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Chapter 7
Thermal and Mechanical Properties (I): 
Optimum Predictive Thermal Conduction 
Model Development for Epoxy-Filled 
Copper Oxide Nanoparticles Composite 
Coatings on Spent Nuclear Fuel Steel 
Casks

Daniel Ogochukwu Okanigbe  and Shade Rouxzeta Van Der Merwe

7.1  Introduction

Nuclear reactors use radioactive elements to generate power [1, 2]. While the by- 
product of generating energy from radioactive materials is known as spent nuclear 
fuels (SNF) [3, 4], it is anticipated that this waste will be safely stored and disposed 
of following conditioning and treatment [5–7]. Consequently, one of the biggest 
issues facing the nuclear industry is SNF management [8, 9]. All transportation 
casks are anticipated to be built to comply with radiation safety regulations as part 
of managing SNF [10–12].

Therefore, type B casks (Fig. 7.1) are used to transport SNF assemblies in order 
to comply with requirements that restrict radiation leaks and doses that represent a 
risk to the general public’s health and safety as well as the environment [13–16]. 
The casks are made of steel (or a steel and lead alloy) and are shielded [17–19]. The 
steel is typically around 30 cm thick and protects the fuel element while shielding 
the casks from radiation.

It has been discovered that the deposition of radioactive salts during spent fuel 
transportation frequently results in high-radiation levels in casks. The technique of 
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Fig. 7.1 A typical type B SNF transportation cask. (Source: Google image)

eliminating these salts involves sanding, which involves directing an airstream filled 
with sand toward areas where they have gathered and there is a lot of radiation since 
this causes mechanical corrosion in those areas [20].

In accordance with Shkoukani Al-Qous [21], steel is exposed to radiation both 
internally and externally. As a result, the cumulative gamma irradiation effect on 
steel corrosion behavior results in a rise in corrosion rate with increasing irradia-
tion dose.
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As was previously indicated, the corrosion of the steel used to protect the casks 
(Fig. 7.1) can cause significant economic losses as well as potential safety issues 
[22]. Surface coating has frequently been employed to protect the steel casks from 
mechanical and biological corrosion in order to alleviate these issues. However, 
surface coatings have a low resistance to electrolyte diffusion, which prevents them 
from offering long-term protection against corrosion [23]. As a result, numerous 
recent studies have been carried out to enhance these coatings’ anticorrosion abili-
ties [20, 24, 25].

Tensile stress, a corrosive environment, and a susceptible material are the three 
prerequisites for corrosion of steel casks, according to Ross et al. [26]. When assess-
ing corrosion susceptibility, it is important to comprehend and take these circum-
stances into account. The three criteria will eventually be met in dry storage of SNF, 
according to previous studies [27–35].

Knight et al. [16] emphasized the significance of a material that is vulnerable to 
corrosion. The majority of SNF canisters is constructed of 304 stainless steel, which 
means that weld residual tensile stresses are adequate for corrosion to occur and that 
a corrosive environment has the potential to develop, according to the researchers. 
The presence of a chloride-rich brine on the surface of SNF canisters poses the 
greatest risk for corrosion [36–46].

By reducing or completely eliminating the interaction of a corrosive brine with 
the canister surface, the researchers continued to emphasize the significance of sur-
face coating materials in the prevention, mitigation, and repair potential of corro-
sion. By separating the metal surface from the corrosive environment on the coated 
canister surface, an efficient coating would do away with the chance of corrosion. 
By acting as a physical barrier that restricts mass transfer to the metal substrate, the 
majority of coatings either isolate the metal surface from exposure to aggressive 
chemistry or prevent corrosion by using corrosion inhibitors, such as organic inhibi-
tors (i.e., organic coatings). Organic inhibitors protect the metal by forming a hydro-
phobic film on the metal surface. The chemical make-up, molecular structure, and 
surface affinities of this class of inhibitors all affect how effective they are.

These anticorrosion coatings must, however, have excellent thermal conductivity 
properties as prescribed by the energy application (i.e., steel cask for transportation 
of SNF). A composite made of thermally conductive nano- or micro-sized particles 
spread in a polymer matrix is therefore one of the most efficient ways to create a 
thermally functional layer [47–51]. In terms of cost and mass production, copper 
oxide (CuO), which is dark and has a high emissivity of more than 0.9, stands out 
among these materials and is a potential option for altering the metal heat sink sur-
face to enhance heat dissipation in passive cooling [52].

By creating nanocomposite coatings and adding inorganic nano-fillers to the 
coating composition, the characteristics of organic coatings can be further enhanced 
[53]. The most often utilized inorganic nano-sized reinforcing fillers include carbon 
nanotubes, copper, zinc, titanium, magnesium, and gold [54, 55]. In terms of ther-
mal stability, mechanical, electrical, and catalytic capabilities, these hybrid coatings 
are discovered to be superior. The enhancement of these properties is due to the 
robust interfacial interaction between the polymer and the inorganic components, 
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which results from the substantial specific surface area of the nano-sized inorganic 
components [56]. However, to create hybrid materials with desired qualities, a 
homogenous dispersion of the inorganic fillers must be attained inside the polymer 
matrix [57].

Additionally, because the contact between the coating layer and the metal sur-
face depends on mechanical interlocking, bonding that is not at the atomic or 
molecular level, showing high-interfacial thermal resistance, and as an example, 
polymer/ceramic composite coating significantly increases the interfacial thermal 
resistance on the metal surface [58–62].

Up until this point, numerous researchers have created a variety of thermally 
conductive polymers and their composites using filled type [63]. The thermal con-
ductivity coefficient (λ) values of these polymers and their composites fall short of 
expectations, which has become the main bottleneck for their energy applications.

Due to this, several types of copper oxide nanoparticles (CuO-NPs) will be pro-
duced in the proposed study from concentrates acquired during the density separa-
tion of waste copper dust (WCD), depending on their copper oxide, aluminum 
oxide, and silicon oxide contents [64]. This class of organic–inorganic composite 
coating will be studied to better understand the phenomenon of interfacial thermal 
resistance, an understanding that should assist with improving the coating’s perfor-
mance when used as a surface coating on steel casks during the transportation of 
SNF [65, 66]. These various compositions of CuO-NPs will be used to create an 
epoxy/CuO-NPs composite coating.

7.2  Problem Statement

The following basic discussions pertain to steel containers used to transport SNF 
and its surface coating:

 1. Despite the enormous research efforts, there are still problems with the current 
hydrophobic coating methods, including poor mechanical strength and limited 
durability [54].

 2. Despite numerous attempts to prepare a variety of thermally conductive epoxy 
composites using filler type [67], these epoxy composites frequently struggle to 
meet expectations in terms of their thermal conductivity coefficient values, 
which restrict their use in energy applications [68].

 3. Epoxy composites with a higher filler content display deposition and agglomera-
tion in the polymer matrix, which leads to poor adhesion between the filler par-
ticles and epoxy resin and reduced mechanical strength and durability [69].
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7.3  Research Objectives

7.3.1  Main Objective

Investigating the interfacial thermal resistance and anticorrosion performance of 
CuO-NPs-Epoxy composite coatings from WMD on SNF steel casks is the main 
objective of this study.

