The general pull-off adhesion test is performed by 

scoring through the coating down to the surface of the steel substrate at a diameter 

equal to the diameter of the loading fixture (dolly, stud) and securing the plate with 

an adhesive [184, 185]. 

  

  

  

 

Figure 3.20: Image of pull off adhesion samples. 
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       The nature of the failure was qualified in accordance with the percent of 

adhesive and cohesive failures and the actual interfaces and layers involved. After 

the adhesive was cured, a testing apparatus was attached to the loading fixture and 

aligned to apply tension normally to the test surface. When a plug of material is 

detached, the exposed surface represents the plane of limiting strength within the 

system. 

The pull-off adhesion strength was computed based on the maximum indicated load  

the instrument calibration data and the surface area stressed. Pull-off adhesion 

strength calculated using the following formula: 

𝐗 = 𝟒𝐅/𝛑𝐝𝟐                                                                               (3.8) 

where:  

X = The pull-off adhesion strength achieved at failure in MPa. 

F = The maximum force applied to the test surface at failure in (N). 

D = The diameter of the loading fixture in( mm)  

 

 

Figure 3.21: Image of the Pull-Off Adhesion test device. 
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3.8:Mophological test  

3.8.1 Field Emission Scanning Electron Microscopy (FE-SEM): 

The dispersion of (MgO , BN and (1:1of MgO / BN) hybrid nanoparticals, in the 

epoxy matrix (EP) samples, was tested by the model (SUPRA 55-VP-48-06) 

analytical field emission scanning electron microscopy (FE-SEM)[203]. It was used 

to evaluate the morphology of polymer nanocomposites at Tehran University in 

Iran. All samples were sputtered with gold from the surface to the edge to produce 

considerable electrical conductivity. The apparatus is depicted in Figure (3.22). 

 

Figure 3.22: The principle of FESEM 

3.8.2 Atomic Force Microscopy (AFM) Test 

      Topography and other properties of surfaces can be determined using an atomic 

force microscopy (AFM) technique. The principle of AFM is based on mechanical 
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contact between the surface of the sample and the tip so the measurement of 

particles in the nanoscale is strongly affected by surface sample-tip interaction. The 

morphological investigations were conducted for pure and nanocomposite materials 

by tapping model AFM (AA3000) in the laboratory of the Department of polymer 

Engineering and Petrochemical Industries/Materials Engineering 

College/University of Babylon. As illustrated in Figure (3.23). 

 

Figure 3.23: The Schematic drawing of AFM. 

 

3.9 Thermal Testes: 

3.9.1 Thermal conductivity Test 

The effect of (MgO, BN) and (1:1of MgO / BN) hybrid NP on the thermal 

characteristics of epoxy at 100 
o
C is investigated using the thermal coefficient tester 

model (YBF-3) with top and bottom copper plates, which was located in the 
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laboratories of the Department of Ceramic Engineering /College of Materials 

Engineering at Babylon University, The test was carried out in accordance with 

ASTM E1530-99[204]. The samples were be manufactured at 50 mm in diameter 

and 10 mm in thickness as seen in Figure (3.24). Furthermore, Figure (3.25) shows 

thermal conductivity apparatus. 

 

  
 

 

Figure 3.24:Thermal conductivity samples. 

 

 

Figure 3.25: Thermal conductivity apparatus. 
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The test process is illustrated below: 

1- Place the sample between the top and lower copper plates, ensuring good 

contact without being too tight or too loose. 

2- Setting the temperature controller to 100 
o
C and switching to automatic 

control. 

3- Switch off the heater and begin recording (T1), (T2) every two minutes until 

(T2) is relatively stable (the function is less than 0.01 mV) and (T2) stays 

constant. 

4- Remove the sample and adjust the position of the top plate so that it makes an 

excellent contact with the bottom plate, then heat the lower copper plate disk 

to a temperature that is about 10 
o
C higher than the copper plate. 

5- Remove the upper copper plate, exposing the entire lower surface to the 

environment and allowing it to cool naturally. 

6- Take a temperature reading each 30 seconds. 

7- Using the following formula(1) to calculate the thermal conductivity(λ )of the 

samples: 

𝑲 =  (𝒎 ∗ 𝒄 ∗
𝒉𝑩

𝝅
∗ (𝑹𝑩)2∗ (𝒗𝟏 − 𝒗𝟐)) ∗ (𝟐𝒉𝒑 + 𝑹𝒑)/(𝟐𝑹𝒑 + 𝟐 𝒉𝒑)( ∆𝐕/ ∆𝒕)            (3.9) 

Where
 

 Where: K: thermal conductivity coefficient (w/m.k).  

m: mass of copper plate (0.824 kg). 

 c: specific heat capacity of copper plate is 3.805*102 (kj/kg.k). 

 hp, Rp: thickness and radius of copper plate are( 7.01mm,65 mm respectively).   

R: radius of specimen is 10mm.  

v1,v2: voltage of thermocouple 1,2 at heating. 

 Δv: difference in voltage at cooling. 

 Δt : difference in time at cooling. 
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3.9.2 Differential Scanning Calorimeter (DSC) Test : 

The test was carried out in accordance with ASTM D3418-03[205], using the 

SH1MADZ-4 DSC-60 apparatus, which was located in the laboratory of the 

Department of polymer Engineering and Petrochemical Industries/Materials 

Engineering College/University of Babylon, as shown in Figure (3.26). Pure epoxy 

and epoxy/MgO NPs, epoxy/BN NPs, and epoxy/hybrid NPs were evaluated in 

powder form and a heating rate of 10 0C/min with a heating range of 25 to 300 
0
C . 

 

Figure 3.26: schematic of Differential Scanning Calorimetry (DSC) 

3.10 Electical Testes: 

3.10.1 Electrical Resistivity : 

At room temperature samples electrical resistivity was measured using a Precision 

Ohmmeter model (ATS12) insulation tester in accordance with ASTM D257-14 

[206], which was located in the laboratories of the Department of Polymer 

Engineering and Petrochemical Industries/College of Materials Engineering at 

Babylon University. It was used to measure the impact of fillers loading on the 
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electrical properties of epoxy. Pieces of 12 * 12 * 2.3 mm
3
 were essayed between 

two stainless steel electrodes. The test process is illustrated below: 

 

1. Connecting the apparatus to the electrical cercal. 

2. The device's poles will be connected to the inspection cell. 

3. Inserting the sample into the cell. 

4. The number of (R) that appears on the device's screen will be recorded. 

5. Calculating  the (ρ) is from the equation :  

𝛒 =   (𝐑. 𝐀  )/( 𝐋  )                                                                 (3.10) 

Where 

ρ: The  electrical resistivity (Ω.cm) 

R: The electrical resistance (Ω) that appears on the device's screen will be  

recorded 

A:The cross section area(cm
2
) 

L : The length  (cm). 

 

Figure 3.27: Electrical Resistivity apparatus. 

https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Length
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 3.11. Electrochemical Test(Corrosion Test): 

3.11.1. Solutions 

 The solution employed in this study was a blank solution within a NaCl 

prepared by dissolve 3.5g of NaCl  in one liter water  aqueous solution[207]. 

3.11.2  Potentiodynamic polarization 

The corrosion behavior of all specimens was observed. Following the casting 

of nanofiller on the substrate, all specimens were tested in a 3.5 NaCl solution as an 

electrolyte. The corrosion rate was calculated using the tafel extrapolation method. 

This cell had three electrodes: one for the specimen and two for the counter and 

reference electrodes, which represented the platinum and saturated calomel 

electrodes, respectively. All of the electrodes were connected and immersed in the 

electrolyte. The thermometer was employed to maintain the solution's temperature 

at 25 
°
C. The voltage of each specimen was measured in an open circuit at the start 

of the specimen test. Figure 3.28 depicts a thepotentiostatic instrument (type X 

MTD-2MA) (3.28). It's in the Metallurgical Department of the College of Materials 

Engineering at the University of Babylon. The test was carried out by potential 

stepping at 0.4 mV/s as a scanning rate from a starting 250 millivolts below the 

open cercuit potential. The scan was sustained up to 250 mV above the open-circuit 

voltage. The efficiency of inhibition (I) was calculated from the polarization curves 

using Eq. (3.11) according to [ASTM G102] [208] to evaluate the efficiency of an 

epoxy/MgO, epoxy/BN, and epoxy/hybrid nanocomposite for controlling the 

dissolving of steel.  

