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Abstract
Non-cytotoxic and Antibacterial Zinc/Graphene Nanocomposites: Synthesis and

Performance Characteristics

by AYUSH OWHAL

Non-cytotoxic and antibacterial nanocomposites are a class of advanced materials that have gained

significant attention in recent years due to their unique properties and potential applications in

various fields, including biomedical, environmental, and industrial applications. These materials

are typically composed of matrix materials, such as metallic, ceramic, and polymeric. Compared

to polymeric- and ceramic-based nanocomposites, metal matrix nanocomposites (MMNCs) offer

several advantages, such as high strength and durability.

Zinc (Zn)-based nanocomposites are known for their non-cytotoxicity, biodegradability, and

antibacterial properties. Incorporating advanced nanofiller reinforcement, such as graphene

nanoplatelets (GNPs), can further enhance their antibacterial, electrochemical, and tribo-

mechanical properties. Many studies reported higher concentrations of GNPs as cytotoxic

for the human body. However, attachments of biocompatible groups through functionalization

(f -) can enable the safe application of GNPs.

There are various methods for the fabrication of MMNCs, such as vapour deposition, ball-milling,

melt mixing, electroless deposition, and electro-co-deposition. Among all, electro-co-deposition

is an economical, facile and industrially scalable method that can uniformly distribute the

reinforcement without damaging the nanostructures of reinforcements.

In this study, two categories of Zn-based nanocomposites have been fabricated: (i) powder/pellet

type and (ii) coating type. For powder fabrication, pristine GNPs were functionalized (f -)

with polyethelene glycol to reduce their toxicity and f-GNP reinforced in Zn matrix using the

modified electro-co-deposition (M-ECD) followed by powered metallurgy to obtain solid pellets

of nanocomposite. For coating fabrication, pristine GNPs and Zn ions from ECD bath were

co-deposited on steel substrate. Both powder/pellet and coating samples were characterized

and tested for microstructure, morphology, tribo-mechanical, anti-corrosion, and anti-bacterial

properties.

Powder of Zn/f-GNP nanocomposites were tested systemically for in-vitro cytotoxicity. The

nanocomposite pellets of 100 mg/L of f-GNPs concentration in ECD bath has demonstrated a

uniform slow degradation rate of 26 × 10−3 mm year−1. The microhardness, compressive yield

strength (CYS) and ultimate compressive strength (UCS) of Zn/f-GNP (100 mg/L) nanocomposite

were 108.5 HV, 284.9 MPa, and 292.6 MPa, respectively, which were significantly higher than

pure Zn pellets.

In coatings, the anti-bacterial activities of the Zn coatings enhanced with reinforcing GNPs against

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) bacteria. The microhardness,

friction coefficient, wear loss, and polarization resistance values were remarkably improved up
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to 151 HV, 0.48, 12.09 mg, and 2.3 kΩ.cm2 for Zn/GNP (100 mg/L) nanocomposite coating,

respectively.

In addition, Zn-Cu/GNP nanocomposite powder/pellets and γ-Zn Ni/GNP nanocomposite

coatings were also fabricated. The performance characteristics were investigated and compared

with pure alloys. Results suggested that these alloying and addition of GNPs have effectively

enhanced the tribo-mechanical, and anti-corrosion performances of nanocomposites.

The proposed nanocomposites have the potential to be used in various applications, includ-

ing biodegradable medical implants and antibacterial coatings to prevent healthcare-acquired

infections (HCAI), food packaging, wound dressings, and water treatment.

. . .
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Chapter 1

Introduction

Zinc (Zn) is post-transition metal with silvery-greyish appearance. It is the twenty-fourth most

abundant element in the Earth’s crust. Zn-based compounds, alloys and nanocomposites have

several applications such as anti-corrosion, biodegradable implant, anti-bacterial, energy storage,

photocatalysis, waste-water treatment, etc [1], [2]. Zn-based coatings for steel substrates are well

known for sacrificial protection against corrosion and anti-bacterial protection. Apart from this,

titanium-, gold-, silver-, chromium-, nickel-, and copper-based coatings have been widely tested for

surface protection from corrosion and bacterial growth [3], [4]. But Zn-based coatings are gaining

more research interest among all due to their low-cost, easy availability, high anti-corrosion and

anti-bacterial properties which makes them suitable for low-cost coating applications in public

facilities and infrastructures. Figure 1.1 presents the Engineering applications of Zn-based alloys

and nanocomposites as coatings and structural materials.

Recent studies have shown that Zn-based structural implant materials may biodegrade with time

and resorb by the human body [6]. Biodegradable implant materials can support the fractured

tissues or bones during the healing of body fractures or injuries. After that, the implant material

will degrade and absorb the body as the new tissues or bone structures reform. Zn shows a

moderate degradation rate in humans, which is neither too fast as magnesium nor too slow as

iron with promising biocompatibility [7]. This makes it one of the best metal elements for a

biodegradable implant that can sustain up to its clinical role. Also, the degraded Zn compounds

participate in several essential bio-enzymatic reactions, which help to decompose in the body.

Parakasam et al. [8] reported the prospects of Zn as a structural material for biodegradable

applications. They have compared the biocompatibility, corrosion behavior and mechanical

properties of Zn. However, fabricating high-strength and ductile Zn nanocomposite while retaining

its homogenized properties is always one of the main challenges in metallurgical engineering. To

enhance the mechanical and corrosion properties of Zn-based alloys and nanocomposites, many

researchers have focused on the addition of reinforcement particles in the Zn matrix [9]. Zhao et

al. [10] have studied the anti-bacterial activity of coatings containing Zn and observed it through

in vitro bacterial experiments. They reported that the coatings could inhibit the growth of

1
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Figure 1.1: Engineering applications of Zn-based alloy and nanocomposites as coatings and
structural material: (a) anti-bacterial coating for hospitals and public infrastructures, (b) anti-
corrosion coating for fasteners and marine applications, (c) biodegradable implant material for
structural support for bone healing and (d) schematic of orthopedic clinical trial for repairing of
bone fracture through biodegradable implant, here, insert shows the before and after surgery

X-ray images during 12 months of biodegradation of metallic implant and bone healing [5].

Staphylococcus aureus bacteria and had good anti-bacterial activity. Zn nanocomposite coatings

are promising to increase the lifetime of engineering components in harsh conditions. This chapter

describes a brief introduction to nanocomposites and the problem statement investigated in this

thesis.

1.1 Composite

Composite materials are materials made from two or more different constituent materials, with

properties that are significantly different from the properties of constituent materials. In far

back as 1200 B.C., Egyptians and Hebrews have fabricated synthetic composite by the addition

of straw as reinforcement in bricks to enhance their mechanical properties. Fiberglass is the

first modern composite material and is extensively used in car bodies, building panels, sports

equipment and boat hulls. Drivers for improved composite materials are weight reduction, cost

reduction as well as improved performance by enhancing resistance to fatigue, corrosion, and

mechanical damage. To meet the requirement of a particular application, the composite material

can be fabricated by selecting an appropriate reinforcing element and matrix material. Composite

materials include reinforced polymer matrix, ceramic matrix, and metal matrix. Composite

materials have been commonly used for bridges, buildings and structural material for storage

tanks and bathtubs. Also, composite materials have been used for industrial applications due to

their high strength, less expensive, or lightweight than traditional materials.
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1.2 Nanomaterials

Nanotechnology and nanoscience fields have attracted considerable research interest due to their

wide range of applications and numerous benefits in several engineering sectors. Particularly,

nanomaterials are considered as future of engineering materials. Nanomaterials have gained

prominence in technological advancement due to their exceptional tunable properties and enhanced

performance over their bulk counterparts. These nanomaterials are revolutionizing various

industrial applications due to their outstanding, and unique characteristics. The engineering

applications of nanomaterials are diversified in various sectors, such as biomedical, food processing,

biotechnology, environmental remediation, anti-bacterial coating, construction, renewable energy,

electronics, and energy storage. In short, nanomaterials are expected to bring a breakthrough

development field of leading cutting-edge nanotechnology. Nanoparticles are defined as particulate

matter with at least one dimension less than 100 nm [11]. When the scale of the material is

within the range of 1-100 nm, the properties of the material may change so abruptly that the

material may have some outstanding properties. Nanomaterials differ in properties from their

macro counterpart. Many natural nanoparticles are present in the volcano dust, soil, seawater

spills, humid matter, colloidal clay, soil, and atmosphere on the earth [12], [13]. Nanomaterials

synthesized by nanotechnology have superior flexibility, strength, and surface-to-volume ratio.

Atoms present on the surface of nanoparticles are quite active compared to other atoms. The

powder form of nanoparticles can be used as a catalyst or solid fuel in the rocket [14]. Nanoparticles

are being widely used in electronics, optics, medicine, chemistry, agriculture, food industries, and

automobile industries [15].

GNPs, CNT, and C60 fullerene are 2-, 1- and 0-dimensional nanomaterials, and their properties

are not similar to macroscopic carbon materials. The unexpected properties of nanocarbon have

a novel scientific field that can drastically change our lifestyle. Among the various types of

nanoparticles, GNPs have been paid special attention [16].

1.3 Nanocomposites

In nanocomposite material, the matrix serves different functions such as transferring load between

the reinforcement, binding the reinforcement, providing the nanocomposite component with its

net shape and protecting the reinforcement from mechanical and environmental damage. The

basic dimensional shape of nanofillers in binding matrix can be (i) nanoparticles; (ii) nanotubes or

nanofibers or whiskers; and (iii) nanolayers [17] (see Figure 1.2) and the materials for nanofillers

can be: (i) inorganic along with advance allotropes of carbon and boron-nitride (graphene

nanoplatelets (GNPs), fullerene, carbon nanotube (CNT) and boron-nitride nanotubes) (ii)

organic and (iii) hybrid [18].
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Figure 1.2: Dimensional shapes of nanofiller reinforcement.