7.3.2  Sub-Objectives

By responding to the following research questions provided as sub-objectives, the 
main goal will be accomplished:

 1. What is WCD’s characteristics?
 2. What makes up the concentrates and tailings produced by the WCD density 

separation?
 3. What is the makeup of the leach solutions made from the various concentrate 

compositions?
 4. What is the makeup of the copper precursor produced by the chemical reaction 

between reagents and leach solutions?
 5. What makes up the CuO-NPs created by the thermal breakdown of various cop-

per precursors?
 6. What is the interfacial thermal resistance of the hybrid nanocomposite coatings 

made by adding different compositions of CuO-NPs to epoxy resin?
 7. What is the anticorrosion behavior of hybrid nanocomposite coatings made by 

adding various compositions of CuO-NPs to epoxy resin?
 8. What are the CuO-NPs/epoxy composite coatings’ calculated and predicted 

thermal conductivity value (λ) for the given system?

7.4  Research Hypotheses

On the basis of the model proposed to overcome the challenges noted, the following 
can be hypothesized:

 1. Decreased thermal resistance between surfaces.
 2. Hybrid coatings’ improved anticorrosion behavior.
 3. Decreased cost of hybrid coating production.
 4. Utilization of the earth’s mineral resources sustainably.

7 Thermal and Mechanical Properties (I): Optimum Predictive Thermal Conduction…



140

7.5  Significance of Study

The positive outcome of this research will be advantageous to the following areas:

 1. Creation of a hybrid coating that enables the economical design of superb ther-
mally conductive steel containers for the transfer of SNF.

 2. The earth’s ability to support life despite other deteriorating environmental fac-
tors, while also providing WCD as a natural resource replacement for copper- 
based surface exploration.

 3. Using an economical and effective approach of fabrication and processing to 
create hybrid coatings for steel barrel designs.

7.6  Literature Review

7.6.1  Background and Literature Survey

7.6.1.1  Background

Transportation of SNF

Every year, about 20 million transports of radioactive materials are made world-
wide. However, shipping of materials used in the production of electricity make up 
a very minor portion of all radioactive material shipments made globally. The global 
transportation of used nuclear fuel has been done safely. No incident or mishap 
involving the transfer of SNF in the past 45 years has had a substantial radiological 
effect on either people or the environment. To date, used nuclear fuel has been 
shipped throughout the globe in excess of 80,000 tons.

Strong international transportation standards that have been approved and imple-
mented by national regulatory programs are directly responsible for the industry’s 
great safety record. According to the laws, radioactive material packages and casks 
must meet performance standards that are appropriate for the level of risk posed by 
the substances they are intended to hold. Extra-regulatory testing of radioactive 
material transportation packages and casks as well as investigations into serious, 
non-radioactive accident cases have shown that the current regulatory system is 
effective and that it is safe to transport radioactive materials, including SNF.

In some circumstances, such as transfer to another storage facility or transporta-
tion to a central storage location, a cask may need to be transported from one stor-
age location to another storage location. This may be due to economic factors, such 
as enabling the full decommissioning of the facilities at a reactor site, or political 
factors such as the political consolidation of storage facilities in a given region 
or nation.

A cask could occasionally need to be moved from the storage location to the 
repository. The architecture of the disposal facility and the type of storage 
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technology to be employed both need to be taken into account. Some storage meth-
ods used in the US were based on sealed canisters enclosed in concrete storage 
casks, with the idea being that the canister would act as a containment boundary in 
the repository rather than requiring the fuel to be unloaded.

However, if the container design does not completely satisfy the standards for the 
repository or the geological environment in which the fuel will be stored, repackag-
ing of containers may be necessary. Before being disposed of, the fuel is to be 
repackaged in multipurpose containers or casks, according to alternative repository 
designs. This idea will be applied in Germany where casks will be accepted at the 
Pilot Conditioning Plant. There, the spent fuel will be removed from the storage 
cask and consolidated before being repackaged into disposal casks for disposal in a 
subterranean repository.

Types of Casks for Transportation of SNF

To specify safety requirements that offer an adequate level of control over radiologi-
cal dangers, regulations controlling the packaging of radioactive materials have 
been devised. The laws utilize a graduated approach to the packing requirements 
because not all radioactive dangers are equal (radiopharmaceuticals used in medi-
cine do not present the same hazard as an SNF).

The packing of radioactive materials depends on the material’s classification 
before it is transported. Excepted, industrial (Type IP), Type A, Type B, and Type C 
are the five package categories.

Excepted Packages
Materials exhibiting negligible radiological dangers, such as shipments of radio-
pharmaceuticals, are covered by excepted packages.

Industrial Packages
Industrial packages (Type IP-1, Type IP-2, and Type IP-3) are intended to hold 
radioactive materials with low-activity levels or radioactive materials with difficult- 
to- spread radioactivity. The regulatory specifications for the three types of industrial 
packages range from meeting the general specifications for all packages (Type 
IP-1), to being able to withstand conditions that might be anticipated during normal 
transport (Type IP-3), such as falling from a moving vehicle or being struck by a 
sharp object. Industrial packages are primarily used for the transportation of radio-
active ores, low- and intermediate-level radioactive waste, and unirradiated 
nuclear fuel.

Type A packages
Type A packages are frequently used for the transportation of small but large 
amounts of radioactive materials. However, the laws include a cap on how much 
radionuclides they can have. A variety of tests imitating typical transit conditions 
are performed on Type A packages. For the purpose of reducing possible dispersal 
in the case of an accident, packages with liquid contents must meet additional 
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standards. Radioisotopes used for medical diagnosis and some low- and intermediate- 
level radioactive waste are typical examples of items delivered in Type A packaging.

Type B packages
Type B packaging is necessary for the transportation of highly radioactive materials, 
such as radioactive sources used in medical imaging equipment, parts taken from 
nuclear reactor cores, and SNF (Figs. 7.2 and 7.3). Packaging designated as Type B 
must be able to withstand extreme accident circumstances without leaking or spill-
ing. The relevant authorities or regulators of each nation where the packages are 
utilized must certify Type B package designs.

Type C packages
The 1996 revision of the IAEA regulations saw the introduction of Type C packages 
[70]. They are designed for the air transportation of extremely radioactive materials. 
This kind of bundle has not yet been created. The packaging design can differ 
greatly among any of the categories for radioactive materials. For instance, Type B 
packaging intended for used nuclear fuel are frequently very big and heavy, yet 
Type B packages intended for radioactive sources utilized in different industrial 
devices may be tiny enough to fit in a car’s trunk.

The standards for packing, with the exception of Type C packages, are essen-
tially irrespective of the mode of transportation, whether it is by road, rail, 
water, or air.

Fig. 7.2 A typical Type B Truck cask for transportation of spent nuclear fuel. (Source: 
Google image)
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Fig. 7.3 A typical Type B rail cask for transportation of spent nuclear fuel. (Source: Google image)

Steel

In order to increase its strength and fracture resistance compared to other forms of 
iron, steel used in the production of casks is an alloy composed of iron with typi-
cally a few tenths of a percent of carbon. Many additional components could be 
included or added.