 

I % =
   𝙞𝒄𝒐𝒐𝒓− 𝙞𝒄𝒐𝒐𝒓(𝒇𝒊𝒍𝒎)

𝙞𝒄𝒐𝒐𝒓
∗ 100                                3.11 
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 where: 

 icorr and icorr (film) and are the abbreviations of the values of the corrosion 

current density measured by (µAcm
–2

) for bare and coated steel, respectively. 

 

Figure 3.28: Potentiodynamic polarization test device 

3.12 Coating Thickness Measurements:  

A digital gage TT260 type as in Figure 3.30 was used so as to measure the 

thickness of the coating layer for all coated specimens (in the Lab of Metallurgical 

Engineering Department, /College of Materials Engineering, University of 

Babylon). The accuracy of this device is ± 0.1 μm. Three different measurements 

were taken for each specimen, and the average thickness was calculated. 

 

Figure 3.29 Digital coating Thickness-TT260
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4.1 Introduction 

This chapter illustrates the results obtained through the results of physical, 

morphology, mechanical,thermal,electrical,tribological tests of the preparing  

samples  from (Mgo,BN,hybrid) nanoparticals, with different concentrations of 

nanoparticals in order to improve the thermal conductivity,electrical resistivety , 

mechanical, tribological properties of prepared samples . This chapter includes the 

following axes: 

1. Studying the structural properties by XRD and FTIR technique. 

2. Studying the morphological properties by AFM and SEM techniques . 

3. Studying the mechanical properties of the prepared samples , which included 

measuring the tensile strength, young modulus ,elongation ,Impact strength, 

fracture toughness (K1C,K11C),Pull Off Adhesion  and hardness . 

4.Studying the thermal properties by DSC and thermal conductivity measurement.  

5. Studding the electrical properties by electrical resistivity measurement. 

6.Studying the tribological properties by potentiodynamic polarization test. 

 4.2 Structural Results  

4.2.1 FTIR results 

         Infrared FTIR was used for the characterization of nanoparticles and epoxy 

nanocomposites as seen in Figures (4.1) and (4.2) and Table (4.1) in appendix A. 

Figure (4.1) shows the FTIR spectra of pure epoxy, pure MgO NP and pure BN NP 

and Figure (4.2) display FTIR spectra of epoxy/MgO , epoxy/BN  and 

epoxy/hybrid nanocomposites. 

In Figure (4.1 a) shows the FTIR spectra of pure epoxy where band at 3500 

cm
-1

 refers to O-H stretching ,band at 3057 cm
-1

 refers to Stretching of C-H of 

the oxirane ring,band at 2965- 2075 cm
-1 

refers to StretchingC-H of CH2 and CH 

aromatic and aliphatic,band at 1604 cm
-1 

refers to Stretching C=C of aromatic 
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rings  ,band at 1509 cm
-1 

 refers to Stretching C-C of aromatic band at 1459.95 cm
-1

 

refers to C-H bending bond,band at1212,1033 cm
-1 

 refers to Stretching C-O of 

oxirane group,band at925 cm
-1

 refers to Stretching C-O-C of ethers,band at831 

cm
-1 

 refers to stretching C-O-C of oxirane group and band at 772 cm
-1 

 refers to 

Rocking CH2. In Figure (4.1 b) shows the FTIR spectra of pure MgO where band at 

1381.03 cm
-1

  refer to C=O and band at 408.9 cm
-1

 refer to Mg-O . 

In Figure (4.1 c) shows the FTIR spectra of pure BN where band 

at1388.75cm
-1

 and band at 802.39  cm
-1

 refers  to B-N. 

 

(a)  
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(b) 

 

(c) 

Figure 4.1: FTIR spectra of, (a):pure epoxy ,(b) pure MgO,(c) pure BN. 
 

In Figure (4.2) display FTIR spectra of epoxy/MgO , epoxy/BN  and 

epoxy/hybrid nanocomposites. Some of the bands and their corresponding 
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stretching frequencies are listed in table 4.1in appendix A .FTIR results, also show 

that there is no chemical reaction, no displacement of peeks and  no new peek. 

There is only the physical interaction between the active surface of 

nanoparticles and the polar matrix of epoxy polymer, This is because of the 

similarity of the structure in all weighing percent % of filler loading.  

 

Figure 4.2: FTIR spectra of  pure epoxy and epoxy  with 7 wt% of ( MgO, 

BN,hybrid) nanoparticles 

4.2.2 XRD results 

The XRD pattern of the MgO  and BN NPs is shown in Figure 4.3 and 4.4 . 

All of the reflection peaks in  this Figures can be easily indexed to pure cubic 

phase of MgO and to pure hexagonal phase of BN. 
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Figure 4.3: X-ray diffraction pattern of Magnesium Oxide (MgO) 

nanoparticles[209]. 

 The XRD pattern of the MgO NPs is shown in Figure 4.3.  shows abroad 

peak around 2θ = 42.5
o
 and a small another at 37

o
,38 

o
 ,58 

o
,62.5

 o
 .All of the 

reflection peaks in Figure 4.3 can be easily indexed to pure cubic phase of MgO 

(JCDPS No. 75- 0447).The crystallite size diameter (D) of the MgO nanoparticles 

has been calculated by Debye– Scherrer equation (D = Kλ/βcosθ), where β FWHM 

(full-width at half-maximum or halfwidth) is in radian and θ is the position of the 

maximum of diffraction peak, K is the so-called shape factor, which usually takes a 

value of about 0.9, and λ is the X-ray wavelength (1.5406 Å for Cu Kα). Crystallite 

size of MgO has been found to be 1.75 nm. 
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Figure 4.4:X-ray diffraction pattern of boron nitride (BN) nanoparticles[210]. 

Structural analysis of the BN nanoparticles that it made with the x-ray 

diffraction (XRD) show highest peak  around 2θ =  27.3
 o

 showed in Figure.4.4 

which refers to crystallinity degree of h-BN . Some of the other reflections at 2h = 

41.3
 o

 ,43.4
 o 

and 54.6
 o

 detected in the XRD pattern and this result correlate with 

the literature [210]. In addition to the grain sizes of the boron nitride nanoparticles 

are calculated by using Scherrer formula ( D = 0:9 λ/ βcos θ ), the calculated D 

value is 2.93 nm. 

4.3 Morphological Result for Epoxy/Nanoparticals    

4.3.1 AFM results 

4.3.1.1 Epoxy/MgO Nanocomposite 

To get further information for the effect of NP on the morphology of EP, 3D 

AFM images were taken and are presented in figure 4.5. Also, table 4.2(in 
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appendix B) shows the roughness parameters, which extracted from the 2D AFM 

images. Image of the pure polymer, shows that,  pure epoxy is smooth with an 

roughness average (Sa) of 1. 5 nm, and when MgO was added, the surface 

topography changed and Sa increased to 2.43 nm,2.83nm,3.27nm,3.74nm for (1,3,5 

and7 wt%) MgO additions, respectively. That means the final roughness 

increment. Similar increment (but with less extent) in the density of summits (Sds), 

where this roughness parameter increases by MgO addition. This is due to the 

settling of some of MgO Nps on the epoxy surface.  

 

 

     epoxy 

 

 

 
 

(a) (b) 
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(c) (d) 

Figure 4.5: AFM images of pure epoxy and (a) 1% , (b) 3 % ,(c) 5%, (d) 7 % 

wt)of epoxy/MgO  nanocomposite.  

4.3.1.2 Epoxy/BN Nanocomposite . 

Figure (4.6) and Table (4.2) in appendix B show the roughness parameters 

of (epoxy/BN)nanocomposite the results show that pure epoxy surface is smooth 

with a roughness average (Sa) of 1.5 nm, and when BN Np concentration was 

increased the surface topography changed , Sa increased and this is applied to 

density of summits (Sds) and surface bearing index (Sbi)also[211]. 

 

 

(a) (b) 
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(c) (d) 

 

Figure 4.6: AFM images of pure epoxy and (a) 1% , (b) 3 % ,(c) 5%, (d) 7 % 

wt)of epoxy/BN  nanocomposite.  