1.3.1 Classification of nanocomposites

A nanocomposite material consists of two basic parts: Matrix and reinforcement (see Figure 1.3).

Figure 1.3a explains the intercalated and exfoliated nanocomposite types. The nanocomposite

materials can also be classified by their matrix type (e.g. organic and inorganic nanocomposites).

Generally, the categorization of the nanocomposite materials is based on the name of matrix

such as ceramic matrix nanocomposites (CMNCs), polymer matrix nanocomposites (PMNCs),

and metal matrix nanocomposites (MMNCs) (see Figure 1.3b).

1.3.1.1 Ceramic matrix nanocomposites

Ceramic matrix nanocomposites (CMNCs) are nanocomposite materials and key materials for

advanced energy systems. They generally consist of ceramic fibers or whiskers reinforced in a

ceramic matrix, developing a ceramic fiber-reinforced material. CMNCs have been developed to

overcome the brittleness problem of unreinforced ceramic materials. SiC/SiC, Al2O3/Al2O3, and

C/SiC are the most used CMNCs in several industrial applications. Applications for CMNCs

are being considered for the recirculating fan, Gas- fired radiant, burner tubes, canned motor,

filtration, and heat exchanger [19].

1.3.1.2 Polymer matrix nanocomposites

Polymer matrix nanocomposites (PMNCs) are nanocomposite materials comprised of a specific

type of fiber, bound together by the polymer matrix to accomplish desired properties. The fiber

of PMNCs consists of aramid, glass fiber, and graphite. PMNCs are easy to fabricate compared

to metal-matrix, ceramic-matrix, and carbon-matrix. PMNCs have many advantages such as

good abrasion and corrosion resistance, lightweight, high strength, and high stiffness along the

direction of reinforcement. Nowadays, PMNCs are widely used in automobiles, aircraft, marine

structures, and other moving structures [20].
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Figure 1.3: Classification of nanocomposites: (a) intercalated and exfoliated nanocomposite
types comprised of different types of reinforcement and matrices. (b) metallic, ceramic and

organic nanocomposites.
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1.3.1.3 Metal matrix nanocomposites

Metal matrix nanocomposites (MMNCs) are nanocomposite materials synthesized by incorpo-

rating various reinforcing phases in the metal matrix. MMNCs are the potential contestants

for operation in complex service conditions such as marine, nuclear power plants, automobile,

chemical and infrastructure. In MMNCs, the main matrix materials can be Ni-, Cu-, Al-, Mg-,

and Ti-based [21]. The main reinforcements used are alumina, carbide, and silicon. MMNCs with

lightweight and high strength have been developed for satellites, aircraft, missiles, jet engines,

and high-speed machinery. Presently, metal matrix is used in diesel engine piston developed by

Toyota, which shows high wear resistance and high-temperature strength [22]. Metal matrices

are most commonly used in several engineering applications. Presently, particulate-reinforced

MMNCs have attracted considerable attention from researchers worldwide due to their low

cost, ease of synthesis, and near-isometric enhancement in the overall properties. Also, the

incorporation of nanoparticles in the metal matrix has shown significant enhancement in the

mechanical, tribological, electrical, tribological, optical, and corrosion properties of the resulting

nanocomposite [23]. In the next section, a brief introduction to some reinforcing nanomaterials

and the significance of the nanosize effect are discussed.

Figure 1.4: Graphite exfoliation into the single two-dimensional hexagonal graphene sheets of
carbon atoms [16].

1.4 GNP-based nanocomposites

GNP is a one-atom-thick planar sheet of sp2 hybridized carbon atoms arranged in a crystal lattice

and yet stronger than diamond . In 2004, GNP was first isolated from graphite by the mechanical

exfoliation method (Figure 1.4) [24]. To date, various methods to produce GNPs have been

developed, such as exfoliation and cleavage, chemical vapor deposition, thermal decompositions,

electrochemical methods, and pulsed-laser scribing [25]. GNPs have achieved a large theoretical
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specific surface area, excellent electrical conductivity, and high mechanical strength [26]. Its

remarkable electronic, mechanical, optical, electrochemical, and thermal properties compared

with other carbon materials, makes it a promising material in electrical, chemical and automobile

industrial applications [27]. GNPs have superior properties such as high fracture strength (125

GPa) [24], super charge-carrier mobility (200,000 cm2V−1s−1), high Young’s modulus (1 TPa),

and extreme thermal conductivity (5,000 Wm−1K−1). GNPs have been widely used in electronic

industries due to their superior carrier mobility (up to 350,000 cm2V−1s−1) and high optical

transparency (97.7%) [28].

The advantage of GNPs over CNT used in nanocomposites includes high-pressure processing

result in damage to CNT structure; short CNT serve as a good reinforcing element however,

not suitable for wear applications, CNT forms only point-to-point contact; however, GNPs have

strong interfacial bonding; fracture strengthening is more in GNPs nanocomposites because of its

planar geometry and high aspect ratio [29]. These extraordinary properties make GNPs an ideal

reinforcing material for the nanocomposites, for possible enhancement in mechanical, tribological,

anti-bacterial and corrosion properties of the resulting nanocomposite. To have the advantage

of their extraordinary properties at the bulk level, scientists are exploring the possibility of

preparing nanocomposites, termed GNPs-reinforced nanocomposites, which are detailed in the

next section.

1.4.1 GNP-based MMNCs

Metal matrix nanocomposites have shown increased strength compared to conventional materials

[30], [31]. Recently, several authors have fabricated GNP-reinforced MMNCs for metals like Al

[32]–[34], Cu [21], [35], Zn [36], Mg [37], Ni [38] and Ti [39]. Different research groups have

developed different processing routes for GNPs-reinforced metal matrix nanocomposites like

powder metallurgy, casting, electroless deposition, melting and solidification, thermal spray,

laser deposition, electrochemical deposition, sol-gel, and other novel routes [17]. Electrodeposi-

tion and powder metallurgy methods are extensively used for the synthesis of GNP-reinforced

nanocomposites owing to several advantages over the other conventional processes [40]. There

are two approaches for the synthesis of GNPs metal matrix nanocomposites that have been

developed to enhance the mechanical, tribological, and corrosion properties. In the first approach,

GNP-reinforced nanocomposites are formed through uniform dispersion of GNPs. However, in the

second approach, GNPs-reinforced nanocomposites are developed by forming layered structures

by alternate deposition of GNPs and metal matrix [41]. GNPs are very light in weight and cannot

be dissolved in water, and it can be dispersed uniformly in a plating solution using a surfactant

[42]. The strong GNPs coupling to the metal matrix particles caused highly increase in thermal

conductivity [43]. Recently GNPs gained extensive interest in the electrochemistry field and have

many applications in various sectors like antibacterial coatings [44], biosensors [45], bioimplants
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[46], supercapacitors [47], transparent electrodes [48], sensors [49], nanoscale electronic devices

[50], and field emission devices [51] and filler materials [52].

Owing to the excellent properties of GNP, it is believed that it could significantly improve the

performance of nanocomposites. Also, GNPs are ideal to be an efficient reinforcing element to

achieve high-quality nanocomposite materials.

1.5 Need for low cost and scalable synthesis Zn/GNPs nanocom-

posites

Zn-based MMNCs are a type of material made by combining a Zn matrix with reinforcing

particles. The addition of these reinforcing particles can improve the mechanical properties of the

material, such as its strength, stiffness, and toughness [53]. The Zn-based MMNCs are having

many possibilities in the coating, structural, tribological, anti-corrosion and anti-bacterial and

non-cytotoxic applications [54].

However, like any material, Zn-based MMNCs may also have limitations. Zn-based MMNCs are

weak in tribo-mechanical strength [55]. A small amount of reinforcement of advanced carbon

allotrope nanofiller, such as GNPs, CNT, and fullerene, can significantly enhance the tribo-

mechanical performance of Zn matrix [56]. Here, 2D exfoliated layers of GNPs are effective

nanofiller that can also enhance the anti-corrosion and anti-bacterial performances of Zn matrix

due to outstanding properties of GNPs as discussed in section [48]. In the context of corrosion

resistance, the high conductivity of GNPs reinforcement may help to dissipate the charge build-up

that occurs during corrosion, reducing the rate of corrosion. Additionally, the strong bonding

between the graphene layers and the Zn matrix may help to protect the Zn from corrosion [57].

This combination may further enhance the future implication of Zn-based MMNCs nanocomposite,

as presented in Figure 1.5. Zn/GNP nanocomposites may be used in a various of applications,

including as anti-bacterial coatings, bioimplant devices, and biodegradable orthopedic implants.

The combination of Zn and GNPs in these materials can provide both antibacterial and anti-

corrosive properties, making them well-suited for use in medical and biomedical applications.

The Zn in the nanocomposite can help to kill bacteria and prevent their growth, while the GNPs

can improve the durability and corrosion resistance of the material. These properties may make

Zn/GNP nanocomposites a valuable tool for preventing the spread of bacterial infections and

for use in medical implants and devices. It is important to note, however, that more research is

needed to fully understand the potential applications and limitations of these materials.

1.5.1 Antibacterial coating applications

Zn/GNPs nanocomposites have shown potential for use as antibacterial coatings in hospital and

public infrastructure settings. Zn in the nanocomposite can help to kill bacteria and prevent their

growth, while the GNP can improve the durability and corrosion resistance of the coating [58],
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Figure 1.5: Future applications of Zn/GNPs nanocomposites.

[59]. GNPs have a high surface area, providing more sites for the attachment of zinc particles.

This increased surface area can enhance the contact between the antibacterial agents and the

bacterial cells, improving the overall antibacterial efficacy of the coating. These properties may

make Zn/GNP nanocomposites a valuable tool for preventing the spread of bacterial infections in

hospitals and other public spaces. It is important to note, however, that more research is needed

to fully understand the potential applications and limitations of these materials.