Modern steels are created using various alloy metal combinations to serve a vari-
ety of functions. 90% of steel is produced as carbon steel, which is only iron and 
carbon. To increase the hardenability of thick sections, low-alloy steel is alloyed 
with additional elements, typically molybdenum, manganese, chromium, or nickel, 
in amounts up to 10% by weight. In order to boost strength while only slightly rais-
ing price, high-strength low-alloy steel incorporates tiny additions (generally 2% by 
weight) of other elements, often 1.5% manganese.

Steel is susceptible to corrosion, which is caused by electrolysis, in which the 
metallic surface releases electrons into an electrolyte, such as a layer of moisture in 
the presence of oxygen. Because metals have a propensity to revert to their original 
states, this electrochemical reaction takes place.

Therefore, the following techniques are used to prevent corrosion in steel:

 1. Store items properly. To considerably slow down rust, store metal products or 
parts in a low-moisture region or inside a temperature- and humidity-controlled 
environment.

 2. Desiccant drying agents are also useful in this storage.
 3. Surface coating, such as galvanizing, which involves dipping metals like iron or 

steel into a molten Zn metal bath to coat the metal surfaces.
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Surface Coatings

Any mixture of film-forming components combined with pigments, solvents, and 
other additives is referred to as a surface coating. When applied to a surface, this 
mixture cures or dries to produce a thin film that is both useful and frequently beau-
tiful. Paints, varnishes, enamels, oils, greases, waxes, concrete, lacquers, powder 
coatings, metal coatings, and fire-retardant formulas are all examples of surface 
coatings.

According to the composition of their binder, surface coatings are classified as 
organic or inorganic. Coatings with an organic binder are known as organic coat-
ings. Coatings classified as inorganic contain an inorganic binder, such as a silicate. 
Surface coating is a method of surface engineering in which the surface of a mate-
rial is covered with a different material, such as powder, film, or bulk, depending on 
the desired applications and the coating material.

The following are examples of common coating materials:

 1. Pure metals, including Molybdenum (Mo), Copper (Cu), and Aluminum (Al).
 2. Alloys like aluminum bronze (CuAl), nickel chrome (NiCr), nickel aluminum 

(NiAl), etc.
 3. Ceramic (Oxide), such as Zirconium Oxide (ZrO2), Titanium Oxide (TiO2), 

Aluminum Oxide (Al2O3), etc.
 4. Polymers like urethane, silicone, acrylic, phenolic resins, nitrocellulose, and 

epoxy, as well as natural and synthetic rubber.

Epoxy Coatings

Steel will rust and corrode if it is not protected from the elements. One of the most 
popular steel coatings in the industrial and marine sectors is epoxy. Epoxy coating 
is used to add an additional layer of protection to steel. A polyamine hardener and 
an epoxy resin are the two different components that make up an epoxy coating 
(also known as a catalyst). When combined, the resin and hardener undergo a chem-
ical reaction that causes the components to cross-link as the mixture dries.

Epoxies are known for having excellent adhesion to steel and provide good 
chemical resistance. They are also often sold as “surface tolerant”, which means 
they will adhere well to surfaces with minimal surface preparation.

However, the following qualities should be stated and considered when choosing 
a coating for steel casks (both interior and external):

 1. Reliability,
 2. Cleanliness,
 3. Emission and Absorption,
 4. Capability of touch-up and repairs on the loaded (warm) casks.
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7.6.2  Literature Survey

7.6.2.1  Introduction

Because of their low cost, high-specific strength/modulus, easy processing, great 
chemical stability, and light weight, polymers like epoxy-resin are frequently 
employed as coating materials in the energy sector [71]. Epoxy has good anticorro-
sion properties, but its λ values, 0.18–0.44 W m−1 K−1, are frequently low and can-
not meet the demands of highly efficient and quick thermal conduction/dissipation 
from components like the steel casks used in storage and transportation of SNF [72].

Therefore, the study and development of epoxy and their composites with high- 
thermal conduction/dissipation capabilities and excellent mechanical properties 
have urgent theoretical relevance and real-world application values for the develop-
ment of materials in the energy domains. According to the method of preparation, 
thermally conductive polymer coatings can be split into two categories: intrinsic 
type and filled type [67].

Intrinsically Thermally Conductive Epoxy (ITCE) Coatings

In order to increase the intrinsic thermal conductivities of the polymers, ITCE are 
obtained through special physical structures (such as orientation, liquid crystalline, 
and crystalline structure) by altering the structures of polymer chain units during the 
polymer synthesis and processing processes.

Filled-Type Thermally Conductive Epoxy (FTCE) Composites Coatings

FTCE are created by incorporating highly thermally conductive fillers into the poly-
mer matrix and then physically blending the polymers to give them exceptional 
thermal conductivities.

7.6.2.2  Review of Publications on Anticorrosion Properties 
and Interfacial Thermal Resistance of Epoxy Composite Coatings

Anticorrosion Property of Epoxy Composites Coatings

Coatings are a frequent, practical, and preferred technique of preventing corrosion 
in metals [73]. Epoxy composite coatings with fillers have been widely employed as 
anticorrosion materials, claimed by Zhang et  al. [74]. The Metal–Organic 
Frameworks (MOFs) are useful for a variety of industrial applications due to their 
unique and varied building units and customizable features [75]. Because of this, 
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organic polymer coatings based on graphene are used often nowadays as corrosion- 
prevention techniques.

Graphene and graphene oxide offer a wide range of potential uses in the field of 
metal protection due to their superior dispersion, chemical activity, and physical 
barrier capabilities [68], while their barrier features make them suitable for protect-
ing materials [76]. The substantial potential of advanced nanomaterials like gra-
phene oxide as smart containers for the controlled desorption of inhibitors and their 
performance as dual active/passive anti-corrosive agents in the polymeric compos-
ites have been recognized in recent studies by Keshmiri et al. [75]. The effectiveness 
of graphene and graphene oxide/polymer composite coatings as protective materials 
is significantly influenced by the interface design in the resin matrix [47].

Despite the extensive research efforts, the existing hydrophobic coating options 
still have issues, such as weak mechanical strength and limited endurance [54].

The homogenous, 50-m thick epoxy coatings and composite epoxy coatings with 
2 wt% of 130-nm silica particles were successfully manufactured in earlier papers 
on MOF, according to the report by Conradi et al. [77] on austenitic stainless steel 
of the type AISI 316L.  As shown by the increased hardness, increased surface 
roughness, and induced hydrophobicity, the silica particles were found to signifi-
cantly improve the microstructure of the coating matrix. In a chloride-ion-rich envi-
ronment, the silica/epoxy coating was also demonstrated to have excellent 
anticorrosive performance. This was shown by the fact that the zigzagging of the 
diffusion path open to the ionic species resulted in a lower rate of corrosion and a 
higher coating resistance.