4.3.1.3 Epoxy/hybrid Nanocomposite. 

  The image (Figure. 4.7) and table (4.2) in appendix B demonstrate that 

there is good interfacial interaction between hybrid filler and epoxy matrix which 

may be the source of good thermal and consistent mechanical properties. The 

surface homogeneity is quite evident in image at pure epoxy. Also the presence of 

these hybrid particles (MgO and BN) results in surface roughness, Sa increased 

and this is applied Sds and Sbi also.  
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(a) (b) 

  

(c) (d) 

Figure 4.7: AFM images of pure epoxy and (a) 1% , (b) 3 % ,(c) 5%, (d) 7 % 

wt)of epoxy/hybrid  nanocomposite.  

4.3.2 FE-SEM Results 

Figures (4.8-4.11) show the field emission scanning electron micrographs 

(FE-SEM) images of pure epoxy, pure MgO, pure BN and their nanocomposites.  

In figure (4.8) the surface of pure epoxy system shows smooth also It can be seen 

that nanoparticles with different shapes and sizes ,where the size of MgO particles 

is coarser and larger than BN that be finer size. These results show that MgO 

nanoparticles were obtained with an average size 74.48 nm. And BN nanoparticles 

were obtained with an average size about 36.54 nm. In contrast, the surfaces of 

epoxy /MgO , epoxy/BN and epoxy/hybrid  nanocomposites in Figures (4.9,4.10 

and 4.11) show rougher and coarser surfaces indicate the toughening 

mechanisms[212].  
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(a) 

 

 

 

  

(b) 
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(c) 

Figure 4.8: FESEM images of( a): pure epoxy, (b): pure MgO  , (c) :pure BN. 

It is important to discuss the effect of the nanofiller content on the structural 

development of the polymer matrix. Figure (4.9) shows the morphology of 

epoxy/MgO nanocomposites with different MgO content , The MgO nanoparticles 

can be observed as more brightly colored in the sample. As the doping 

concentration increased, the distribution density of the MgO nanoparticles 

gradually increased, maintaining a uniform distribution with no obvious reunion 

phenomenon in the early stage. The epoxy resin composite has good interfacial 

properties. With the increase in the doping amount of the filler, the distance 

between nanometer magnesium oxide particles decreases, and the surface of the 

composite has large protrusion, which indicates that there is roughness in the 

material. When the packing mass fraction reaches 5%, the composites begin to 

aggregate, but the degree of aggregation is relatively light. With the increase in the 

packing mass fraction, the aggregation became more and more obvious when the 

packing mass fraction reached 7%. The presence of aggregates is conducive to the 
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formation of the thermal conductivity network chain, which increases the thermal 

conductivity of epoxy resin. Compared with pure epoxy resin[213]. 

  
(a) (b) 

 
 

(c) (d) 

Figure 4.9: FE-SEM images of epoxy /MgO nanocomposites with various 

loading of mgo wt.%: (a) epoxy/MgO with 1%wt, (b) epoxy/ MgO with 3% wt,  

(c) epoxy/ MgO with 5% wt (d) epoxy/ MgO with 7% wt. 

Figure (4.10) shows the morphology of epoxy/ BN nanocomposite with 

different content of BN, fractured surface of neat EP is very smooth in Figure (4.8) 

, As observed the roughness of the fractured surfaces increases with the increment 
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of BN content . due to good mixing between them leading to more roughness of 

nanocomposite can be seen[214].  

 

  

(a) (b) 

  
(c) (d) 

Figure 4.10: FE-SEM images of epoxy/BN nanocomposites with various loading 

of BN wt.% : (a) epoxy/bn with 1%wt., (b) epoxy /BN with 3% wt., (c) epoxy /BN 

with 5% wt (d) epoxy /BNbn with 7% wt. 

 

Figure (4.11) shows  the morphology of epoxy /hybrid with different  hybrid  

filler content. The results show that surface roughness increases with increase filler 

content due to the size of NPs. 
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(a) (b) 

  
(c) (d) 

 

Figure 4.11:FE-SEM images of epoxy/hybrid nanocomposites with various 

loading of hybrid wt.%: (a) epoxy/h with 1%wt., (b) epoxy/h with 3% wt., (c) 

epoxy/h with 5% wt (d) epoxy/h with 7% wt  

4.4 Thermal Results  

4.4.1 DSC Results  

Differential Scanning Calorimetry (DSC) analysis was carried out to study 

the thermal properties of the epoxy resin and epoxy/MgO, epoxy /BN and(1:1of 

MgO/ BN) hybrid nanocomposites as shown in figures (4.12, 4.13,4.14). The value 

of glass transition temperature(Tg) and degradation temperature(Td) was 
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determined from figure. 4.12 and table 4.3 (in appendix c). It is noticed that the Tg 

values increase linearly from 79.12 
o
C (for pure epoxy) up to 82.39 

o
C, 83.65 

o
C, 

84.49 
o
C, 85.77 

o
C.and Td values about 308.3 

o
C (for pure epoxy) and (305.92

 

o
C,305.77

 o
C,305.09

 o
C,299.60

 o
C) for sample with (1%,3%,5%,7% wt%) MgO 

NPs content respectively .This is because that MgO is a solid material and has 

compact structure with coarse size nanopartical as shown in FESEM image above 

in figure (4.6) ,and leads reduce chain mobility which leads to increase of Tg of 

pure epoxy and epoxy/MgO nanocomposite [215]. This increment in Tg is an 

indicator about the improvement of the mechanical properties of the prepared 

samples.  

 

(a) 
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(b)  

 

 

(c) 
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(d) 

 

 

(e) 

Figure 4.12: DSC of samples (a) epoxy, (b)1%,(c)3%,(d)5% ,(e) 7% of 

epoxy/MgO nanocomposites. 
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Epoxy/BN nanocomposite as shown in figure 4.13, is  noticed that the glass 

transition temperature increases with the increase in the weight fraction of boron 

nitride nanoparticles from 79.12
o
C (for pure Epoxy) up to(80.78 

o
C, 82.79

o
C, 

83.13 
o
C, 84.76 

o
C) ,and Td values (308.13

 o
C,308.32

 o
C,313.71

 o
C,300.3

 o
C)(for 

sample with 1%,3%,5%,7% wt%) BN NP ,respectively, as shown in table 4.2.  

Where the addition of nanoparticles in epoxy matrix lead to reduce the 

mobility of the epoxy chains due to formation high immobility monolayer around 

each nanoparticle while the matrix chains (epoxy chains not bonded to 

nanoparticles)bonded  to that monolayer constrained the non-contact matrix chains, 

so, the network of nanoparticles reduce the overall mobility of the nanocomposites 

system. Due to reducing free volume space occupied by the spaces at the end of 

chains[216]. 

  
 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 4.13: DSC of samples (a)1%,(b)3%,(c)5% ,(d) 7% of epoxy/ bn nanocomposites. 

The addition of (1:1of MgO/BN)hybrid Nps in to the epoxy increases the Tg 

from 79.12
o
C (for pure Epoxy) up to 80.6 

o
C, 84.65 

o
C, 86.2 

o
C, 92.6 

o
C and Td 

values (308.60
 o

C,300.85
 o

C,308.60
 o

C,297.42
 o

C) (for sample with 1%,3%,5%,7% 

wt%) hybrid NPs, respectively ,as shown in Figure (4.14) and table (4.3).  

Where the mechanical mixing  was effective for the uniform dispersion of 

nano-sized NPs [217]. which leads to increase of Tg of epoxy . 
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(a) 

  

(b) 
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(c) 

 

(d) 

Figure 4.14: DSC of samples (a)1%,(b)3%,(c)5% ,(d) 7% of epoxy/hybrid.  

nanocomposites. 
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4.4.2.Thermal Conductivity Results 

The main goal of this research is to improve thermal conductivity of a pure 

epoxy thermoset by the addition of  MgO, BN and hybrid  without negatively 

affect the electrical insulation. Different materials with increasing filler content 

were investigated by thermal conductivity analysis. 

The thermal conductivity of the nanocomposites is controlled by the intrinsic 

conductivities of filler and matrix, shape and size of the filler, and the loading level 

of filler [218].  