1.5.2 Biodegradable implant applications

1.5.2.1 Biodegradable orthopedic implants

Zn is a biodegradable material that can be used in orthopedic implants. One of the potential

advantages of using Zn metal in orthopedic implants is that their degradation rate can be tuned,

allowing for more control over the lifespan of the implant. This can be beneficial in cases where

the implant needs to be removed or replaced after a certain amount of time [60].

Additionally, Zn plays a protective role in enzyme synthesis, DNA replication, transcription, and

expression, and the promotion of osseointegration and osteoinduction as an indispensable nutrient

element in the human body [61]. This can help the implant to be more securely integrated

into the patient’s bone, reducing the risk of complications. Thus, Zn-based implants have been
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shown to have a positive effect on bone strength, which can be beneficial for patients undergoing

orthopedic surgery [62].

The natural degradation of Zn metal within the body over time has garnered significant interest in

medical research, particularly in the context of degradable Zn matrices used in orthopedic implants.

This approach is valued for its non-toxic nature, eliminating the need for post-surgery treatment or

removal procedures after the completion of their intended clinical role [63]. Traditional orthopedic

implants often require the patient to undergo additional surgeries or treatments after the initial

implantation to ensure that the implant is properly integrated into the bone. Zn/GNPs, on the

other hand, may not require this additional treatment, which can save the patient time and

discomfort. The use of Zn/GNPs in orthopedic implants has been shown to result in less pain

for the patient. This can be attributed to the fact that Zn/GNPs degrade slowly and gradually,

reducing the amount of inflammation and discomfort that the patient experiences. This can help

the patient to recover more quickly and comfortably from the surgery.

1.5.2.2 Biodegradable electronic devices

Zn/GNPs nanocomposites can also be a potential material for biodegradable electronic devices.

These devices can be tuned to degrade at a specific rate, making them ideal for use as implants

in the human body. Unlike traditional implants, Zn-based devices may not require post-surgery

treatment and can be safely absorbed by the body over time. This can lead to less pain and

discomfort for the patient.

Some possible applications for Zn-based implants include pulse rate sensors, electrocardiogram

(ECG) monitors, and batteries [64]. These devices could potentially be used to monitor a patient’s

health and provide important information to doctors. Potential competitors for Zn/GNP and

why Zn/GNP may be preferable compared to other alternatives:

Competitors for Zn/GNP in biodegradable electronics:

Magnesium (Mg) alloys: Magnesium alloys have been considered for biodegradable electronics

due to their biocompatibility and relatively fast degradation rates. However, controlling the

degradation rate and addressing issues such as hydrogen gas evolution during degradation are

challenges associated with magnesium-based systems.

Silicon (Si) Nanomaterials: Silicon is a widely used material in electronics, and nanoscale silicon

structures have been investigated for biodegradable devices. However, silicon degradation products

can be less environmentally friendly, and achieving controlled degradation remains a challenge.

Polylactic acid (PLA) and polycaprolactone (PCL): Biodegradable polymers like PLA and PCL

are used in some electronic components. However, achieving electrical conductivity comparable

to traditional materials is a challenge, and these polymers may not be suitable for all electronic

applications.

Advantages of Zn/GNP for Biodegradable Electronics:
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Electrical Conductivity: GNPs provide excellent electrical conductivity, making them suitable

for electronic applications. The combination of zinc and graphene in Zn/GNP nanocomposites

allows for the retention of electrical properties while providing additional benefits.

Biocompatibility: Zinc is known for its biocompatibility, and the combination with graphene can

enhance the overall biocompatibility of the nanocomposite. This is crucial for applications in

medical devices or other scenarios where interaction with living tissues is involved.

Mechanical Strength and Flexibility: Graphene adds mechanical strength and flexibility to the

nanocomposite, which is important for creating flexible and robust electronic devices. This can

be particularly advantageous for applications like flexible electronics and wearable devices.

Biodegradability: Both zinc and graphene are materials that can biodegrade over time, especially

in certain environmental conditions. This is a key advantage for reducing the environmental

impact of electronic waste.

Synthesis Methods: The synthesis of Zn/GNP nanocomposites can be achieved using various

scalable and cost-effective methods, making them more practical for large-scale manufacturing

compared to some alternatives.

Versatility: Zn/GNP nanocomposites can be tailored for specific applications by adjusting the

ratio of zinc to graphene and optimizing the fabrication process. This versatility allows for

customization based on the requirements of different electronic devices.

However, it is important to note that the use of Zn/GNP-based implants is still in the research

and development phase, and it is not yet clear if or when these devices will be available for

clinical use.

1.6 Challenges in fabrication of Zn/GNP nanocomposites

In general, however, Zn-based MMNCs are comprised of a large portion of low-cost Zn matrix

with a small amount of expensive nanofillers. The cost of fabricating Zn/GNP nanocomposites is

a major factor that needs to be considered. The fabrication cost of these types of nanocomposites

is still higher than the conventional engineering materials i.e. steel or aluminum [65]–[67]. The

available nanocomposite fabrication methods like vapour deposition techniques (e.g. physical

and chemical vapour deposition) and thermal spray are inappropriate for future use due to either

lack of feasibility or their high cost.

Another main challenge in the fabrication of Zn/GNPs nanocomposite is agglomeration and

structural damages due to Van der Waals attraction during mechanical mixing through conven-

tional methods. This impacts the uniform dispersion and strength of GNPs nanofillers across

the metal matrix, which further increases the cost of fabrication. Therefore, a novel approach to

the fabrication of nanocomposites is needed, which should be more promising and economical

compared to the previous.
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1.7 Motivation

In recent years, biodegradable metallic implants have gained significant attention as an alternative

to traditional permanent implants due to their biocompatibility and reduced risk of long-term

adverse effects. These materials can be made from a variety of metals, including Mg, Zn and

Fe, and they can be used in a range of applications, including packaging, medical devices, and

agricultural equipment. Among them, non-cytotoxic Zn has been shown to possess a unique

combination of moderate degradation properties ranging between fast degrading and low strength

Mg and slow degrading and high strength Fe that make them ideal and less likely to cause any

harm to the surrounding bones, tissues and cells.

Researchers are showing their interest in Zn-based biodegradable materials and shown to have

non-cytotoxic properties. The non-cytotoxic properties make them safe for use in the human

body. They have been shown to have excellent biocompatibility, meaning that they do not cause

any adverse reactions or inflammation in the body. In addition to being non-cytotoxic, Zn-based

biodegradable materials also possess antibacterial properties. This is critical for preventing

infection and ensuring the success of the bioimplant procedure. The presence of antibacterial

properties also helps to reduce the risk of complications and secondary infections, which is a

major issue in bioimplants. Unlike traditional implant materials such as titanium, Zn can be

naturally absorbed by the body over time. This reduces the risk of long-term complications and

ensures that the implant does not have a lasting impact on the body. Another advantage of

Zn-based biodegradable materials is that they are more easily recyclable than traditional plastics.

Unlike plastic, which must be sorted and processed before it can be recycled, Zn can simply be

melted down at low temperatures (< 450°C ) and used to create new products. This not only

makes them more environmentally friendly, but it also reduces the energy required to produce

new products, thus reducing the carbon footprint of manufacturing.

However, there are some drawbacks to Zn-based biodegradable materials. One drawback is

that they are generally more expensive to produce than traditional plastics. Additionally, such

biodegradable materials are not as strong as traditional plastics, meaning that they may not be

suitable for use in certain applications where high strength is required.

Reinforcing graphene in the biodegradable Zn matrix can be a promising approach to improve

tribo-mechanical, anti-corrosion, and anti-bacterial properties for different applications. The

high mechanical strength and flexibility of the composite will help to support the weight of the

body and resist the stresses that occur during daily activities. Additionally, the high electrical

conductivity of graphene has the potential to enhance the electrical stimulation of bone growth,

which can be an important factor in the recovery process. The success of Zn/GNP nanocomposites

with uniform biodegradation, as well as improving their tribo-mechnical properties, relies on

having a uniform dispersion of graphene within the metal matrix while preserving its 2D structure.

Although efforts can be made to achieve this, the challenge of achieving uniform dispersion

without damaging the structure of graphene remains a crucial issue in the synthesis of composites.
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Functionalizing graphene with biocompatible polymers and oxygen-containing groups can be

the approach that can be used to reduce the cytotoxicity of graphene, which brings less risk

environment for living cells.

Overall the Zn/GNP nanocomposite offers a range of benefits that improve outcomes and reduce

the risk of complications in bioapplications and continue to push the boundaries of medical

science to improve human lives.

The use of Zn/GNP nanocomposite coating can be a promising solution in the fight against

bacterial infections and corrosion in a range of industries, including healthcare, food packaging,

public infrastructure, and marine. In recent years, the spread of Healthcare Associated Infections

(HCAI) has become a growing concern, particularly in hospitals where patients are already

vulnerable to various health problems. Zn/GNP nanocomposite coating in a hospital environment

can help prevent the spread of bacteria, reducing the risk of HCAI.

Food packaging is another important area where Zn/GNP nanocomposite coating can play a

significant role. The coating can extend the shelf life of food products by preventing the growth

of bacteria and keeping the packaging materials free from corrosion. This not only benefits

consumers but also reduces food waste, saving resources and reducing the carbon footprint.

Infrastructure, such as public toilets, transport services and handles in open places, play a crucial

role in promoting hygiene and preventing the spread of contagious diseases. To enhance their

durability and combat the transmission of germs, the use of Zn/GNP nanocomposite coatings can

be a solution. These coatings may offer both antibacterial and anticorrosion properties, which

means the use of Zn/GNP nanocomposite coating can prevent corrosion, reducing maintenance

costs and extending the lifespan of assets.