Direct mixed oxidation was employed to produce polyaniline (PANI) nanofibers 
utilizing four various inorganic acids [78]. The findings showed that the Q235 steel 
is protected to varying degrees by the various composite coatings of PANI doped by 
various inorganic acids. In conclusion, both the morphology and counter-anion 
would have an impact on the anticorrosion effect of the doped PANI.

Ghahremani et  al. [79] developed a special nano-carrier by modifying the 
MWCNT surface with polydopamine (PDA), chitosan (CH), and zinc cations. The 
epoxy coating was improved with the inclusion of the OMWCNT-PDA-CH-Zn 
nanocomposite, yielding remarkable barrier performance and stable corrosion retar-
dation for nearly 9 weeks.

Motamedi et al.’s [80] innovative nano-pigment, which combines performance 
epoxy and a nanoceria-decorated cerium (III)-imidazole network (NC/CIN), is sim-
ilar to a MOF. After 7 weeks of exposure of the intact coating to saline solution, the 
results showed that the epoxy composite containing NC/CIN offered exceptional 
barrier-inhibitive protection for mild steel in corrosive environments as well as self- 
repairing protective properties in the artificially defective nanocomposite (log |Z|10 
mHz = 9.91 cm2).

Titanium dioxide was used to make an epoxy composite (DGPMDAP/MDA/
TiO2) in the work by Hsissou et al. [81] in order to examine its rheological and 
anticorrosion properties. The results showed that adding more TiO2 improved the 
rheological properties of DGPMDAP/MDA/TiO2. The epoxy polymer with anticor-
rosion capabilities decaglycidyl pentamethylene dianiline of phosphorus 
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(DGPMDAP) displayed mixed-type inhibitor activity and had a maximum corro-
sive inhibition efficacy of 92% at 103 M (when stationary electrochemical method 
was used). However, the transient electrochemical method showed that, at 103 M of 
DGPMDAP, it was a 91% effective carbon steel inhibitor in 1 M HCl solution. The 
Langmuir isotherm was also used to predict how DGPMDAP adhered to the surface 
of carbon steel.

In a ground-breaking study by Lashgari et al. [82], ZIF-67 nanoparticles were 
developed and used as a corrosion inhibitor container to enhance the barrier/active 
corrosion protection capabilities of the epoxy coating. The protective performance 
of the ZIF-67 and ZIF-67@APS NPs filled epoxy composites was evaluated utiliz-
ing EIS, salt-fog, and cathodic delamination experiments. The coating resistance 
values of the ZIF-67 and ZIF-67@APS NPs loaded epoxy coatings fell from 3.49 × 
1010Ω. cm2 to 2.47 × 109Ω. cm2 and from 8.16 × 1010Ω. cm2 to 5.78 × 109Ω. cm2, 
respectively, after 50 days of immersion. The active corrosion inhibition effect of 
the epoxy/ZIF-67@APS NPs was demonstrated using electrochemical results.

Chhetri et al. [83] presented an intercalation modification technique to improve 
the anticorrosion properties of polymeric coatings. The layered double hydroxide 
(LDH) reservoir was functionalized to increase LDH’s interfacial adhesion with the 
polymer matrix and steel surfaces, and an inhibitor, molybdate, was intercalated to 
impart inhibitive characteristics. The electrochemical results showed that the addi-
tion of functionalized double hydroxide significantly increased the protective effi-
ciency of the epoxy coating. The corrosion protection efficiency of the composite 
coating was raised by more than 98% and the corrosion rate was decreased by 
around 98% with the addition of 1 wt% of functionalized LDH.

Cao et al. [84] developed a nano-structured hybrid molecule with strong corro-
sion inhibitor encapsulating capability and the ability of controlled distribution of 
benzotriazole in order to simultaneously increase the hydrophobic property and cor-
rosion resistance of epoxy coatings (BTA). Additionally, a film covering the 
Ce-metal organic frameworks (Ce-MOF), which were developed and used as nano-
containers, was made using tetraethyl orthosilicate (TEOS). The addition of benzo-
triazole to nanocontainers gave the coating system exceptional anti-corrosion 
performance. The breakthrough is that the tetraethyl orthosilicate membrane would 
split and produce pores in an acidic environment, uniformly releasing benzotriazole. 
This self-healing system used polymer coatings to effectively release a corrosion 
inhibitor under the control of pH. The results showed that the epoxy coatings with 
organic frameworks containing 3  wt% Ce-metal had the best anti-corrosion 
capabilities.

In a 3.5-wt% sodium chloride solution, Wu et al. [85] produced h-BN/SZP aque-
ous epoxy composite coatings and examined their corrosion protection efficacy. 
They achieved this by fusing the corrosion-inhibiting ability of strontium zinc phos-
phate (SZP) with the impermeability of hexagonal boron nitride (h-BN) nanosheets. 
The anti-corrosion performance of the coatings was evaluated using potential and 
impedance tests, fitting pore (pinhole) resistance, salt spray, and waterborne epoxy 
composite coatings applied to mild steels. The analysis of the synthesized (Fh-BN, 
SZP)/EP coating’s localized electrochemical impedance spectroscopy (LEIS) and 
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corrosion byproducts suggested that the combined effects of h-physical BN’s bar-
rier function and SZP’s inhibition were responsible for the coated mild steel’s supe-
rior corrosion resistance. Our method offers a new protection mechanism in coatings 
for metallic substrates while advancing the fundamental research and industrial uses 
of h-BN nanosheets.

Interfacial Thermal Resistance of Epoxy Composite Coatings

In thermally conductive polymer composites, interfaces are crucial and significantly 
affect [86]. The vibration harmonic, acoustic, and modulus mismatch that occurs for 
phonons at the interfaces during the thermal conduction process leads to severe 
scattering and a sharp decrease in the phonon’s mean free path [87]. According to 
corresponding macroscopic evidence, the heat flow is frequently partially blocked 
at the interface, leading to significant heat loss and decreasing the effectiveness of 
polymer composites [88]. Therefore, in order to further increase the of polymer 
composites, it will be crucial to enhance the interfaces in thermally conductive poly-
mer composites and minimize interfacial thermal resistance (ITR).

Researchers found that fabricating thermally conductive fillers with hetero- 
structures can significantly reduce the ITR between filler to filler [89, 90].

In order to create hetero-structured Al2O3-BNNS thermally conductive fillers, 
Zou et al. [91] covered the surface of alumina (Al2O3) with boron nitride nanosheets 
(BNNS) before creating thermally conductive Al2O3-BNNS/epoxy composites. The 
value of thermally conductive Al2O3-BNNS/epoxy composites reached 
2.43 W m−1 K−1, higher than pure epoxy-resin (0.21 W m−1 K−1), single Al2O3/epoxy 
(1.39  W  m−1  K−1), and simply blended (Al2O3/BNNS)/epoxy (1.94  W  m−1  K−1) 
composites under the same fillers amount. This was true when the volume ratio of 
BNNS to Al2O3 was 1:7 and the amount of Al2O3/BNNS was 65 vol%.