 Figure (4.15) and table (4.3)in appendix D, show the thermal conductivity 

results of  epoxy/MgO nanocomposite, epoxy/BN nanocomposite and (1:1 

MgO/BN)hybrid nanocomposite with (1%,3%,5%,7%wt%) NPs, reaspectively. 

The results reveal that when the MgO nanofiller content increases, the 

thermal conductivity of the composites increases which is ascribed to the MgO 

nanopartical thermal conductivity. At low MgO nanopartical doping ratios the 

composites thermal conductivity increases slowly which could be attributed to the 

nanoparticles independence from one another and the lack of a thermal conductive 

chain. The epoxy composites internal thermal conductivity was based on a tandem 

structure, which increased as the MgO nanoparticle content increased . At 

increased MgO nanoparticle levels in the matrix the nanoparticles and polymer 

matrix interact to form a single thermal conductive chain lowering thermal 

resistance and forming parallel structures resulting in the formation of a thermal 

conductive network [200].  
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Figure  4.15: Illustrates the relation between the thermal conductivity of pure 

epoxy, epoxy/MgO ,epoxy/BN and    epoxy/(1:1MgO/BN)hybrid nanocomposite 

and filler loading wt%  

The results in  figure (4.15)  and table (4.4) in appendix D, display that the 

the thermal conductivity of pure epoxy significantly enhances as the BN level 

increases for the sample containing 7% wt of BN Nps, the thermal conductivity 

improved about 93%  as compared to thermal conductivrty of pure epoxy.This 

increases due to the increase in phonon carriers and high conductive nature of 

boron nitride, in addition to the particles shape and size, it helps to form 

conductive connections that increace of thermal conductivity [219]. These results 

are corroborated by the FESEM pictures above in figure (4.10). 

The results in figure (4.15) and table (4.4) show that the thermal 

conductivity of hybrid samples was more enhanced than those of pure epoxy and 

another nanocomposites .Where differences in particle size and shape  in addition 

to their surface area and other factors all participate in increasing thermal 
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conductivity because of they form bonds that act as a bridge to transfer the phonon 

thus increasing the thermal conductivity, The use of hybrid size MgO and BN 

nanoparticles in epoxy resulted in better thermal conductivity. 

The highest value of  thermal conductivity was 3.69 W/M.K  at 7 % wt  with 

improvement about 95 % of epoxy /hybrid nanocomposities as compared to epoxy 

/MgO nanocomposities ,epoxy/BN nanocomposities and pure epoxy This behavior 

is attributed to the packing density and ease of formation of the conductive 

pathway [220] . See FESEM pictures above in figure (4.11). 

It is also cited that due to the structure of hexagonal BN and cubic MgO and  

good mixing between two hybrid particles enhances mechanical properties and 

thermal conductivity of epoxy nanocomposites by (1:1of MgO/BN) hybrid filler 

for microelectronics packaging and another heat dissipation applications .  

4.5 Electrical Result  

4.5.1.The Electrical Resistivity:  

Insulators are materials that do not conduct any electrical energy or currents 

at all. They do not allow any (or very little) electrical charge to flow through them 

and the thermoset's electrical resistance which quantifies the resistance to flow of 

current is another significant parameter in electronic fabrications[221]. The 

electrical resistivity of epoxy/ MgO nanocomposite, epoxy/BN nanocomposite, 

and  epoxy/(1:1MgO/BN) hybrid nanocomposite with different filler content is 

shown in Figure 4.16 and tables (4.5)in appendix E. 

The results show that the electrical resistivity increases linearity with 

increasing filler content such as MgO was used as a potential filler. The highest 

electrical resistivity was about  6E+15 with improvement about  60% as at 7% wt 

as compared to pure epoxy , this result due to of the large band gap (7.8 eV) and 

high electrical resistivity (10
17

 ohm.cm) of MgO NPs, it is very attractive and has 
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the highest resistance of any of the regularly utilized nanoscale oxide [222]. The 

results of increasing the electrical resistivity with increasing BN NPs content and 

reach the highest value about 7.2 E+15  with enhanced about 67 %  at 7%wt of 

epoxy/BN nanocomposite as compared to pure epoxy .The results of increasing the 

electrical resistivity with increasing hybrid NPs in epoxy/(1:1MgO/BN) hybrid 

nanocomposites ,The highest value of electrical resistivety was about (8.4E+15 Ω 

.cm)  with improvements about 71% at (7wt) hybrid NPs  as compared to pure 

epoxy and another non hybrid nanocomposites .due to the electrical insulation 

nature of both nanoparticles (MgO and BN).The movement of carriers in 

composites enhances the resistivity due to the coulomb blocking effect [213] .This 

is a useful feature in the heat dissipating electronic industries such as electrical 

circuits or insulating protective coatings . 

 

Figure 4.16: Illustrates the relation between the electrical resistivity of pure 

epoxy, epoxy/MgO, epoxy/BN and epoxy/(1:1 MgO /BN)hybrid 

nanocomposite and filler loading wt% . 
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4.6 Mechanical Result  

4.6.1. Tensile Results : 

4.6.1.1 Tensile Strength  

Figure (4.17) and table (4.6) in appendix F.1 show the tensile strength of 

(epoxy/MgO) (epoxy/BN) and ( epoxy/hybrid) nanocomposites at different weight 

percentages of nanoparticles. The results display that the tensile strength of  

(epoxy/MgO) and (epoxy/hybrid) nanocomposites are higher than those of pure 

epoxy. The addition of 7 wt %  hybrid nanoparticles  improved the tensile strength 

about 19 % as compared to pure epoxy due to the good mixing of nanoparticles 

within the polymer matrix can be significantly strengthened [223]. There is no big 

change in the tensile strength of  (epoxy/BN) as the BN NP concentration 

increases[224]. This may be attributed to the size and nature of BN particles finer 

than MgO particles (See FE-SEM images above in Figure(4.8). 

 

Figure 4.17: Effect of fillers content(w.t%) ,(MgO ,BN,and hybrid NPs) on the 

tensile strength of the epoxy matrix.  

15

15.5

16

16.5

17

17.5

18

18.5

19

19.5

20

Te
n

si
le

 s
tr

en
gt

h
 M

p
a 

 

Filler load wt%        



Chapter Four                                              Results and discussions 
 

111 
 

4.6.1.2 Young modulus  

Figure (4.18) and table (4.6) in appendix F.1 shows the young  modulus of 

(epoxy/MgO) (epoxy/BN) and ( epoxy/hybrid) nanocomposites at different 

weighting percent of nanoparticles. 

 The results show that the young modulus of nanocomposites are greater 

than those of pure epoxy. young modulus is enhanced with  increase MgO NP 

content  comparison to pure epoxy because of high modulus of elasticity of MgO. 

The interfacial adhesion force is increased as a result the composite becomes 

stiffened. This result is quite comparable with previously reported work [225]. The 

elastic  modulus is affected by shape of nanoparticles and its dispersion through 

polymer matrix, Figure (4.18) shows that the modulus of epoxy/BN 

nanocomposites increases as the BN nanoparticle concentration increases at 

(1,3,5,7wt %) slightly lower than epoxy/MgO nanocomposites  due to good 

distribution of BN Np in epoxy  matrix [226], as shown in table 4.6 in appendix 

F.1. 

In Figure (4.18) displays that the modulus of  epoxy/hybrid nanocomposites 

increase as the   hybrid nanoparticle concentration increases at (1,3,5,7 ) wt %   

The addition of 7% hybrid nanoparticles enhanced  modulus of elasticity  

about 37 % as compared of pure epoxy and epoxy/MgO and epoxy/BN  

nanocomposites. Because of the good mixing between the MgO /BN  nanoparticles, 

that  giving  a strong network lead to stiffening nanocomposite, where the polymer 

matrix and the particles further reduce the mobility of the network structure and 

increase of young  modulus [21]. as shown in table 4.6 in appendix F.1. 
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Figure 4.18: Effect of fillers content (w.t%) ,(MgO ,BN,and hybidNPs) on the 

elastic modulus of the epoxy matrix. 

4.6.1.3 Elongation at break 

Figure (4.19) shows the elongation of (epoxy/MgO) (epoxy/BN) and ( 

epoxy/hybrid) nanocomposites at different weighting percent of nanoparticles. The 

results show that the elongation  of  epoxy/ MgO nanocomposite lower than pure 

epoxy [227], where the addition of nanoparticles in the epoxy matrix leads to reducing 

the mobility of the epoxy chains [202]. When nanoparticles amounts increased within 

the composite structure the steric hindrance increased so the polymeric chain restricted 

and cannot be sliding above each other’s, which leads to reduce of elongation. 