In conclusion, the use of non-cytotoxic and antibacterial Zn/GNP nanocomposites could be a

multi-functional solution that has a significant impact on various industries. Here, reinforcing a

biodegradable matrix with a non-cytotoxic form of functionalized GNP holds great potential for

the development of improved biodegradable implants. Zn/GNP nanocomposite coatings provide

effective protection against bacterial infections and corrosion, which is essential in maintaining the

health, safety, and longevity of our critical assets. The advancement in Zn/GNP nanocomposites

seems a promising research work towards a more sustainable future!
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Literature Review

Chapter 1 showed that Zn-based nanocomposites are beneficial in low-cost coating and structural

implant applications to overcome the existing challenges. This chapter summarizes the latest

progress in the fabrication of Zn-based nanocomposites and provides an insight into the recent

literature in the area of nanofillers for metal matrix nanocomposites that can enhance their

Tribo-mechanical, corrosion resistance, anti-bacterial and non-cytotoxic properties. The gaps in

research and the scope of future research are discussed in detail at the end of the chapter.

2.1 Introduction

The progress made in modern materials science and metallurgical technology has paved the way

for handling challenging working conditions. The material surface is the most vulnerable site

for different forms of attacks, including mechanical, tribological, electrochemical, chemical, and

bacterial. As these attacks proceed, the degradation of material surfaces is initiated and leads to

damage to material surfaces. The damages mainly due to the corrosion and wear attack at the

material surface are not recoverable. Therefore, the protection of the material surface is very

important. The degradation of material surfaces can be decreased by applying a surface coating

or changing the entire material of the part that will reduce the effect of given working conditions

and the surrounding environment and extend the service life of product. However, the application

of a protective coating is more feasible and economical than changing the entire material of the

part. Thus, surface modification technologies have found a wide range of applications in several

engineering studies to protect the material surface from corrosion and wear. The selection of

the suitable coating technique depends upon many factors including, application, economics,

feasibility, etc. Total global coating market forecasts project the market to grow from USD 44.5

billion in 2020 to USD 83.6 billion by 2030, at a CAGR (compound annual growth rate) of >6%

between 2020 and 2030 [68]–[70]. In Asia Pacific, China is the world’s largest producer and

consumer of coatings. Based on applications there are many categories such as anti-corrosion,

thermal, electrical, anti-wetting, anti-bacterial, etc. Among all, three major areas of coatings

(i) anti-corrosion, (ii) anti-bacterial, and (iii) hydrophobic coatings are important in economic

14
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aspects. These categories of coating market forecasts project the market to grow from USD 28.5

billion in 2020 to USD 55.2 billion by 2030, at a CAGR of >10.2% between 2020 and 2030, refer

Figure 2.1.

Figure 2.1: Global coating market for year 2020–30 and estimation of growth in demand in
terms of CAGR (compound annual growth rate) (visited on 24th December 2022).

2.2 Anti-corrosion coating

Anti-corrosion coating slows down or prevents the electrochemical reactions that adversely

decorate metals’ structural integrity and change their corrosion-induced appearance. Figure 2.2

shows corrosion activity on the partial zinc-coated bolts using salt-spray tests, which show the

effectiveness of a thin sacrificial layer of Zn to prevent corrosion [71]. This anti-corrosion coating

property makes them applicable across diverse end-user industries such as marine, oil and gas,

industrial, construction, energy (power plants, solar, wind turbines), automotive, and others. In

addition, the report includes a detailed description of the different technologies used to produce

anti-corrosion coating. Solvent-borne, waterborne, powder anti-corrosion coating, and high-energy

cure coating are widely used technologies.

Figure 2.3 shows the global anti-corrosion coating market, by sector and material. By sector,

marine applications are forecasted to be the most trending field of application of anti-corrosion

coatings. By material, polymeric coatings are forecasted to be on top followed by zinc-based

coatings. Here, zinc-based coatings are most prominent coatings among all metallic coatings due

to easy availability, low-cost and high sacrificial performance to protect the substrate.
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Figure 2.2: Corrosion activity on partial zinc coated bolts using salt-spray tests.

Figure 2.3: Global anti-corrosion coating market, by (a) sector and (b) material.
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2.3 Anti-bacterial coating

The advance anti-bacterial coatings contain anti-bacterial agents inhibiting microbial contami-

nations. They have wide application usage in the construction, food, and healthcare industry.

They are applied to doors, glass panels, walls, HVAC, tents, and counters.

2.3.1 Social significance of anti-bacterial coatings

2.3.1.1 Importance in biomedical devices and infrastructures

The bacterial spread on metallic surfaces are affecting human life either directly or indirectly. It

has been reported that more than 64% of infections in hospitals are due to bacterial settlement on

the surfaces (see Figure 2.4 )[72]. Therefore, considerable commercial investment and academic

research energies are focused on finding approaches to reduce the microbial numbers on the

potential surfaces that are frequently coming in the human body’s direct contact. The anti-

bacterial material coating on such surfaces is widely believed approach to stop the community

transmission of harming bacteria and viruses.

Figure 2.4: Main source of communicable diseases in hospital facilities [72].

In bio-engineering applications, the anti-bacterial material coatings can restrict bacteria’s growth

on biomedical implants inserted in the human body [73], [74]. Generally, frequent replacements of

implants are required to avoid infection due to bacterial colonization on the surface of implants

which would lead to excessive discomfort among patients. Therefore, to prevent bacterial infection,

medical implants can be overlaid with an anti-bacterial material coating which is biocompatible

and non-cytotoxic in nature [75], [76].

Healthcare-associated infections (HCAIs) are one of the major challenges in health services

[77]–[79]. European Centre for Disease Prevention and Control (ECDC) reported more than 81

thousand HCAIs affected patients per day in European hospital facilities in 2011-12 [80]. Here,

the main bacteria responsible for HCAIs in hospital facilities are Staphylococcus aureus (S. aureus)

and Escherichia coli (E. coli). The colonization of such bacteria, fungi, and other microorganisms

are responsible for forming biofilms on the surfaces by secreting strong extracellular polymeric

substances (EPS) [81]. The biofilms adhere to the surfaces and help in bacteria colonization,

which is often hard to sanitize with disinfectants and surfactants [82]. The mechanism of bacterial
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colonization is subjected to environmental stimuli and a series of genetic changes in bacteria cells.

However, five sequential stages for bacterial colonization have been identified for the growth and

spread of bacteria, namely, (i) temporary/ reversible and permanent/ irreversible attachment,

(ii) microcolony development, (iii) three-dimensional biofilm development, (iv) growth, and (v)

spread [81], [83]. Researchers have shown that an anti-bacterial coating on the surfaces can be

an effective and efficient solution to prevent HCAIs [84].

Furthermore, an increasing outbreak of diseases such as COVID-19 and SARS is likely to

encourage use owing to stringent regulations for coating material selection to reduce the risk of

touch contamination. Antibacterial coatings could be a safe and non-toxic solution, which is

compatible with hospitals, schools, nurseries, and public settings. Thus, the market share for

anti-bacterial coatings among other coatings is likely to stimulate.

2.3.1.2 Impact on marine industry

In marine applications, biofouling on marine installations and watercraft has several challenges

shared with all other billion-dollar maritime industries developing technologies and working in the

marine environment worldwide, leading to substantial economic losses and reduced operational

lifespan of components, if poorly addressed [85]. In addition, biofouling increases hydrodynamic

drag and extra weight on the surface of watercraft which reduces the speed and manoeuvrability

and increases additional fuel consumption up to 40%. Thus, biofouling not only increases the

shipment cost but also increases the release of harmful emissions to the environment such as the

emission of SOx, NOx, COx and Cx-Hx compounds [86]. Also, biofouling causes microbiologically

influenced corrosion (MIC) and distortion of marine installations and watercraft surfaces, which

are typically irreparable at the point of application [87]. Here again, a low-cost bacteria-repelling

coating with high tribomechanical and anti-corrosion performance can be a solution to the

problem of biofouling on marine installations and watercraft surfaces [3], [4], [88], [89]. Figure 2.5

shows the global anti-bacterial coating market, by sector and coating material. Here, healthcare,

public infrastructure, and food packaging applications are forecasted to be the most trending

fields of anti-bacterial coatings. By material, polymeric coatings are forecasted to be on top

followed by zinc-based coatings. Here, Zn-based coatings are the most prominent coatings among

all metallic coatings due to easy availability, low-cost and high sacrificial performance to protect

the substrate. The increasing prevalence of corrosion and bacterial growth and the rising demand

for high-quality anti-corrosion and antimicrobial coatings to reduce surface transmission will

boost the market demand. Anti-corrosion, anti-bacterial, and sustainable coatings combined

market size exceeded USD 26 billion, globally in 2020 and is estimated to grow at over 10%

CAGR between 2020 and 2030. This market is projected to reach USD 52.6 billion by 2027 [70].
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Figure 2.5: Global anti-bacterial coating market, by (a) sector and (b) material.

2.4 Anti-bacterial MMNC coating

In recent times, the use of anti-bacterial nanocomposite coatings is emerging rapidly for various

engineering applications. Here, metal matrix nanocomposites (MMNCs) are acquiring a significant

role in the upcoming field of anti-bacterial material applications owing to their high tribo-

mechanical and anti-corrosion properties. The bio-responsive mechanism of MMNC coatings to

perform anti-bacterial activities can protect surfaces in biological environments. The nanofillers

in the metal matrix play a key role during anti-bacterial activities to kill the microbials. The

composition of nanofillers can be inorganic, organic and hybrid, including advanced nano tropes

(i.e., allotropes of carbon and BNNT), which can be reinforced in the metal matrix.

The anti-bacterial MMNC coating on the surface can prevent bacterial colonization by either effec-

tively repelling or killing the microbes. This review focuses on the possible low-cost anti-bacterial

MMNC coatings that can make the base substrate less vulnerable to microbial colonization.