Further work by Han et  al. [92], on the use hetero-structured silicon carbide- 
BNNS (SiC-BNNS) thermally conductive fillers, proved that fabrication of ther-
mally conductive fillers with hetero-structures corroborated can improve the 
interfaces between different types of fillers, reduce the phonon scattering at the 
interfaces and decrease ITR filler to filler.

The thermal characteristics of epoxy-based composites with large loading frac-
tions of electrically conductive graphene fillers and electrically insulating boron 
nitride fillers randomly orientated were studied by Kargar et al. [93]. It was discov-
ered that at the loading fraction fT > 20 vol%, both types of composites showed a 
unique thermal percolation threshold. The loading of graphene needed to achieve 
thermal percolation, fT, was significantly higher than the loading needed to achieve 
electrical percolation, fE. In terms of improving heat conductivity, graphene fillers 
fared better than boron nitride fillers. It was determined that heat conduction through 
the network of percolating fillers dominates thermal transport in composites with 
large filler loadings, f  ≥  fT.  Unexpectedly, it was discovered that the 
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quasi-two-dimensional fillers’ cross-plane thermal conductivity had a significant 
impact on the high-loading composites’ thermal transport parameters. The results 
acquired provide insight into the highly contested mechanism of thermal percola-
tion and aid in the creation of the next generation of effective thermal interface 
materials for electronic applications.

7.6.2.3  Review of Publications on Neutron Shielding, Anticorrosion 
Properties and interfacial Thermal Resistance of CuO-NPs-Epoxy 
Composite Coatings

Neutron Shielding Capacity of Epoxy-CuO-NPs Coatings

The work by Künzel and Okuno [94] examines how particle size, material concen-
tration, and radiation energy affect X-ray absorption. Separately, 5%, 10%, and 
30% of the resin mass of a polymeric resin were treated with CuO nanoparticles and 
microparticles. We investigated the X-ray absorption of these materials using a 
CdTe detector. The nanostructured material displays more X-ray absorption than the 
microstructured one for all CuO concentrations.

In the study by Mahmud et al. [95], doping recycled high-density polyethylene 
(R-HDPE) with phosphotungstic acid (PTA) and CuO-NPs resulted in the creation 
of an unique (R-HDPE/CuO-NP-PTA) nanocomposite (CuO-NPs). Because the 
constructed nanocomposites had high-density components including CuO-NPs and 
phosphotungstic acid, they were discovered to be extremely resistant against rays. 
When phototungstic acid (PTA) and CuO-NPs were added to R-HDPE, it was dis-
covered that PTA raised the composites’ electron density (Nel), mass attenuation 
coefficient (mm), and effective atomic number (Zeff) more than CuO-NPs did.

According to Abd El-Lateef and Gouda [96], hydrothermal fabrication was suc-
cessfully used to create new metal oxide–organic frameworks, including cellulose 
nanocrystals (CNCs), copper oxide/melamine/cellulose nanocrystals (CuO/MEL/
CNCs), and nickel oxide/melamine/cellulose nanocrystals (NiO/MEL/CNCs). At 
300 mg L−1, the ability to prevent corrosion was determined to be in the following 
order: NiO/MEL/CNCs (98.3%), CuO/MEL/CNCs (96.8%), and CNCs (85.3%). 
According to the current study, CNCs and metal oxide-melamine frameworks at 
CNCs may be viable candidates to prevent AISI360-steel corrosion in the petroleum 
industry as low-cost, environmentally benign inhibitors.

Hassan and Hashim [97] researched the high-quality and low-cost synthesis of 
(polystyrene-copper oxide) nanocomposites and studied their structural and optical 
properties for biological application. The outcomes demonstrated that the nanocom-
posites have a high-UV region absorption. As the concentration of CuO nanoparti-
cles rises, the attenuation coefficients for the gamma radiation source (Cs-137) do 
as well.
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Thermal Conductivity of Epoxy-CuO-NPs Coatings

Copper oxide nanoparticles (CuO-NPs) with an octahedral morphology that were 
created using a hydrazine reduction reaction were used to create a new epoxy-based 
nanocomposite by Sunny et al. [98]. By putting forth a mechanism based on the 
distribution of nCOP domains in the epoxy matrix and the current volume of 
restricted epoxy chains, the behavior of epoxy-nCOP nanocomposites has been 
explained in this study.

A novel epoxy-based nanocomposite material was created using nanosized cop-
per (I) oxide particles (nCOP) created through a chemical reduction reaction, 
according to Sunny et al. [99]. The shape and microstructure development in the 
nanocomposites have been associated with the tuning of the epoxy resin’s hydrophi-
licity in the presence of variable nCOP content.

Rajendren and Subramani [100] claim that making epoxy materials into good 
conducting materials for extremely complex applications can make them more 
appealing. Cu/CNT composite powder increases the thermal stability of epoxy com-
posites while lowering onset temperature as CNT concentration in Cu is increased. 
Epoxy composites with the highest thermal conductivity and shore hardness were 
found to have values of 0.253 W/mK and 83.3 ± 0.4, respectively, with correspond-
ing improvements of 24.3 and 10% over pure epoxy. Regardless of the Cu-CNT 
concentration, the maximum value of epoxy-based composites is attained at 1.0 
Epoxy/Comp25 composites and is then reduced.

According to Jasim et al. [101], polymeric composites are among the most iso-
lated materials, yet they also offer a high degree of mechanical flexibility. The find-
ings indicate that at 65% EP + 35% Cu the highest glass transition temperature (Tg) 
of (EP/Cu) composites was 58.949 °C. Hardness increases as copper concentration 
rises, reaching a maximum of 83.9 for (55%EP + 45%Cu). To match the warm sum-
mer temperatures in our country, this composite can be used to coat surfaces 
and floors.

Anticorrosion and Mechanical Properties of Epoxy-CuO-NPs Coatings

According to Nazari et al. [102], a number of techniques have been used to shield 
metal assets against corrosion damage, one of which is the use of very effective and 
affordable organic coatings. It has been found that the most promising nanofillers 
for enhancing the barrier performance of organic coatings are those that are carbon- 
and bio-based. As they could be controlled to release mending or protective com-
pounds, primarily to corrosion faults or damaged parts of the coating once triggered 
by external stimuli, smart nanocomposite organic coatings were then investigated. 
Then, superior and long-lasting corrosion protection offered by high-performance 
nanocomposite organic coatings was looked at. Then, sophisticated characterization 
techniques for researching organic nanocomposite coatings were briefly covered. 
We wrapped up by summarizing the major discoveries and the unmet research 
requirements.
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Zhang et  al. [103], by using electrochemical impedance spectroscopy (EIS), 
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscope 
(SEM/EDS) methods, the degradation processes of two self-polishing antifouling 
coatings containing copper-based agents (CuSCN and Cu2O) in 3.5% NaCl solution 
as well as the protection effect of the coating systems were investigated. The find-
ings show that the two coating systems still have extremely good protective proper-
ties for the 5083 Al alloy substrate after immersion for 1525  days at room 
temperature, as seen by the high value of the low-frequency impedance. The anti-
fouling topcoat suffers severe damage from the alternate high- and low-temperature 
immersion test (45 °C for 12 h + 25 °C for 12 h), and the failure is primarily char-
acterized by numerous micro-pores and micro-cracks. The micro-pores created 
after the agents were dissolved and released during the hydrolysis process of the 
antifouling coating are relatively larger, because the CuSCN antifouling agent par-
ticle has a larger diameter and a slightly higher solubility than the Cu2O agent. This 
causes a greater decrease in impedance and a worse protective property of the coat-
ing system for the substrate.