The elongation  of  epoxy/ BN nanocomposite lower than pure epoxy  due to 

increase of tensile modulus .And the elongation of epoxy/hybrid nanocomposite is 

lower than pure epoxy, due to the high modulus of elasticity of epoxy/hybrid 
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prevent the movement of the chain and strong structure [228], as seen in table (4.6) in 

appendix F.1 

 

 

Figure 4.19: Effect of fillers content (w.t%) ,(MgO ,BN,and hybid NPs) on the 

elongation of the epoxy matrix. 

4.6.2. Fracture Toughness Result 

4.6.2.1. Compact Tention (C.T): 

Figure (4.20) shows the fracture toughness (CT) of (epoxy/MgO) 

(epoxy/BN) and (epoxy/hybrid) nanocomposites at different weighting percent of 

nanoparticles.The results display that the fracture toughness (CT) of  

(epoxy/MgO), (epoxy/BN) and ( epoxy/hybrid) nanocomposites are higher than 

those of pure epoxy.  
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Figure 4.20: Effect of fillers content (w.t%) on the compact tension KIC of the 

epoxy matrix. 

Figure (4.21) shows the load (CT) of (epoxy/MgO) (epoxy/BN) and  

(epoxy/hybrid) nanocomposites at different weighting percent of nanoparticles. 

The results display that the load of  (epoxy/MgO) ,(epoxy/BN) and (epoxy/hybrid) 

nanocomposites are higher than those of pure epoxy. 

 

Figure 4.21: Illustrate the relationship between load and fillers content (w.t%) of 

epoxy/MgO,epoxy/BN and epoxy/hybrid  nanocomposites. 
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increasing MgO NP content due to the reinforcement role of the MgO NP that will 

be beneficial for the material resistance and its durability [21] as seen in table 

(4.7). While the fracture toughness (CT) and load  of  (epoxy/BN) nanocomposite 

increase with increasing BN NP content this is attributed to good dispersion of BN 

in the epoxy matrix leading to preventing crack propagation and needing more 

energy to make the crack propagate in the tension mode as shown in table(4.7) in 

appendix F.3. In addition, the fracture toughness (CT) and load of (epoxy/hybrid) 

nanocomposite increase with increasing hybrid NP content this meaning the 

presence of fillers enhanced the mechanical properties of nanocomposites and 

increasing KIC where the  addition of 7% hybrid nanoparticles enhanced KIC about  

68% , as shown in table (4.7) . 

4.6.2.2 Single Edge Notched Bending (SENB): 

Figure (4.22) shows the fracture toughness (SENB) of (epoxy/MgO) 

(epoxy/BN) and (epoxy/hybrid) nanocomposites at different weighting percent of 

nanoparticles.  

 

 

 Figure 4.22: Effect of fillers content (w.t%) on the single edge notched bending 

KIIC of the epoxy matrix. 
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Figures (4.23) show the load of fracture toughness (SENB) of (epoxy/MgO) 

(epoxy/BN) and (epoxy/hybrid) nanocomposites at different weighting percent of 

nanoparticles.  

 

Figure 4.23: Illustrate the relation ship between load and fillers content (w.t%) 

of epoxy/MgO epoxy/BN and epoxy/hybrid nanocomposites. 

In Figures (4.22) and (4.23) the results display that the fracture toughness 

(SENB) and the load of  (epoxy/MgO) increase slightly as compared of pure epoxy 

to the same reason in previous section.  

Figures (4.22) and (4.23) show the fracture toughness and the load  of 

(epoxy/BN) and ( epoxy/hybrid) nanocomposites are higher than those of pure 

epoxy. Where the addition of 7% hybrid nanoparticles enhanced KIIC about 41%  

this is attributed to the same reason in previous section as seen in table (4.7) in 

appendix F.3 
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4.6.3. Hardness Results 

Figure  (4.24) and Table (4.8)in appendix F.4 represent the relationship 

between the hardness (shore D) and the percentage of addition (1, 3, 5,  and 7 % 

wt) for epoxy/MgO ,epoxy/BN and epoxy/(1:1 MgO /BN )hybrid nanocomposites  

for all of the samples prepared the hardness has been represented. The results in 

Figure (4.24) showed that the hardness increases with the increasing of the amount 

of MgO the heigher value is achieved at 7% of MgO content with inhanced about 

(8%)This is due to compatibilization between MgO NPs and epoxy and good 

distribution of nanoparticals . 

 Since hardness is a desired property for resistance and durability of coatings 

[229]. It has been rated how the addition of BN NPs to the pure epoxy affects it. In 

figures (4.24) the hardness has been represented for all the samples prepared.The 

increase of BN content in the nanocomposite leads to increasing tendency of this 

characteristic and the heigher value is achieved at 7% of BN content with 

improvement about (1%) due to nature of BN has finner partical shap as compered 

to MgO partical shap[229]. 

Figure (4.24) displays the effect of  (1:1 MgO and BN) hybrid NPs loading 

on the hardness of the epoxy nanocomposite. The results reveal that when the 

hybrid filler concentration increases, and the heigher value is achieved at 7% of 

hybrid content with improvement about (10%)  due to greater epoxy chain 

restriction by nanoparticles [224]. 
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Figure 4.24:  Effect of NPs (w.t%) on the hardness of the epoxy matrix. 

4.6.4.The Impact Strength : 

The impact strength is an indication of the ability of the composite to 

withstand a sudden impact [106].Figure (4.25) and Table (4.9) (in appendix F.5) 

show the impact strength of (epoxy/MgO) (epoxy/BN) and (epoxy/hybrid) 

nanocomposites at different weighting percent of nanoparticles. 

The results display that the impact strength of (epoxy/MgO) (epoxy/BN) and 

( epoxy/hybrid) nanocomposites are greater than those of pure epoxy. The results 

in the  figure (4.25) shows that the values of impact strength increase with MgO 

NP weight percentages, this could be the fact that the increasing of MgO NP 

content raises the quantity of absorbed energy[230]. While the values of impact 

strength increase with BN NP content due to good mixing of BN Np in epoxy 

matrix leads to enhancing the cohesive strength and making it difficult for the 

crack propagation [231]. In addition, the values of impact strength increase with 
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hybrid NP weight percentages and the heigher value is achieved at 7% of hybrid 

content with improvement about (125%)  due to the nanoparticles work to prevent 

the crack propagation and then increasing the impact strength of the hybrid  

nanocomposites used[232]. 

 

Figure 4.25: The effect of fillers content (w.t%) on the impact strength of the 

epoxy matrix. 

4.6.5 Pull off adhesion  

Figure (4.26) and table (4.10) (in appendix F.6) represent the relationship between 

the pull off adhesion strength and the percentage of addition of MgO, BN and hybrid 

nanocomposities. The addition of nanoparticles at all percentages between 1% to 7%  

shows greater adhesion strength than pure epoxy and the use of 7% hybrid nanoparticles 

enhanced  pull off adhesion about 69% as compared to pure epoxy and another non 

hybrid nanocomposites . 

This is due to high percentages of MgO, BN, and hybrid that lead to epoxy  

rougher when it wet the surface of substrate resulting in mechanical mixing 
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adhesives in electronic circuits not only provide heat dissipation but also 

mechanical support, adhesion strength is another critical parameter[233]. 

  

Figure 4.26 : Comparison of pull off strength of the epoxy matrix with fillers 

content (w.t%)  

All pull off adhesion test samples show cohesive and adhesive failure as 

shown in figure (4.27). This is due to the cohesion force of the epoxy and MgO, 

BN, and hybrid nanocomposites being greater than the adhesive force between the 

steel and adhesive [234]. 
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1% MgO 3% MgO  5% MgO  7% MgO  

    

1%BN 3% BN  5% BN  7% BN  

   
 

1 % hybrid 3% hybrid 5% hybrid 7% hybrid 

Figure 4.27: Image of adhesive failure shown on the steel substrate. 