2.4.1 Bio-responsive mechanism of anti-bacterial MMNC coatings

The anti-bacterial coating endures structural changes caused by enzymatic reactions in biological

fluids or environments. Bio-responsiveness can be achieved by using biodegradable layers loaded

with anti-bacterial nanofillers. The controlled degradation rate of the binding metal matrix allows

the kinetics of anti-biotic release [90]. It is reported that the mechanisms of bactericidal action of
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metallic nanofillers are: (1) interaction of metallic nanofillers with the bacterial cell-membranes;

(2) the generation of reactive-oxygen-species (ROS), which may lead to adverse enzymatic activity,

lipid-peroxidation, inhibition of growth and death of the cell; and most importantly (3) release of

toxic metallic ions, Kittler et al. [91]. The bio-responsive mechanisms for anti-bacterial activity

on MMNC coating surface are shown in Figure 2.6. Here, two types of mechanisms are possible

based on the characteristics of the nanofiller and metal matrix. In the first type, the uniform

composition of the nanofillers and metal matrix are anti-bacterial (see Figure 2.6a, and both

nanofiller and metal degrade are taking a part in the anti-bacterial activity. Figure 2.6b show the

anti-bacterial activity inside a microbial. The anti-bacterial releases from the MMNC coating are

permeable in the microbial cell membrane and perform the process of protein denaturation which

damages the DNA of microbial (see Figure 2.6b). In the second type, the metal matrix is only to

perform controlled degradation to release anti-bacterial nanofillers, and then only nanofillers are

responsible for killing bacteria (see Figure 2.6c).

Figure 2.6: Schematic representation for protection mechanism of anti-bacterial MMNC [90].
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2.4.2 Bio-repealing mechanism of anti-bacterial MMNC coatings

It is reported that smooth-coating surfaces are really attacked by microorganisms than rough-

coating surfaces, where more surface area and more adhering force are available for microorganisms

to be adhered to the surface [92]. Here hydrophilic surfaces have been reported to be less prompt

for initial bacterial adhesion than hydrophobic surfaces [93]–[95]. However, the chemical properties

of coatings can also repeal the initial attachment of free-swimming bacteria from the biological

environment. The reports have shown that most microorganisms have an active outer surface

that contains hydrophobic coverings and can be involved in bacterial attacks on the hydrophobic

surface [96], [97].

2.4.3 Type of dispersion of nanofiller in MMNC coating

There are three dispersion types of nanofillers that can be possible in MMNC coatings, which

are shown in Figure 2.7 [98], [99]. In the first type, the anti-bacterial MMNC coatings contain

well-distributed nanofillers (see Figure 2.7a). The mechanical and electrochemical stabilities of

this type of coating are expected to be the highest among all; thus their potential use is expected

in many engineering applications. In the second type, the nanofillers are only attached to the anti-

bacterial MMNC coating surface and thus result in poor mechanical properties of coatings (see

Figure 2.7b). In the third type, the anti-bacterial MMNC coatings have agglomerated nanofillers

which show inferior tribo-mechanical, anti-bacterial and anti-corrosion properties compared to the

other two types (see Figure 2.7c). Among all, the first MMNC with well-incorporated nanofillers

fits better for stable mechanical and electrochemical performances. However, the deposition of

such coatings is a challenging and expensive task [100].

2.4.4 Various available compositions of nanofillers with their dimensional
shapes and binding matrix for anti-bacterial application

A summary of various compositions of nanofillers with their dimensional shapes and binding

matrix for anti-bacterial application are tabulated in Table 2.1. The nanofillers are studied

for different possible binding matrices such as metallic, polymeric, and ceramic to check their

applicability against bacterial colonization. Here, the nanofillers are characterized by advanced

carbon-based (GNPs, CNTs, and fullerene), inorganic, organic and hybrid forms. Here, GNP

(one of the advanced allotropes of carbon) is known as one of the best low-cost nanofiller owing

high surface area, high anti-bacterial performance, mechanical strength and high resistance to

corrosion [11].

Among the polymeric, ceramic and metallic matrices, the metallic matrix is suggested as the best

and most reliable choice for bio-implant, marine, food processing and packaging, agriculture and

other engineering applications owing to its durable and long-lasting tribo- mechanical strength.

Metallic binding matrices are used in a variety of applications, including aerospace, automotive,

and construction. Their strength and durability can make them an attractive choice for advanced



Chapter 2. Literature Review 22

Figure 2.7: Type of dispersion of nanofillers in MMNC coatings [98]

bio-implant materials, marine, and sophisticated electronic device applications that require

materials that can withstand harsh environments. In food processing and packaging applications,

metallic binding matrices may be chosen for their corrosion resistance and ability to maintain

their structural integrity under high temperatures.

However, it is important to note that the choice of a binding matrix for a particular application

will depend on a variety of factors, including the specific properties required for the application,

the cost of the materials, and the availability of the materials. In some cases, a polymeric or

ceramic binding matrix may be a better choice due to its lower cost, ease of processing, or other

specific properties. It is also worth considering that metallic binding matrices may have certain

drawbacks, such as their weight or their potential to interfere with certain biological processes

in bio-implants [101]. The metals such as Gold (Au), Silver (Ag), Titanium (Ti), and copper

(Cu) nanoparticles are widely used for anti-bacterial applications, but they are quite expensive to

use in bulk for public infrastructure. Whereas, in low-cost metal matrix, Zn and its alloys are

considered one of the best owing to easy availability, lightweight and low melting point [102].

Also, Zn matrix with GNPs reinforcement and protective oxide precipitates on the surface shows

high anti-bacterial properties and remarkable tribo-mechanical anti-corrosive performances [55].
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2.5 Recent research and developments in metal matrix nanocom-

posites

The coating technologies have been developed with several metallic and non-metallic binding

matrices to develop multipurpose coating materials [104], [110]. The metallic coatings are known

for easy availability, low cost and high tribo-mechanical performances. The metal matrix coatings

with incorporated nanofillers, known as metal matrix nanocomposite (MMNC) coatings, can

have enhanced anti-bacterial, tribo- corrosion, and mechanical properties. In recent times Ag,

Cu, Ti, Zn, Co, and Ni-based coatings have been extensively studied to protect surfaces from

bacterial attack [122], [123]. Here, most of the metal-based coatings are very expensive, and

estimates show that hat the market value for expensive metal-based antimicrobial coating can

grow up to USD 1.75 billion by the year 2030 [69]. An increasing number of Scopus publications

on Zn-based coatings are showing the interest of researchers, especially, for anti-corrosion and

anti-bacterial coatings (see Figure 2.8). The major research fields of applications of Zn-based

coatings are medicine, biomedical science, material science, engineering, and chemistry.

Figure 2.8: Publications on Zn-based coatings. Data extracted from archives of SCOPUS on
date: 24th December 2022.

Figure 2.9 illustrates the application areas of Zn-based coatings and their respective research

contributions: (a) overall Zn-based coatings, (b) anti-corrosion applications, and (c) anti-bacterial

application. Data extracted from archives of SCOPUS on date: 24th December 2022. Zn-based
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coating electrodeposited on steel is considered one of the most effective and economical methods

for providing efficient and reliable protection from corrosion and bacterial growth [122], [124],

[125]. However, the mechanical and tribological performance of Zn-based coating is still a major

challenge.

Figure 2.9: The application areas of Zn-based coatings and their respective research contribu-
tion. Data extracted from archives of SCOPUS on date: 24th December 2022.

2.6 Method to synthesis the MMNC coating

Coatings have been considered one of the best surface modification and enhancement techniques,

where a thin preventive coating layer can significantly reduce the cost of components and

maintenance. Many coating methods are available in wide varieties and ranges of applications,

giving different outcomes in terms of cost-effectiveness, type of materials and their properties, and

performances. The available coatings methods can enhance the different types of surface properties

such as anti-bacterial, anti-corrosion, wear, microhardness, surface texture, thermal and electrical

conductivity, etc. However, there are some limitations of coating methods such as distortion,

cracks, delamination, the inclusion of contaminations into the substrate and sometimes variation

in physical properties. The available methods that can be used to prepare MMNCs’ coatings are

physical vapor deposition (PVD) [111], chemical vapor deposition (CVD), thermal-spraying [126],
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[127] (different available thermal spray methods are as follow: (i) cold-spraying [128], [129], (ii)

plasma-spraying [130]–[132], (iii) high-velocity oxy-fuel (HVOF) spray [133]–[135], (iv) plasma

transferred wire arc spray [136], (v) radio frequency inductively coupled spray [137], [138], (vi)

detonation gun spray [139], [140], (vii) direct current blown arc spray [141], self-propagating

high-temperature method (SHS) [142], high energy milling assisted heat treatment method [143],

laser cladding [144], direct vapor deposition (DVD), chemicalposition [145], electro-less-deposition

[146], and Electro-co-deposition [55], [147]–[150](see Table 2.2).
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Figure 2.10: Electro-co-deposition method [151].

Schematics from Figure 2.10 and Figure 2.11 illustrate the available coating methods such as

Electro-co-deposition, sol-gel, thermal spray, and spraying, brushing and hand rolling. In Electro-

co-deposition method, the nanofiller in the electrolyte can be deagglomerated by sonication (as

shown in Figure 2.10a). Subsequently, the substrates are placed at cathode in well-sonicated

electrolyte with a consumable/ non-consumable anode to perform Electro-co-deposition, as

illustrated in Figure 2.10 [164]–[167].