In order to demonstrate the benefits of incorporating CuO nanofillers into the 
epoxy resin polymer, a comparison study (structural, thermal, mechanical, and elec-
trical) between the neat-epoxy resin polymer matrix and the epoxy resin polymer 
decorated with (Ag-CuO) nanoparticles (NPs) and (Mg-CuO) nanosheets has been 
conducted by El-Masry and Imam [104]. It was shown that the interaction of 
(Ag-CuO) nanoparticles or (Mg-CuO) nanosheets with epoxy networks enhanced 
the physical/chemical properties of neat-epoxy by providing it a new, captivating 
performance that satisfies the requirements of advanced applications. Epoxy plas-
tic’s behavior was altered by Mg-CuO nanofillers to exhibit the ductile feature. 
Epoxy’s thermal stability, electrical conductivity, dielectric constant, and lowest 
activation energy were all increased by (Ag-CuO) NPs. A low-cost option for usage 
in numerous electrical applications is the Ag-CuO/Epoxy nanocomposite. On the 
stress–strain curve, Mg-CuO/Epoxy has a broader elasticity region. In comparison 
to the individual constituent phases and the matrix, the hybrid nanocomposite 
between neat-epoxy and (Ag/Mg-CuO) NPs presents the solution for more func-
tional applications.

7.6.2.4  Thermal Conduction Models and Inner Mechanisms of Thermally 
Conductive Epoxy Composite

The following are some of the most successful thermal conduction models that have 
been proposed by researchers.

For filled polymers with particles, Agari and Uno [105] suggested a new thermal 
conduction model, and projected values from the new model are compared with 
experimental results. The model is basically based on a generalization of composite 
parallel and series conduction models, which has been further refined to account for 
the isotropy of heat conduction in a random dispersion system. The new model 
yields the following equation: logλ = V⋅C2⋅logλ2 + (1 − V)⋅log(C1⋅λ1). As a result, 
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the equation may be used to estimate the thermal conductivity of the filled polymer 
(λ) with any volume content (V) of particles when the thermal conductivities of the 
polymer and particles (λ1, λ2) are known. Experimental results for polyethylene, 
polystyrene, and polyamide are filled with graphite, copper, or Al2O3.

This study by Agrawal and Satapathy [106] investigates ways to improve the 
ability of aluminum nitride-loaded epoxy composites to conduct heat. In order to 
build a theoretical model for one-dimensional heat conduction through such a com-
posite, the laws of least thermal resistance and specific equivalent thermal conduc-
tivity were combined. The values obtained using the suggested mathematical 
correlation were compared with experimental findings that were measured as well 
as with values that were estimated using other well-known correlations such the 
Rule-of-Mixture, Maxwell’s model, Bruggeman model, and Nielson-Lewis model. 
This comparison shows that although none of the aforementioned models are capa-
ble of accurately forecasting the composites’ effective thermal conductivity, the out-
comes of the proposed model that incorporates a correction factor are in decent 
accordance with the experimental results.

Conclusion on Literature Review
There are always some discrepancies between the predicted values by models and 
the experimental values because the current thermal conduction models only have a 
limited application range and do not account for ITR, shape, amount, and surface 
properties of thermally conductive fillers, among other factors. Future research on 
thermal conduction models must fully take into account additional practical influ-
encing factors, quantify them, and incorporate them into the models in order to 
increase the degree of agreement between the models and the experimental data.

This will result in the establishment of general mathematical models on interfa-
cial thermal resistance for novel shapes and properties of thermally conductive 
epoxy composites.

7.7  Methodology

7.7.1  Materials and Methods

7.7.1.1  Materials

WCD

The WCD from SA will serve as the raw material for the creation of CuO-NPs with 
various compositions.
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Epoxy-Resin

The two major elements of the ultraviolet curable coatings will be epoxy acrylate 
and tripropylene glycol diacrylate, while vinyltrimethoxysilane and castor oil will 
function as plasticizers and coupling agents, respectively.

Steel

The substrate for this study will be mild steel sheets (7 × 3.5 × 0.1 cm).

7.7.1.2  Methods

The WCD will first go through gravity separation to create concentrates with varied 
copper oxide, aluminum oxide, and silicon oxide contents as explained in the fol-
lowing sub-sections.

Density Separation of WCD

To separate the WCD based on densities, the rotational bowl speed and fluidized 
water flow rate will be altered at three levels (Table 7.1). Table 7.2 details the test 
process for the density separation of the WCD. After five passes through the separa-
tor, 45 test samples will be generated (Table 7.3). These concentrates will be used 
as the basic ingredient in the production of copper precursors. The calculations that 
will be performed before creating the slurry that will be used for the density separa-
tion experimentation are described in detail in Okanigbe’s thesis [107].

Design of Experiment and Procedure for Production of Copper Precursor 
from Concentrates

Manufacturing of CuO-NPs started with the production of copper precursor from 
leached concentrates. The experiment design for the production of copper precursor 
from leached concentrates was developed using the 3 × 2 complete factorial experi-
mental design approach, as shown in Tables 7.4 and 7.5.

The copper precursor will be created by adding dropwise 2 M Na2CO3 solution 
to 0.2 M CuSO4 solution in a 500-ml conical flask positioned on a hot plate while 

Table 7.1 Parameters measured for density separation experiment

S.N Parameters Low (0) Medium (1) High (2)

X1 RBS (m/s2) 60 90 120
X2 FWFR (l/min) 3.0 4.5 6.0
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Table 7.2 Test protocol for density separation of CSD

Tests RBS (G) FWFR (l/min) Treatment combination (TC)

1 A A AA
2 A B AB
3 A C AC
4 B A BA
5 B B BB
6 B C BC
7 C A CA
8 C B CB
9 C C CC

Table 7.3 Test protocol for production of concentrates with different copper oxide, aluminum 
oxide, and silicon oxide contents

Passes
Tests and tailings
(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 1(1) 1(2) 1(3) 1(4) 1(5) 1(6) 1(7) 1(8) 1(9)
2 2(1) 2(2) 2(3) 2(4) 2(5) 2(6) 2(7) 2(8) 2(9)
3 3(1) 3(2) 3(3) 3(4) 3(5) 3(6) 3(7) 3(8) 3(9)
4 4(1) 4(2) 4(3) 4(4) 4(5) 4(6) 4(7) 4(8) 4(9)
5 5(1) 5(2) 5(3) 5(4) 5(5) 5(6) 5(7) 5(8) 5(9)

stirring the mixture with a magnetic stirrer at various temperatures (Fig. 7.4). The 
resulting green precipitate will be separated by filtration and then washed with dis-
tilled water and pure ethanol. The green precipitate will then be dried in a 105 °C 
oven for 24 h.