4.7. Potentiodynamic Polarization Test Results.  

Potentiodynamic polarization test curves for the bare and  uncoated pure 

epoxy and epoxy/ Nps coated samples in 3.5 %NaCl solution at 25°C are depicted 

in figures (4.28 - 4.32). The polarization curve of substrates of the coated and 

uncoated steel are actually dissimilar. It can be detected that there is a noteworthy 

shift towards the lower current densities for coated samples compared with the 

uncoated samples. 
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 The corrosion current of the epoxy  coated samples are around 4.33 A/Cm
2
 

for the epoxy specimen compared with 8.11 A/Cm
2
 for the bare specimen as shown 

in Figures(4.28 and 4.29) for bare and epoxy  specimens, Respectively and table 

(4.11) .These results confirm  that epoxy coating significantly reduces metal ion 

release for steel substrate and decreases the corrosion rate of these substrate in 

NaCl solution[235] , which means that the obtained pure epoxy coating was 

uniform and compact and its adhesion to the substrate was very good. An overall 

protective epoxy surface layer may ensure outstanding corrosion resistance and . 

These findings are in agreement with other studies which indicate that coating steel 

with a polymeric barrier does in fact improve corrosion resistance[236] . 

 It should also be pointed out that the corrosion potential of an uncoated 

sample is  higher as compared to that of the epoxy coated one. A significant 

reduction was noted in the current required for the dissolution for the 

nanocomposite coated specimen as compared to the bare  steel and pure polymer-

coated specimen after inspecting the value of the current density exactly at the 

same polarized potentials. From Figs. (4.28-4.32) it is easy to note that for bare  

steel corrosion, the current density increased as the voltage increased. That 

increment happened rapidly up to 11.8 *10
–6

 A/cm
2 

.The presence of the 

epoxy/MgO ,epoxy/BN,epoxy/hybrid  nanocomposite coating increases the 

corrosion resistance by decreasing the current density as compared for  the bare 

specimen As shown in table 4.11 in appendix G. 
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bare 

Figure 4.28: Potentiodynamtic polarization for bare specimen in NaCl 3.5% 

solution. 

 
epoxy 

Figure 4.29: Potentiodynamtic polarization for epoxy specimen in NaCl 3.5% 

solution. 
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(c) 

 
(d) 

Figure 4.30 : Potentiodynamtic polarization for (a) 1% epoxy/MgO  ,(b) 3% 

epoxy/MgO, (c)5% epoxy/MgO , and (d) 7% epoxy/MgO  specimen in NaCl 3.5% 

solution. 
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(c) 

 
(d) 

Figure 4.31: Potentiodynamtic polarization for (a) 1% epoxy/BN  ,(b) 3% 

epoxy/BN, (c)5% epoxy/BN , and (d) 7% epoxy/BN  specimen in NaCl 3.5% 

solution. 
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(c) 

 
(d) 

Figure 4.32: Potentiodynamtic polarization for (a) 1% epoxy/hybrid  ,(b) 3% 

epoxy/ hybrid, (c)5% epoxy/ hybrid , and (d) 7% epoxy/ hybrid  specimen in NaCl 

3.5% solution. 
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Figures (4.33) shows the relation between  the  inhibition efficiency  and 

filler content  for  epoxy/MgO,epoxy/BN,epoxy/hybrid nanocomposities  at 

(1,3,5,7 wt%) filler loading.  

The result show that the corrosion rate led to an increase in the inhibition 

efficiency with increase filler content and the addition of 7% hybrid nanoparticles 

enhanced the  efficiency of inhibition about 87%  as compared of pure epoxy and 

another non hybrid nanocomposites as shown in figure (4.33)and Table 4.11. Due 

to that barrier coating usage is essential to suppress the corrosion in a NaCl 

solution by controlling the diffusion of harmful ions, and electrons to the metal 

surface. and leads to a significant decrease in the corrosion current values in the 

anodic curves, which provides a high level of noticeable corrosion protection. 

where The coated film works as a strong and efficient passivation layer for the 

diffusion of ions and corrosion[237] . 
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(d) 

Figure 4.33: The relationship between the efficiency of inhibition (I) and filler 

loading  of (a) 1% epoxy/MgO ,epoxy/BN and epoxy/hybrid ,(b) 3% epoxy/MgO 

,epoxy/BN and epoxy/hybrid, (c)5% epoxy/MgO ,epoxy/BN and epoxy/hybrid and 

(d) 7% epoxy/MgO ,epoxy/BN and epoxy/hybrid. 
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5.1 Conclusion  

From the obtained results and their discussion in chapter four, the following 

conclusions can be drawn:  

1. For the FT-IR results proved, there is no chemical reaction, and there is only 

physical interaction between the active surface of nanoparticles and the polar 

matrix of epoxy polymer. 

2. For the XRD results proved, the reflection peaks in  XRD of pure phase of 

MgO and pure hexagonal phase of BN. 

3. DSC results proved that there is increasing in the Tg value. 

4. In AFM images ,the presence of MgO Np, BN Np and hybrid Np results in 

surface roughness, Sa increased and this is applied to Sds and Sbi also. 

5. In SEM images, MgO NP has a coarse size but BN shows a finer size. 

6. The thermal conductivity of the nanocomposites increased with increasing 

MgO, BN, and hybrid nanoparticle concentration as compared to pure 

epoxy. 

7. Electrical resistivity  increased with increasing filler content as compared to 

pure epoxy. 

8. Elongation of epoxyMgO, epoxy/BN and epoxy/hybrid nanocomposites 

decreased with the increase in the content of MgO NP, BN NP.and hybrid 

NPS. 

9.  The tensile strength and modulus , hardness, impact strengths, fracture 

toughness (KIC,KIIC), Pull off adhesion strength of nanocomposites increased 

with increasing MgO, BN, and hybrid nanoparticle concentration as 

compared to pure epoxy. 
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10.  Current density decrease and increase the efficiency of inhibition of epoxy 

against  steel corrosion in NaCl solution from 46.6 % of pure epoxy  to 87.4 

% . 

5.2 Recommendations: 

1. Studying another thermal testes such as  flame retardancy , combustion  

resistance and  of epoxy nanocomposites. 

2. Using hybrid matrix like thermoset polyurethane, and epoxy. 

3. Using different substrates like aluminum. 

4. Studying the environmental conditions like UV ultraviolet, temperature for 

MgO ,BN and hybrid nanocomposites. 

5. Using Contact Angle  and wettability and Surface roughness tests for 

coating samples 
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Appendix A 

Table 4.1:FTIR spectra of epoxy/MgO, (B):epoxy/BN and (C): epoxy/hybrid 

nanocomposities [238]. 

 

 

 

 

Band (cm-1) Assignment 

 3500 O-H stretching 

3057 Stretching of C-H of the oxirane ring 

2965- 2075  StretchingC-H of CH2 and CH aromatic and aliphatic 

1604 Stretching C=C of aromatic rings   

1509 Stretching C-C of aromatic 

1459.95 C-H bending bond 

1212,1033 Stretching C-O of oxirane group 

925 Stretching C-O-C of ethers 

831 Stretching C-O-C of oxirane group 

772 Rocking CH2 
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Appendix B. 

Table 4.2: Sa, Sds ,Sbi and Sci and AFM parameters of epoxy/MgO,epoxy/BNand 

epoxy/hybrid nanocomposites 

Samples roughness average 

(Sa) (nm) 
The density of 

summits 

 (Sds) 

The surface bearing 

index 

 (Sbi) 

The core fluid retention 

index 

(Sci) 

EP 1. 5 0.165 0.216 1.52 

1%MgO 2.43 0.169 0.298 1.53 

3%MgO 2.83 0.199 0.754 1.59 

5%MgO 3.27 0.217 0.864 1.62 

7%MgO 3.74 0.239 1.35 1.63 

1%BN 3.43 0.269 0.497 1.53 

3%BN 3.83 0.299 0.553 1.57 

5%BN 4.27 0.317 0.663 1.69 

7%BN 3.74 0.239 1.35 1.70 

1%h 3.53 0.269 0.597 1.57 

3% h 3.73 0.299 0.653 1.59 

5% h 4.37 0.317 0.763 1.63 

7% h 4.94 0.239 1.85 1.67 
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Appendix C  

Table 4.3: The glass transition temperature and degradation temperature of  pure epoxy , 