In sol–gel dipping method (see Figure 2.11a) the substrate is dipped into the solution for a

time to form the coating which settles under gravity, and the process ends with polymeric

reactions. In sol-gel spin-coating method (see Figure 2.11a), the acting force is a centrifugal

force for the coating, which spreads the solution from the centre to the corners. In the thermal

spraying method (see Figure 2.11b), the spray gun is used to spray the coating material through

an energized flowing medium and raises the material mixture’s temperature to the melting

point, which spreads on the surfaces to solidify. In simple spray, brush, and roller deposition

methods (see Figure 2.11c), the solution blend or mixture is spread over the substrate, simply by

mechanical means. Among all, the Electro-co-deposition is a low-cost and prominent synthesis

method to prepare MMNC coating using simple chemical salts and reagents in an electrolyte

bath [168]. The salts of Zn, Cu, Mg, Ni, Ag, Au, etc. metals are easily available and can

be used in electrolyte preparation to synthesis MMNCs with even distribution of nanofillers

(as illustrated in Figure 2.10). The deposition rate of an ionic cloud of nanofiller and metal

ions, composition, microstructure, surface morphology, tribo-mechanical and electrochemical
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Figure 2.11: (a) sol-gel [154] (b) thermal spray [162] (d) spray, brush and hand-roll [168].
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properties of MMNC coating directly depends on the parameters of Electro-co-deposition like

current density on the substrate, pH and composition of electrolyte bath, etc. [169]–[172]. Based

on the above discussions about the problem of bacterial colonization, bactericidal mechanisms,

various nanofillers with binding metal matrix and available methods of synthesis. Whereas, the

low-cost Zn and its alloys can be considered for a binding matrix of anti-bacterial MMNC coatings

[17], [102], [173]. Zn and its alloys can be easily and uniformly decorated by graphene nanofillers

using the Electro-co-deposition method [55], [147]–[149]. This coating can be characterised

by several advanced destructive and non-destructive techniques including X-ray diffractometry

(XRD), X-ray photoelectron spectroscopy (XPS), infrared spectroscopy, optical profilometry,

scanning electron microscopy (SEM), atomic force microscopy (AFM), etc. [174], [175].

2.7 Biomaterials

Biomaterials are natural or synthetic materials that are employed in biotechnology to artificially

improve the working of tissues, bones, and organs under injuries. Implantable materials can

reduce adverse immune responses while preserving their clinical role because the body restricts

any foreign material from augmenting its natural bioactivities. The property of a material

that makes it compatible with the human body is called biocompatibility. Biomaterials can be

classified based on their degree of biocompatibility as being bioactive, tolerant, bioinert, and

biodegradable performances.

A bioactive material in the bone tissue environment can create an environment compatible with

osteogenesis by making chemical bonds with the bone tissue [10]. Bioactive materials can be

divided into two classes: osteoconductive and osteoinductive materials [1]. Osteoconductive mate-

rials allow bone growth along the surface of the bioactive material. The ceramics hydroxyapatite

and tricalcium phosphate are examples of such osteoconductive materials [176]. Osteoinductive

materials can stimulate the growth of new bone. Some osteoinductive materials are also referred

to as osteoproductive materials in that bone growth can be stimulated away from the implant site

[177]. Bioactive glasses are examples of such osteoproductive materials [178]. When a bioactive

material is implanted into the human body, it stimulates a biological response from the body,

which leads to a series of biophysical and biochemical reactions between the implant and tissue

that eventually lead to mechanically strong chemical bonding [10].

Biotolerant materials are accepted by the host but separated from the host tissue by the formation

of fibrous tissue (scar tissue). This fibrous tissue layer is induced by the release of ions, corrosion

products, and chemical compounds from the implant [179]. Almost all synthetic polymers and

most metals fall into this category.

Bioinert materials are stable in the human body and do not react with body fluids or tissues.

Generally, bioinert materials are encapsulated by fibrous tissues to isolate them from the sur-

rounding bone, similar to biotolerant materials. However, under certain conditions, bioinert

materials can have a direct structural, and functional connection with the adjacent bone tissue
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without being separated from the host tissue [180]. Titanium and its alloys are non-biodegradable

examples of such bioinert materials.

Biodegradable materials are materials that dissolve in contact with body fluids. The dissolution

products are usually secreted via the kidneys, without causing serious effects on the environment.

Biodegradable materials are used for medical goods such as surgical sutures, tissues in growth

materials, and controlled drug release [181], [182]. The most common biodegradable materials

are polymers such as polyglycolic and polylactic acids, and their co-polymers [183]. Examples

of biodegradable ceramics are calcium phosphates [184], and magnesium is an example of

biodegradable metal [185]. In 2005, researchers Zartner et al. implanted a biodegradable 3 mm

magnesium stent in a 6-week-old preterm baby, born at week 26 of gestation [186]. Figure 2.12

illustrates the different biomaterial classifications [187]. An example of a biotolerant material

is illustrated in Figure 2.12a, where a fibrous layer surrounds the screw. Figure 2.12b shows a

bioinert material, where there is direct contact between the bone tissue and the implant screw.

A bioactive material is shown in Figure 2.12c, where the material has caused a chemical reaction

between the implant screw and the bone tissue. Figure 2.12d illustrates a biodegradable material,

where the material has degraded, and the degradation products were released into the bone

tissue.

Figure 2.12: Schematic representation of biomaterial classifications explained using the case of
bone implants [187].

These biomaterials interact with biological systems for medical objectives, including the treatment

of cardiovascular, dental, orthopedic, and neurological diseases. The global biomaterials market

size was valued at USD 64.8 billion in 2020 and is projected to reach USD 212.4 billion by 2030,

registering a CAGR of 12.7% from 2021 to 2030.

The global biomaterials market size was valued at USD 39 million in 2020 and is projected to

reach USD 144 billion by 2030, registering a CAGR of 12.7% from 2021 to 2030. Biomaterials are

synthetic or natural materials that are artificially generated and employed in medical technology
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to improve the function of damaged tissues, bones, and organs. These biomaterials interact

with biological systems for medical objectives, including the treatment of cardiovascular, dental,

orthopedic, and neurological diseases. Growth in the geriatric population, rise in prevalence rates

of cardiovascular and orthopedic disorders, advancement in medical technology, and increase in

awareness regarding implantable devices drive the growth of the biomaterials market. In addition,

the rise in funding by the government to increase research and development activities in the field

of biomaterials and increase awareness about the advantages of biomaterials products further

drive the growth of market. However, the high cost of biomaterial implants and compatibility

issues are expected to restrain the growth of the market.

Figure 2.13: Global biomaterials market, by application and material [188].

Figure 2.13 shows the global biomaterials market, by application and material. Orthopedic,

cardiovascular, and dental applications are forecasted to be most trending field of biomaterials.

By material, metallic biodegradable and non-degradable biomaterials are forecasted to be on top

due to superior mechanical performance compare to polymeric and ceramic biomaterials.

2.8 Metal-based biomaterials

Metal-based implants provide excellent internal support and fixation for orthopedic injuries

compared to polymer- or ceramic-based implants owing to their superior mechanical performance
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[189], [190]. Ti alloys, Co-Cr alloys, and stainless steel have been extensively employed as implant

material [191]. However, these are non-biodegradable and high-strength implant materials (∼110

GPa for Ti alloys, ∼200 GPa for stainless steel, ∼240 GPa for Co–Cr alloys), thus mismatch with

the elastic moduli of natural bone (∼30 GPa) resulting stress-shielding of the bones at implant

location that causing bone resorption, and subsequent implant loosening [192]. Therefore, such

implant materials need to remove after the orthopedic injury has healed. The metal matrix

nanocomposite coatings, can have enhanced anti-bacterial, tribo-mechanical, and anti-corrosion

properties without much compromising the non-cytotoxic behavior of material.

2.8.1 Fabrication methods for MMNC-based material

Over the years, the application of structural MMNCs in different industries has gained researchers’

interest. The optimization challenge of mechanical, thermal, electrical and corrosion properties

has developed many fabrication methods for the MMNCs [193], [194]. The selection of a suitable

method depends on the desired type of nanofillers (particles, fibres, nanorods and nanosheets),

distribution type (uniform and non-uniform), quantity and ratio of reinforcement in the metal

matrix. MMNC fabrication methods can be classified based on the processing temperature

of the metal matrix during the reinforcement of nanofillers, as shown in Figure 2.14 . The

three-processing temperature-based methods are (i) liquid-state, (ii) two-phase (solid-liquid)

processes, and (iii) solid-state [195].

2.8.1.1 Liquid-state fabrication of MMNCs

Liquid-state methods include the dispersion nanofillers into a molten metal matrix, then solid-

ification to form MMNCs. In this process, the nanofillers must be selected according to the

metal matrix. To select the right nanofiller, various factors, including the melting point, strength,

density, thermal expansion coefficient, the shape and size of nanofillers, thermal stability, and

preparation or procuring cost, must be carefully considered in addition to the compatibility

of the nanofillers with the matrix. The nanofillers and molten metal matrix is needed to be

adequately bonded to achieve the required mechanical properties. Therefore, the nanofillers

should get properly wet with the molten metal matrix. However, ceramics are the best nanofillers

for liquid-state fabrication processes of MMNCs. The liquid-state fabrication can be achieved

through modifications in available methods, such as stir, infiltration, and squeeze casting.

(a) Stir casting method

Stir casting is established as one of the simplest and low-cost commercial MMNC fabrication

methods. The experimental setup for stir casting is shown in Figure 2.15a. This method

was first identified in 1968 by mechanical mixing aluminum oxide particles with molten

aluminum matrix [196]. However, it can be used to fabricate different MMNCs as well.

A mechanical stirrer is required in stir casting for the dispersion of nanofillers within the

molten matrix.
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Figure 2.14: Procession temperature-based MMNC fabrication methods for structural material.

Achieving a uniform dispersion of nanofillers depends on the material properties and process

parameters, such as the wettability between nanofillers and molten metal matrix, relative

density, mixing strength, and solidification rate. Furthermore, the desired dispersion of

the nanofillers in the molten metal matrix also depends on the type of mechanical stirrer

(ultrasonic, electromagnetic or centrifugal stirrer) and geometry, the stirrer placement

during mixing, process temperature, and the features and specifications of the reinforced

nanofillers.

(b) Infiltration method

Infiltration is another liquid-state process for the fabrication of MMNCs. Here, the

nanofillers are uniformly dispersed to soak the metal matrix and fill the empty spaces

between the nanofillers. Different methods can be used for infiltration. Forced infiltration

and spontaneous infiltration are two categories of infiltration methods with and without

external pressure, respectively. The forced infiltration can be achieved by external pressure

through ultrasonic, centrifugal, electromagnetic, mechanical, or gaseous. The common

forced infiltration methods are ultrasonic and gas pressure-based infiltration.
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Figure 2.15: (a) Stir casting method, (b) Ultrasonic infiltration method, (c) Gas pressure
infiltration method, and (d) Squeeze casting method.