Design of Experiment and Procedure for Production of CuO-NPs from Copper 
Precursor

On the basis of an air flow and a thermogravimetric analyzer, the thermal behavior 
of the synthesized copper precursor will be measured. A platinum crucible contain-
ing 35 mg of samples will be placed on the microbalance pan and heated at rates of 
5, 10, 15, and 20 °C/min between 25 and 1000 °C.

The investigation will be conducted using a 3 × 2 complete factorial experimen-
tal design method (Tables 7.4 and 7.5). After familiarizing oneself with the thermal 
behavior of the copper precursor, Tables 7.6 and 7.7 show how the experiment will 
be planned based on the data for the generation of CuO-NPs. An experimental 
approach can be found in Okanigbe [107].
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Table 7.4 Parameters considered for the production of copper precursor

Parameters
Levels
Low Medium High

Temperature (°C)  25  55   85
Rotational speed (rpm) 340 740 1480

Table 7.5 The design of experiment for the production of copper precursor

Tests Temperature (°C) Rotational speed (rpm)
Treatment combinations (TC) 
(°C/rpm)

1 25 340 25/340
2 25 740 25/740
3 25 1480 25/1480
4 55 340 55/340
5 55 740 55/740
6 55 1480 55/1480
7 85 340 85/340
8 85 740 85/740
9 85 1480 85/1480

Preparation and Polymerization of Hybrid Nanocomposite Coatings by 
Electron Beam Radiation

Six solvent-free coating formulations (blank L0) will be created using epoxy acry-
late (EA) oligomer as the binder, TPGDA as the thinner, CO as the plasticizer, and 
VTMS as the coupling agent. Developed coating formulations (hybrid) will be mea-
sured against blank L0 to determine performance enhancement. Different CuO-NP 
compositions (CuO, and other trace oxides wt%) will be added to the formulations 
L-1(1) to L-5(9) as shown in Table 7.8. These different compositions will be used to 
create hybrid organic–inorganic composite coatings. These hybrid formulations will 
then be homogenized using a homogenizer at room temperature after being soni-
cated for 20 min and lightly blended for a further 15 min at 10.000 revolutions per 
minute (rpm). Using a film applicator (Elcometer 3540, USA), all hybrid formula-
tions will then be applied as thin films with a thickness of 100 mm onto steel panels 
and subsequently polymerized with a dose of 10 kGy of electron beam irradiation.

Development of Predictive Models

Modeling Technique for Predictive Output
The fundamental processes used in the modelling approach described in this 
research are presented in this subsection:

Step 1: Analyze the trends in the experimental samples.
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Table 7.6 Parameters considered for the production of CuO-NPs

Parameters
Levels
Low Medium High

Temperature (°C) 650 750 850
Time (h) 1 2 3

Fig. 7.4 Experimental set-up for the production of copper precursor

Step 2: Establish constraint models to classify and divide samples into sub-classes 
in accordance with Step 1.

Step 3: Calculate the absolute difference between input and output samples belong-
ing to the same class as those classified in Step 2.

Step 4: Determine various experimental levels for the classes.
Step 5: Predict output using an interpolant model.
Step 6: Finish.

Table 7.9 contains a generalized form of the modeling variables. The possible 
effects of the various mineral constituents observed in the experimental concentra-
tions were calculated using a model that took these variables into account. The 
modeling strategy discussed here is based on the constrained interpolation of find-
ings from any three sequential experimental samples. Two of these outputs are fre-
quently known by experience, and predictive modeling is used to identify the third 
unknown output. First and second columns of Table 7.9 display the ordered experi-
mental trials that are used for interpolation. The (%) proportions of the inputs ( pi1

, 
pi2

, and pi3
) and outputs ( po1

, po2
, and po3

) for the investigated mineral constitu-
ents are shown in the third and fourth columns, respectively. Additionally, for each 
of the three experimental samples under examination, column six shows the 
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Table 7.7 The design of experiment for production of copper nanoparticles

Tests Temperature (°C) Time (h) TC (°C/h)

1 650 1 650/1
2 650 2 650/2
3 650 3 650/3
4 750 1 750/1
5 750 2 750/2
6 750 3 750/3
7 850 1 850/1
8 850 2 850/2
9 850 3 850/3

absolute difference between the input and output values stated in terms of, and col-
umn five shows the experimental levels.

The following under listed are modelling notations as presented in this research:

 
Output speed flowrate input feedrate liquidsolidratio� � �f , , , ,

 

Let: serial number for inputs: si  =  {1, …, n −  1, n} and serial number for out-
putsso = {1, …, n − 1, n} for ∀n ∈ R.

Where:

exp(i)i, j = Experimental inputs,
exp(o)i, j = Experimental outputs,
Pre(o)i, j = Predictive outputs,
p

ji  = % input proportion of selected samples,
p

jo  = % output proportion of selected samples,
�p p pj j j

� �i o  absolute difference between p
ji  and p

jo

Where j = {1, …, k − 1, k} represents experimental levels.
The “absolute difference” models defined in terms of the experimental levels are 

shown in Eqs. (7.1) through (7.3), and the final computational models for projecting 
the unknown outputs are shown in Eqs. (7.4) through (7.6) with respect to Table 7.9.
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Table 7.8 Compositional formulations of different epoxy-CuO-NPs coatings

Coating

Compositional formulations
EA 
(wt%)

TPGDA 
(wt%)

CO 
(wt%) Total

VTMS 
(wt%)

CuO-NPs 
(wt%)

Irradiation dose 
(kGy)

Blank 
(L0)

70 20 10 100 1 0.5 10

L-1(1) 70 20 10 100 1 0.5 10
L-1(2) 70 20 10 100 1 0.5 10
L-1(3) 70 20 10 100 1 0.5 10
L-1(4) 70 20 10 100 1 0.5 10
L-1(5) 70 20 10 100 1 0.5 10
L-1(6) 70 20 10 100 1 0.5 10
L-1(7) 70 20 10 100 1 0.5 10
L-1(8) 70 20 10 100 1 0.5 10
L-1(9) 70 20 10 100 1 0.5 10
L-2(1) 70 20 10 100 1 0.5 10
L-2(2) 70 20 10 100 1 0.5 10
L-2(3) 70 20 10 100 1 0.5 10
L-2(4) 70 20 10 100 1 0.5 10
L-2(5) 70 20 10 100 1 0.5 10
L-2(6) 70 20 10 100 1 0.5 10
L-2(7) 70 20 10 100 1 0.5 10
L-2(8) 70 20 10 100 1 0.5 10
L-2(9) 70 20 10 100 1 0.5 10
L-3(1) 70 20 10 100 1 0.5 10
L-3(2) 70 20 10 100 1 0.5 10
L-3(3) 70 20 10 100 1 0.5 10
L-3(4) 70 20 10 100 1 0.5 10
L-3(5) 70 20 10 100 1 0.5 10
L-3(6) 70 20 10 100 1 0.5 10
L-3(7) 70 20 10 100 1 0.5 10
L-3(8) 70 20 10 100 1 0.5 10
L-3(9) 70 20 10 100 1 0.5 10
L-4(1) 70 20 10 100 1 0.5 10
L-4(2) 70 20 10 100 1 0.5 10
L-4(3) 70 20 10 100 1 0.5 10
L-4(4) 70 20 10 100 1 0.5 10
L-4(5) 70 20 10 100 1 0.5 10
L-4(6) 70 20 10 100 1 0.5 10
L-4(7) 70 20 10 100 1 0.5 10
L-4(8) 70 20 10 100 1 0.5 10
L-4(9) 70 20 10 100 1 0.5 10
L-5(1) 70 20 10 100 1 0.5 10
L-5(2) 70 20 10 100 1 0.5 10