EP/MgO ,EP/BN, EP/(1:1MgO/BN )hybrid nanocomposites  

 

 

 

 

 

 

 

 

Nanocomposites NPs (wt.%) Tg (°C) Td(°C) 

Epoxy 0 79.12
o
C 308.3 

o
C 

EP/MgO1 1 82.39 
o
C 305.92 

o
C 

EP/MgO3 3 83.65 
o
C 305.77 

o
C 

EP/MgO5 5 84.49 
o
C 305.09 

o
C 

EP/MgO7 7 85.77 
o
C 299.60 

o
C 

EP/BN1 1 80.78 
o
C 308.13 

o
C 

EP/BN3 3 82.79
o
C 308.32 oC 

EP/BN5 5 83.13 
o
C 313.71 

o
C 

EP/BN7 7 84.76 
o
C 300.3  

o
C 

EP/Hybrid1 1 80.6 
o
C 308.60 

o
C 

EP/Hybrid3 3 84.65 
o
C 300.85 

o
C 

EP/Hybrid5 5 86.2 
o
C 308.60 

o
C 

EP/Hybrid7 7 92.6 
o
C 297.42 

o
C 
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Appendix D 

Table 4.4: The thermal conductivity of  pure epoxy , EP/MgO ,EP/BN, EP/(1:1MgO/BN ) 

hybrid nanocomposites  

 

 

 

 

 

 

 

 

 

 

 

Nanocomposites NPs (wt.%) Thermal 

conductivity(W/M.K) 

Epoxy 0 0.20 

EP/MgO1 1 0.55 

EP/MgO3 3 1 

EP/MgO5 5 1.55 

EP/MgO7 7 2.22 

EP/BN1 1 0.88 

EP/BN3 3 1.11 

EP/BN5 5 1.71 

EP/BN7 7 2.88 

EP/Hybrid1 1 1.4 

EP/Hybrid3 3 2.12 

EP/Hybrid5 5 3.13 

EP/Hybrid7 7 3.69 
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Appendix E 

Table 4.5: The electrical resistivity of  pure epoxy , epoxy/MgO ,epoxy/BN, 

epoxy/(1:1MgO/BN )hybrid nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

Nanocomposites NPs (wt.%) Electrical Resistivity ( Ω 

.cm) 

Epoxy 0 2.4E+15 

EP/MgO1 1 4.8E+15 

EP/MgO3 3 5.4E+15 

EP/MgO5 5 5.76E+15 

EP/MgO7 7 6E+15 

EP/BN1 1 5.52E+15 

EP/BN3 3 6.36E+15 

EP/BN5 5 6.84E+15 

EP/BN7 7 7.2E+15 

EP/Hybrid1 1 6E+15 

EP/Hybrid3 3 6.96E+15 

EP/Hybrid5 5 7.68E+15 

EP/Hybrid7 7 8.4E+15 
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Appendix F1 

Table 4.6:The tensile strength, mosulus and elongation of  pure epoxy , 

epoxy/MgO,epoxy/BN, ep/(1:1MgO/BN ) hybrid nanocomposites.  

 

 

 

 

 

 

 

 

Nanocomposites NPs (wt.%) Tensile Strength 

(MPa) 

Young 

Modulus (GPa) 

Elongation (%) 

Epoxy 0 18 0.19 11.3 

EP/MgO1 1 18.33 0.22 10.97 

EP/MgO3 3 19.71 0.24 10.73 

EP/MgO5 5 19.15 0.25 10.5 

EP/MgO7 7 19.31 0.28 10.2 

EP/BN1 1 17.89 0.2 11.25 

EP/BN3 3 17.88 0.21 11.35 

EP/BN5 5 17.87 0.22 11.45 

EP/BN7 7 17.86 0.23 11.52 

EP/Hybrid1 1 19.5 0.23 10.06 

EP/Hybrid3 3 19.66 0.27 8.82 

EP/Hybrid5 5 19.34 0.28 8.76 

EP/Hybrid7 7 22.33 0.3 8.2 
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epoxy 

 
1%MgO 

Appendix.F2  

Table appendix F2: Stress-Strain curves obtained from the tensile test of epoxy , epoxy/MgO,epoxy/ 

BN and epoxy/hybid  nanocomposities samples for 1,3,5,7 %wt  at room tempeature 
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3%MgO 

 
5%MgO 
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7%MgO 

 
1%BN 
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3%BN 

 
5%BN 
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7% BN 

 
1% hybrid 
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3% hybrid 

 
5% hybrid 
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7% hybrid 
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Appendix F3 

Table 4.7: The compact tension and single edge notched bending of  pure epoxy, 

epoxy/MgO, epoxy/BN, epoxy/(1:1MgO/BN )hybrid nanocomposites. 

Appendix F4 

Table 4.8: Hardness of  pure epoxy , EP/MgO ,EP/BN, EP/(1:1MgO/BN ) hybrid 

nanocomposites 

Nanocomposites NPs (wt.%) KIC (MPa. m^
1/2

) KIIC   (MPa.m^
1/2

) 

 

Epoxy 0 1.08 2.09 

EP/MgO1 1 2.49 2.13 

EP/MgO3 3 2.55 2.24 

EP/MgO5 5 2.6 2.3 

EP/MgO7 7 2.63 2.33 

EP/BN1 1 2.68 3.14 

EP/BN3 3 2.77 3.21 

EP/BN5 5 2.85 3.36 

EP/BN7 7 2.9 3.43 

EP/Hybrid1 1 2.64 2.78 

EP/Hybrid3 3 3.13 3.33 

EP/Hybrid5 5 3.28 3.5 

EP/Hybrid7 7 3.41 3.57 

Nanocomposites NPs (wt.%) Hardness(shor D) 

Epoxy 0 66 

EP/MgO1 1 68 

EP/MgO3 3 69 

EP/MgO5 5 70 

EP/MgO7 7 72 

EP/BN1 1 66.53 

EP/BN3 3 66.76 

EP/BN5 5 66.9 

EP/BN7 7 66.93 

EP/Hybrid1 1 68.83 

EP/Hybrid3 3 70.63 
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Appendix F5 

Table 4.9 : The impact strength of  pure epoxy , epoxy/MgO ,epoxy/BN, 

epoxy/(1:1MgO/BN )hybrid nanocomposites . 

 

 

 

 

 

EP/Hybrid5 5 71.66 

EP/Hybrid7 7 73 

Nanocomposites NPs (wt.%) Impact Strength(J/m
2
) 

Epoxy 0 5.55 

EP/MgO1 1 6.24 

EP/MgO3 3 6.38 

EP/MgO5 5 6.56 

EP/MgO7 7 7.77 

EP/BN1 1 7.14 

EP/BN3 3 7.9 

EP/BN5 5 8.75 

EP/BN7 7 10.69 

EP/Hybrid1 1 8.13 

EP/Hybrid3 3 8.75 

EP/Hybrid5 5 10 

EP/Hybrid7 7 12.5 
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Appendix F6 

Table 4.10:The pull off strength of  pure epoxy , epoxy/MgO , epoxy /BN, 

epoxy/(1:1MgO/BN) hybrid nanocomposites . 

 

 

 

 

 

 

 

 

 

Nanocomposites 

 

NPs (wt.%) 

 

Pull Off Strength (MPa) 

 

Epoxy 0 1. 5 

EP/MgO1 1 2.05 

EP/MgO3 3 3.13 

EP/MgO5 5 3.38 

EP/MgO7 7 3.55 

EP/BN1 1 1.86 

EP/BN3 3 2.92 

EP/BN5 5 3.47 

EP/BN7 7 3.65 

EP/Hybrid1 1 2.45 

EP/Hybrid3 3 3.6 

EP/Hybrid5 5 4.07 

EP/Hybrid7 7 4.83 
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Appendix G 

Table 4.11: The electrochemical parameters calculated using potentiodynamic polarization 

technique for the corrosion of bare steel, coated with epoxy alone and coated with 

epoxy/MgO,epoxy/BN ,epoxy/hybrid  nanocomposite in 3.5%NaCL solution at 25°C. 