(i) Ultrasonic infiltration method

Ultrasonic infiltration is the simplest method to fabricate MMNCs with continuous

carbon fiber reinforcement in a metal matrix [197]. Figure 2.15b schematically

illustrates the ultrasonic infiltration process for the fabrication of MMNCs. This

process includes the immersion of nanofillers in the molten metal matrix followed by

an ultrasonication process to the crucible, which transfers ultrasonic vibrations to the

melt.

(ii) Gas pressure infiltration method

Gas pressure infiltration method is shown in Figure 2.15c. In this process, molten

metal matrix infiltrated into the nanofillers the pressure applied by an inert gas

with excellent geometrical accuracy. But the damage of nanofiller structures, matrix

contraction, coarse grain, a requirement of preforms, and undesirable interaction

reactions are some limitations.

(c) Squeeze casting method

The concept of squeeze casting dates was suggested by Chernov in 1878 [198]. In this process,

the infiltration process is carried out by applying force on molten metal using a movable

die, as shown in Figure 2.15d. This is to allow the melt to infiltrate into the dispersed
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nanofillers. These infiltration methods also allow the reinforcement of ceramic nanofillers

such as aluminium oxide, silicon carbide, and silicon oxide. A high-quality composite using

this process is associated with several parameters including type of nanofillers, preheating

temperature of the melt, tools, melting quality, external cooling, pressure, and time duration.

The parts fabricated by this process have properties such as high thermal conductivity,

weldability, and dimensional accuracy with smooth surface texture. The composite prepared

by this technique can be applied to advance automotive parts applications.

2.8.1.2 Two-phase (solid-liquid) processes

Two-phase methods include both solid and liquid phases of the metal matrix during fabrication of

MMNCs [199]. This mean, the nanofillers are reinforced in the metal matrix in a transition region

of the phase diagram where both solid and liquid phases of metal can coexist, simultaneously.

Osprey deposition and compocasting are available processes that fall in the same category.

(a) Sprey Deposition method

Osprey deposition process is an economical method for the fabrication of high-quality

MMNCs. This process reinforces nanofillers in flowing molten matrix followed atomization

by inert gas jet to obtain the final mix accumulated on a bed of reinforced matrix[200].

This process is a combination of consolidation and mixture processes in powder metallurgy.

(b) Compocasting method

Compocasting method is considered as an improved version of the stir-casting method

[19]. In this method, the nanofillers are reinforced in the matrix at a semi-solid processing

temperature. The steps of compocasting method are given as follows:

• The semi-solid phase of the matrix stirred to crush the dendrites.

• The nanofillers are added to the matrix.

• The squeeze casting transforms the material into a thixotropic phase to form MMNC.

2.8.1.3 Solid-State fabrication of MMNCs

The solid-state fabrication of MMNCs involves developing solid-state bonding between the metal

matrix and the nanofillers at elevated temperatures and low pressure. These processes include

diffusion bonding and powder metallurgy.

(a) Diffusion bonding method

Diffusion bonding is a simple solid-state process for the fabrication of MMNCs. This

process includes reinforcement of nanofillers in foils and sheets of a metal matrix to

fabricate MMNCs. The elevated temperature at the interface of the metal matrix and

nanofillers allows the diffusion bond between them. The advantage of this process is its
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compatibility with a wide range of MMNCs with precise orientation and volume fraction of

nanofillers in the metal matrix.

(b) Powder metallurgy

Powder metallurgy is one of the robust and low-cost approaches for the fabrication of

MMNCs. This process includes three basic steps. (i) preparation of a homogeneous mixture

of metal matrix and reinforcement; (ii) Compaction of the mixture until achieving a density

of approximately 75%; (iii). Sintering or heat treatment. This process allows almost all

types of nanofillers such as ceramic nanoparticles (aluminum oxide, silicon oxide, silicon

oxide, titanium oxide, etc.) and carbon allotropes (GNPs, CNTs and carbon dots). There

are two different approaches are available for preparing the powder mixture of MMNC are

as following:

(A) Ball milling

In the ball milling process, the fine metal powder is procured from the manufacturer

and mixed with nanofillers using ball mill for several hours to obtain a homogeneous

mixture of MMNC [201], as shown in Figure 2.16a.

(B) Modified electro co-deposition

Modified electro co-deposition is a facile approach to fabricating MMNCs [202]. The

experimental setup for MMNC composite fabrication is illustrated in Figure 2.16a.

In this process, an electrolyte bath is prepared with diluted metal salt and uniformly

dispersed nanofillers. Five electrodes setup including one cathode and four anodes

can be used for co-deposition of the ionic cloud of metal ions and nanofillers to form

MMNC deposits on cathode tip, which collects on the bottom of the bath. The

process completes after washing and drying the nanocomposite powder. The electro

co-deposition method is superior to the ball milling method due to the preparation

of powder mixture of metal matrix and nanofillers without harsh mixing. It avoids

matrix micro welds and structural damage to nanofillers like graphene, CNTs and

boron nitride nanotube and sheets. An option of in-situ synthesis of nanofiller is also

available with electro co-deposition, which makes it a more facile and fast method for

the fabrication of MMNCs.

2.9 Biodegradable metal matrix

Recently, Mg- [203], Zn- [2], and Fe-based [204] alloys have attracted much attention owing

to their biodegradability, nontoxicity, low density, and mechanical strength in which elastic

moduli of ∼45 GPa for Mg and ∼90 GPa for Zn, which match those of bones better than other

metals do. Mg, Zn, and Fe. However, Mg-based alloys and nanocomposite materials are still

susceptible to fast biodegradation (within 1–4 months), and are accompanied by hydrogen gas
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Figure 2.16: Preparation of powder mixture of MMNC for powder metallurgy: (a) ball milling
and (b) modified electro co-deposition metallurgy.

evolution, which could lead to abrupt failure of the loadbearing implants before the completion

of their clinical role [205]. Fe materials typically degrade too slowly (over 2–3 years), and the

degradation products are retained in tissues for a long time. Meanwhile, researchers have been

tested Zn-based alloys and nanocomposites for biodegradable implant applications [2], [192],

[206]. Zn materials have degradation rates between those of Mg and Fe, and their degradation

products are fully bioresorbable without harmful hydrogen gas evolution [192], [206]. Zn-based

compounds are essential in the human body and extensively participate in many non-toxic

biological functions, supporting the immune system, DNA, and protein adhesion, and enzymatic

reactions that can promote bone mineralization [207]. Zn does not produce hydrogen cavitation

caused by fast degradation and avoids abrupt failure [208]. Bowen et al. [209] have explored the

bio-absorbable performance of pure Zn in biological conditions. They positioned pure Zn wire

samples into the rat blood vessels and observed the best biodegradation rate of 20 × 10-3 mm/

year for the first 3 months of implantation. Subsequently, the wire implants degraded speedily in

biological conditions, so that no implant residuals endure in the body. In another study, Bowen

et al. [210], have installed Mg, Fe and Zn implants into the rat abdominal aorta. With this

approach, they found the intermediate degradation rate of Zn implant is slower than that of Mg

implant and faster than Fe implant, which is perfect for biodegradable applications. Therefore,

Zn is a better choice for biodegradable metallic materials than Mg and Fe, with a better in

vivo biodegradation rate and biocompatibility for tissue regeneration and therapy. Zn-based

degradable biomaterials have recently emerged thanks to their intrinsic physiological relevance,

biocompatibility, biodegradability, and pro-regeneration properties. Zn-based biomaterials mainly

include: metallic zinc alloys, zinc ceramic nanomaterials, and zinc metal–organic frameworks.

Metallic zinc implants degrade at a desirable rate, matching the healing pace of local tissues, and

stimulating remodeling and formation of new tissues. Zn-based metallic implant for biodegradable

applications (Figure 2.17: cardiovascular stents (Figure 2.17a, surface interaction of Zn-based
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implant with damaged tissue (Figure 2.17b and orthopedic implants including fixative plate,

screw, and scaffolds to support the new bone formation (Figure 2.17c [211]. Zn-based ceramic

nanomaterials are also beneficial for tissue engineering and therapy thanks to their nanostructures

and antibacterial properties. Researchers have shown their interest in Zn-based materials owing

to their low-cost, availability, biocompatibility, and biodegradability, which can be observed by

recent trend of number of publications in the last five years, as shown in Figure 2.18. Yang et al.

[9] have prepared nanocomposite of pure Zn matrix and hydroxyapatite (HA) reinforcements using

spark plasma sintering. They have reported improved non-cytotoxicity and effective antibacterial

properties of Zn-5HA nanocomposite compared to pure Zn. The biodegradation of pure Zn and

Zn-5HA composite was 1.7 and 3.2% by volume after 2 months, respectively. Zn-5HA composite

was more effective in promoting local bone formation at injury than pure Zn. However, both

pure Zn and Zn-HA composites are weak in mechanical strength at a normal body temperature

of 37°C. The required compressive strength (∼ 200 MPa) for the support and fixation of bone

injuries can only be achieved by alloying or reinforcing the higher-strength materials into the Zn

matrix [212].

However, there is a possibility of enhancement in mechanical, tribological and corrosion properties

of Zn-based. Based upon the detailed literature review on MMNCs, particularly on low-cost

Zn-based MMNCs and their applications in coatings and biodegradable structural materials,

research gaps have been determined and presented in the next section.

2.10 Gaps in existing research and investigations

In chapter 1 and 2, we have reviewed the emerging Zn-based nanocomposites for anti-corrosion,

anti-bacterial coating and biodegradable structural material. From the literature review, a few

significant gaps still exist in studies on the synthesis and performance characteristics of Zn-based

nanocomposites. The following issues are figured out and addressed in this thesis and detailed

below:

1. To create metal matrix nanocomposites, various reinforcing agents can be used, including

organic (e.g. hydroxyapatite) and inorganic (e.g. Ag, Au, ZnO, TiO2, and Al2O3) materials.