(continued)
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Table 7.8 (continued)

Coating

Compositional formulations
EA 
(wt%)

TPGDA 
(wt%)

CO 
(wt%) Total

VTMS 
(wt%)

CuO-NPs 
(wt%)

Irradiation dose 
(kGy)

L-5(3) 70 20 10 100 1 0.5 10
L-5(4) 70 20 10 100 1 0.5 10
L-5(5) 70 20 10 100 1 0.5 10
L-5(6) 70 20 10 100 1 0.5 10
L-5(7) 70 20 10 100 1 0.5 10
L-5(8) 70 20 10 100 1 0.5 10
L-5(9) 70 20 10 100 1 0.5 10

Table 7.9 Generalized representation of model variables

Level
Data acquisition 
procedure

Input value for 
variant factor 
p

ji

Output value for 
variant factor 
p

jo

Expt. 
levels

Absolute difference 
between p

ji and p
jo

1-First Prediction
pi1

po1

ξ
p pi o1 1 1� � �

2-Second Experiment
pi2

po2

μ
p pi o2 2 2� � �

3-Third Experiment
pi3

po3

σ
p pi o3 3 3� � �

 
p pi o1 1 1� � �

 
(7.4)

 
p pi o2 2 2� � �

 
(7.5)

 
p pi o3 3 3� � �

 
(7.6)

Hence, Δpj = Φj.

Experimental Validation and Simulation

The epoxy-CuO-NPs composite coatings thermal conductivity, anticorrosion, and 
mechanical properties will be experimentally determined in order to validate the 
expected ideal composition of the organic–inorganic composite coating.

Characterization of the Developed Epoxy-CuO-NPs Composite Coatings

All coated films will be characterized using the following:

 1. Fourier transform infrared spectroscopy,
 2. Transmission electron microscopy,
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 3. Thermogravimetric analyzer,
 4. X-ray diffraction,
 5. Scanning electron microscopy,
 6. UV–Vis–NIR spectroscopy,
 7. Atomic force microscope,
 8. Contact angle meter.

Measurement of the Basic Properties of the Developed Epoxy-CuO-NPs 
Composite Coatings

For each of the following listed measurements, the average of five readings will be 
calculated:

 1. Hardness measurement
 2. Bending measurement
 3. Adhesion measurement
 4. Glossiness measurement
 5. Coating steel scratch measurement
 6. Acid/alkali resistance measurement

Corrosion Tests

According to ASTM, corrosion tests for hybrid coating films were estimated as fol-
lows: the degree of rust under the coated film was determined according to ASTM 
D 610–01; the degree of blistering under the coated film was performed according 
to ASTM D 714–7 (2000), and the degree of adhesion failure of the X-cut was made 
according to ASTM D 1654–92 (2000).

Weight Loss Measurements

Mild steel sheets measuring 3 × 3 × 0.1 cm were used. The steel sheets have been 
thoroughly cleaned and weighed. The following Eq. (7.7) will be used to get the 
average weight reduction for coated steel:

 
W W W S� �� �1 2 / ,

 
(7.7)

where W is the average weight loss (mg/cm2), W1 is the average weight loss of the 
coated steel before immersion, W2 is the average weight loss of the coated steel after 
immersion, and S is the total area of the mild steel panel.
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The plates in the current investigation will be removed from sodium chloride 
(NaCl) solution at the intervals of 10, 20, 30, and 60 days in accordance with ASTM 
D 2688-94 (1999). Analyses of the electrochemical kind Galvanic charge/discharge 
measurements will be carried out using a Biologic SP300 and three electrodes. After 
30 days of exposure to a 3.5% NaCl solution, the hybrid-coated steel plates will be 
removed, and the open circuit potential will be measured over the frequency range 
of 0.1–103 Hz with an amplitude of 10 mV.

Thermal Conductivity Measurements

Using a test rig apparatus, the epoxy coating’s thermal conductivity will be deter-
mined at various concentrations of copper nanoparticles. A thermocouple, a uni-
form plate heater with a resistance, a voltage control, a switch, and a temperature 
reader will be included in this test apparatus.

7.8  Contribution to Knowledge

At the end of the investigation, the following details will be made public:

 1. The creation of a brand-new epoxy/CuO-NPs composite coating.
 2. For improved heat conductivity and anticorrosion of mild steel, hence this com-

posite coating has not yet been used in the design of cask for transporta-
tion of SNF.

 3. As a result, the composition is brand-new.
 4. The availability of WCD, a fresh secondary supply of CuO-NPs, enabling the 

creation of organic–inorganic coatings.
 5. WCD is a secondary resource that has not been utilized as an inorganic material 

to improve the thermal conductivity and anticorrosion of mild steel.
 6. The CuO-NPs substance is therefore brand-new.

7.9  Ethical Considerations

This project has no unethical components.

7.10  Dissemination

The Department of Higher Education and Training (DHET) recognized journals 
listed below are just a few that will publish the findings of the study:
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 1. Nano-micro Letter, Publisher: Springer
 2. Journal of Metals, Publisher: Springer

Additionally, the findings will be presented at national and international confer-
ences in addition to being published in full in the conference proceedings.

7.11  Budget and Time Frame

7.11.1  Budget

The estimated budget for this proposed study can be seen in Table 7.10.

7.11.2  Time Frame

The estimated time for the completion of this proposed study can be seen in 
Table 7.11.

Table 7.10 Estimated budget of the project

Items Cost (R) Source

Literature sourcing and stationaries To be estimated X
Materials and supplies To be estimated X
Analytical equipment To be estimated X
Travelling expenses To be estimated X
Miscellaneous expenses To be estimated X
Total X

Key: TUT = Tshwane University of Technology; R = Rand

Table 7.11 Estimated time frame of the project

S.N Task name Year

1 Proposal (compilation and presentation) WIP WIP
2 Literature review WIP WIP
3 Material sourcing WIP WIP
4 Sample preparation (sampling) WIP WIP
5 Fabrication of test samples optimization process WIP WIP
6 Fabrication of test samples WIP WIP
7 Thermal conductivity and wear resistance tests WIP WIP
8 Results, data, and analysis WIP WIP
9 Optimum predictive model development WIP WIP
10 3D print of brake rotor and validation of optimum prediction WIP WIP
11 Compilation and presentation of final report WIP WIP

Key: WIP = Work in progress
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