Sample no. ECorr mv Icorr. A/cm
2
  I % 

bare -614 8.11  

epoxy -204 4.33 46.6 

1%MgO -117.3 1.65 62.1 

3%MgO -718 1.12 70.2 

5%MgO -628 1.04 70.4 

7%MgO -217 1.02 86.5 

1%BN -176 3.79 53.2 

3%BN -831 3.7 54.3 

5%BN -210.1 1.8 77.8 

7%BN -276 1.4 82.7 

1%H -746 3.07 79.6 

3%H -684 2.41 86.1 

5%H -294 2.4 87.1 

7%H -630 1.09 87.4 
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 ةـــالخلاص

مةواد لاللةة ملةةىة لىع ية  مةط التتباقةار اليةر،ائاةة   م ة   الايبوكسة القائمةة لىة   واد المركبةةتعتبر الم

لوحار ال وائر المتبولة وأنظمة لزل الج ار الأرض  لىمولة  وموةولار الةراتاال المبةبوع   لىة  الةر   

مةةط أر راتاجةةار اكيبوكسةة  دةة  مةةواد اار  امةةة لالاةةة لاةة  تتباقةةار التةةلال والالتبةةا     لا أر التوصةةا  

ممايجعةة  كىلط.· واط  م  0.3 لةة   0.1مةةط  تتةةراو   لاةة  الاتةةا  المةةاخل تيةةور لامر البةةو ةةة االوةةرارل ل

 اةر العةةوية  لة   تقويةةال د ةائ يميط أر تؤدل  ضةالاة  الايبوكس    ار مااسب لتتباقار تب ي  الورارة ,

اناياة مادة اكيبوكس   ل  توساط التوصا  الورارل ،شي  كبار ويميط أر تؤثر أيةًا لى  الخبائص الماي

 .مواد المركبةلى

متااداةة البة ر موصة  حراريةًا ولةاللًا  مةط مةواد مركبةةيةاف دة ا البوةإ  لة  لاةماةا ليالاةة صةا  طةلال 

لىيةر،ال م  الو  الأدن  مط موتوى التوما  لتوقاة  موصةىاة حراريةة لالاةة ولةزل كةر،ةائ  لاةائ    و ة  

مةط  مةزيل،أشيال وأحجام مختىلة. نظرًا لقة رة    ائ أوص  ،التلال الةجاط ال ل يشتم  لى  نولاط مط ال

البةة ارة ،ةةاحتلال اللةةرا  ،ةةاط    ائ الموصةةىة الوراريةةة لىةة  ليةةادة ك الاةةة التعبسةةة   ممةةا يسةةم  لىةة   ائ الةة

اليبارة المجةاورة   يميةط  نشةال شةبيار موصةىة حراريةًا اار مقاومةة حراريةة ماخلةةة ،اسةتخ ام    ائ ال

ىوةرارة لتب ية  خبةائص الة   تة  تتةوير طةلال د ية  وا ة  مةط الت كة  مة  حشو أ ة . لاة  دة ل ال راسةنسب 

والعزل اليةر،ائ  ال ل يميط استخ امه لوماية التور،ااار لا  الساارار أو السلط أو التائرار   وك لك لا  

  ويةت   ECUsالمتم ىةة ،وحة ة المعالجةة المركزيةة لىمركبةار  اكليتروناةةالتتباقةار الباالة اليةر،ائاة و

التةةلال  مةةوادل والاسةةتقتاع الةة يااماي  اللعةةال  اليةر،ائاةةةو ,الوراريةةة  ،ةةالخواا الماياناياةةة ,مقارنتةةةا 

خبةةائص . تةة  تةةولاار كتةةور اسةةال والةة  ائ  الاانويةةة ال اةةر لةةةوية  كتةةور تقويةةة  ،اسةةتخ ام الايبوكسةة 

ونتريةة  البةةورور   (MgO) ومكسةةا  الم ااسةةاوأ اسةةتخ ام ىوةةرارة والعةةزل اليةر،ةةائ  ،واسةةتةلتب يةة  ال

   العةزل اليةر،ةائ  لة دًا مةط الخبةائص الج ا،ةة   ،مةا لاة  الةك  MgO يةولارحاةإ    (h-BN) الس اسة 

لىة  وشةك تتةوير مةواد  BN التيىلة و ار ضةارة. ولاة  الو ةف نلسةه   يبة و أر ماخلةةلاةلاً لط كونةا 

 د ةائ ألاةة  مةط  ولةالل لىيةر،ةال  المبة د لىوةرارة  لاصقة موصىة ، ردة حةرارة لالاةة لتتباقةار التةلال

 .الجرالااط الاانوية

اسةتخ ام تركاةزار و والتلالار الاانوية ،استخ ام طلال ال مر ،ةالموىول  الاانوية مواد المركبةت  توةار ال

 3, 1, 0 ( م  نسبة الولر )1: 1)،اسبة  وال  ائ  الةجااة (BN  ) (MgO) ةيالاانو ال  ائ مختىلة مط 

,5 ,7 %wt). الاانوية ،اسةتخ ام المواد المركبةت  لاوص خبائص((XRD) (FTIR)   FESEM)   ) 



 

 

(AFMواللووصار )   اختبةار الشة    اختبةار ،اكضالاة الة  اللووصةار الماياناياةة )الورارية واليةر،ائاة

واختبار الاستقتاع ال يااماي   (  اختبار التبا  الانسواع Shor D ةداليسر   صلامتانة الب م   اختبار 

 ولاوص سمك التلال . , اللعال

أثبتةف لة م ودةود تلالة  كاماةائ    وداةال تلالة  لاازيةائ  لاقة  ،ةاط     (FTIR) أظةرر الاتائل أر نتائل

٪  15وتعةزل ،اوةو  Tg أر داةال ليةادة لاة   امةة DSC ،ولامر الايبوكس . أثبتف نتائل والاانوية  ال  ائ 

الةجااة مقارنة ،اكيبوكس  الاق  ومركبةار نانويةة أخةرى  اةر دجااةة   ممةا  الاانوية ال  ائ مط ٪  7لا  

لاة   ر الاتةائل  أظةةر AFM لاة  صةور.يشار  ل  توسط لا  الاستقرار الوةرارل والخبةائص الماياناياةة

كباةر لاة  ودة  أنةه تة  الوبةول لىة  توسةط  .الاانويةة المةواد المركبةةخشةونة  تةزداد التقويةليادة موتوى 

 الة  ائ و BN و MgO د ةائ  الخواا اليةر،ائاة لاة   ضةالاة تأثار سىب  لى الخبائص الورارية دور 

 ,الاانويةة الةجااةةة مةط الةة  ائ ٪ ،ةةالولر   7لةزلر  ضةالاة حاةإ الاانويةة الةجااةة  لةة  ،ةولامر الايبوكسةة 

الاانويةة  اةر  ،ال  ائ مقارنة  ٪71يةر،ائاة حوال  المقاومة توساف الو ٪95الموصىاة الورارية ،ووال  

 .الةجااة والأيبوكس  الاق 

 Shor ةدصةلا  معامة  المرونةة   وة الش  ) حساف ك  مطالاانوية الةجااة  ال  ائ مط  ،الولر ٪7 ضالاة 

D  كسةر الشة  المةة وط متانةة   البة م   ةوة KIC  الوالاةة الملةردة الماوااةة متانةة KIIC سةوب    ةوة 

( ٪( لىةةةة  التةةةةوال    ،المقارنةةةةة مةةةة  69٪ و 41٪   68٪   56٪   10٪ 37  ٪19) الالتبةةةةا  حةةةةوال 

الاانويةة  ال  ائ مط  ،الولر٪7أدر  ضالاة . ار الةجااة الأخرى المواد المركبة الاانوية و الايبوكس  الاق 

 اةر ال رىوالمركبةار الااويةة الاخة٪ مقارنةة ،اكيبوكسة  الاقة  87الةجااة  ل  تعزيز كلالة الت با  ،ووال  

 BNد ةائ  خشةط ليةط  حبابة  لىة  حجة  الاانويةة  MgO د ةائ   توتةول  FESEMلاة  صةور  دجااةة.

الاانوية الةجااة  ادرة لىة  تةولاار يلاةار تقويةة    ائ أد    كما ت   ثبار أر ال حباب   تظةر حجمًاالاانوية 

 .FESEMكما دو موض  ،واستة البور المجةرية   المواد المركبة الايبوكساة لاعالة لا  
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