While these low-cost organic, ceramic and metallic nanofillers possess poor tribomechanical,

anti-corrosion and antibacterial properties, there is a need to identify a more effective

reinforcing element to produce Zn matrix nanocomposite for non-cytotoxic and antibacterial

applications.

Proposed solution − Recently, graphene nanoplatelets have been identified as a superior

reinforcing element for composite coatings due to their exceptional mechanical, antibacterial,

chemical, and physical properties. However, there has been limited research on graphene

nanoplatelets reinforced composite. This study proposes using graphene nanoplatelets as



Chapter 2. Literature Review 49

Figure 2.17: Zn-based metallic implant for biodegradable applications: (a) cardiovascular
stents, (b) surface interaction of Zn-based implant with damaged tissue and (c) orthopedic
implants including fixative plate, screw, and scaffolds to support the new bone formation [211].
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Figure 2.18: Publications on biodegradable Zn-based implants. Data extracted from archives
of SCOPUS on date: 24th December 2022.

a reinforcement in the synthesis of Zn matrix composite coatings, which has not been

explored in the literature.

2. The success of graphene-based composites with uniform biodegradation, as well as improving

their tribo-mechnical properties, relies on having a uniform dispersion of graphene within

the metal matrix while preserving its structure. Although efforts have been made to achieve

this, the challenge of achieving uniform dispersion without damaging the structure of

graphene remains a crucial issue in the synthesis of composites. Hence, it is imperative to

find a solution to overcome these challenges.

Proposed solution − The high surface area to volume ratio of graphene layers makes them

prone to clustering, making it difficult to achieve a homogeneous and uniform dispersion.

There have been many attempts in the literature to spread out these particles within a

metal matrix using electro-co-deposition process. The aim of this research is to find a way

to prevent the clumping of graphene nanoplatelets during the electro-co-deposition while

preserving their structure, to enhance the mechanical, tribological, and corrosion properties

by ensuring a uniform distribution of the nanoplatelets within the metal matrix.
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3. Graphene has been shown to have antibacterial properties, but it also has a cytotoxic effect,

meaning it can be harmful to living cells. Therefore, To make graphene biodegradable and

safe for use in biological systems, a method must identify to modify its surface chemistry

and reduce its toxicity.

Proposed solution − Functionalizing graphene with biocompatible polymers and oxygen-

containing groups are all approaches that can be used to reduce the cytotoxicity of graphene.

Functionalizing with biocompatible polymers involves attaching biocompatible polymers

and functional groups such as -COOH, or -OH to the graphene, which can reduce its

cytotoxicity and reactivity by blocking the direct contact between the graphene and the

living cells.

4. There has been a lot of research on Zn-based coatings using the electrodeposition method.

The electrodeposition method is cost-effective and widely employed for producing thin films

of metals and metal alloys. However, its main drawback is that it restricts the thickness

of the composite to merely a few microns. No studies have been conducted to identify an

economical and scalable method for producing large amounts of GNP-reinforced Zn-based

nanocomposites.

Proposed solution − In this study, a noval and facile approach is proposed for fabrica-

tion of GNP-strengthened Zn matrix. The proposed method helps to achieve a uniform

distribution of GNPs within the Zn matrix without altering its structure. This method

combines electro-co-deposition and powder metallurgy to produce the desired outcomes.

This novel method enables the large-scale fabrication of a powder-form GNP-reinforced

Zn-based MMNC.

2.11 Problem statement

Zn-based nanocomposites have many possibilities in coating and biodegradable structural ap-

plications owing to low cost, low melting point, anti-corrosion, antibacterial and non-cytotoxic

properties. However, Zn MMNCs are weak in tribo-mechanical strength. A small amount of

reinforcement of advanced nanofillers such as GNPs can significantly enhance the mechanical

performance of MMNCs. Recently, GNPs (a 2D carbon allotrope with 0.142 nm C-C bond length)

have been identified as one of the best suitable reinforcing elements in the field of MMNCs due to

their outstanding mechanical, chemical, and physical properties and high specific area. However,

GNP-based MMNC for non-cytotoxic, anti-bacterial and biodegradable has not been explored in

the literature. The surface modification techniques can also be explored for surface modification

to develop the non-cytotoxicity form of GNP reinforcements. For GNP-based nanocomposites, the

enhancement in the properties depends upon the uniform dispersion of GNPs in the metal matrix

and their structures. There have been many attempts to increase the uniformity of graphene

dispersion without compromising its structure. Nevertheless, achieving uniform dispersion of
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graphene in a metal matrix without compromising its structure is still a major challenge in the

field of nanocomposite synthesis. Therefore, a method to overcome the above challenges needs to

be investigated.

2.12 Objectives

Based on the existing knowledge and gaps in research, the following four objectives are designed:

1. Study various MMNCs fabrication techniques to suggest the best fitting approach to

uniformly disperse the GNP reinforcement in the Zn matrix.

2. Development of large-scale powder metallurgy assisted technique for fabrication of Zn-

MMNCs and synthesis of Zn/GNP nanocomposite coatings.

3. Study the technique to reduce the cytotoxicity of GNP reinforcement before adding to Zn

matrix.

4. In-vitro study for the non-cytotoxic and anti-bacterial composition of biodegradable

Zn/GNP nanocomposite.

5. Study the effect on tribo-mechanical and anti-corrosion properties of Zn/GNP nanocom-

posites by varying weight proportion of GNPs.

6. Optimization of process parameters for microhardness and corrosion protection efficiency

of Zn/GNP nanocomposite.

2.13 Organization of the Thesis

Zn has been widely employed in several industries such as mechanical, chemical, electrical &

electronics, marine, food-packaging and biomedical due to their remarkable physical, anti-bacterial

and electrochemical properties. Currently, most efforts are focused on using Zn-based MMNC in

biodegradable implants and antibacterial coating applications to improve their surface properties,

such as microhardness, anti-corrosion, and wear resistance through the incorporation of several

reinforcing elements. A significant amount of research on Zn-based nanocomposite coatings using

the electro-co-deposition method has been carried out. Also, a more efficient method needs

to be developed for facile, low cost and large-scale production of Zn-based MMNC. Zn-based

nanocomposites prepared using GNPs as a reinforcing element through the electro-co-deposition

method suggest a simple and economical way to improve the overall performance characteristics.

In chapter 3, the synthesis of Zn/GNP nanocomposite has been discussed in two different forms. 1.

Electro-co-deposition of Zn/GNP nanocomposite coating on the metallic substrate. 2. Synthesis

of Zn/GNP nanocomposites in the powder form by using a conventional electro-co-deposition
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method which is simple, economical and suitable for large-scale production of Zn/GNP nanocom-

posite powder.

In chapter 4, the functionalization technique of GNPs to reduce their cytotoxicity and a detailed

study of modified electro-co-deposition technique for non-cytotoxic, anti-bacterial and biodegrad-

able Zn/f -GNP nanocomposite with material characterization and tribo-mechnical testing.

In chapter 5, the details of the surface morphology, elemental composition, and microstruc-

ture characterization followed by mechanical, tribological and corrosion properties of Zn/GNP

nanocomposite coatings.

In chapter 6, the effect of ECD parameters and GNPs concentration on mechanical and corrosion

protection efficiency of Zn/f-GNP nanocomposite and Zn/GNP nanocomposite coatings.

In chapter 7, the details of Zn alloy-based nanocomposite, including Zn-Cu/GNP nanocomposite

with conventional powder-making electro-co-deposition method followed by powder metallurgy

and electro-co-deposited anti-bacterial Zn-Ni/GNP nanocomposite coating.

In chapter 8, the overall conclusions and future scope of the present study have been discussed.



Chapter 3

Experimental Details

Chapter 2 was concerned primarily with the various types of fabrication methods of Zn -based

MMC and provides an insight into the fabrication of GNP-reinforced Zn MMCs through electro

co-deposition assisted powder metallurgy methods. As well as the need and the scope for future

research are discussed in detail. In this chapter, the discussion is devoted to the development

of synthesis methods. Two synthesis methods are developed for the Zn/GNP nanocomposite

coatings using the electro co-deposition method and for the Zn/GNP nanocomposite powder

using a modified electro co-deposition method. Subsequently, the method is followed by the

powder metallurgy method to fabricate solid pellet samples. The detailed instrumentation and

methodology sections are discussed in this chapter.

3.1 Electro co-deposition of Zn/GNPcoatings

The flowchart followed for the fabrication, characterization and testing of the Zn/GNP nanocom-

posite coating is represented in Figure 3.1.

3.1.1 Materials

3.1.1.1 Chemicals

Analytical-grade chemicals and de-ionized (DI) water were used to prepare the bath solution.

Reagents with a purity of 99% were supplied by Merck Specialties Pvt. Ltd. and SRL Chemical

Pvt. Ltd. All electrolyte solutions were formed using DI water. A volume of 250 ml of sulphate

bath was composed of zinc sulfate pentahydrate (ZnSO4.7H2O) as the zinc source, sodium sulphate

(Na2SO4), boric acid (H3BO4) and Ethylenediaminetetraacetic acid (EDTA) as a complex agent

for coating and powder synthesis, respectively. Sulfuric acid (H2SO4) was used to adjust the pH

value of the electrolyte solution for coating.

54
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Figure 3.1: Flow of processes during fabrications of Zn/GNP nanocomposite coating followed
by characterization, and testing

3.1.1.2 Particulates

GNPs were used as a reinforcing element without any further purification in the electrolyte

bath for the synthesis of Zn/GNP nanocomposites coatings. The GNPs (thickness 5-15 nm with

surface area 500 m2/g, purity 99.9%) used in the coatings were reduced graphene oxide procured

from Alfa Aesar.

3.1.1.3 Experimental requirements

A D.C. power supply (TESTRONIX 92 D, with voltage ranges from 0 V to 30 V and current

control ranges from 0 A to 10 A) was employed to achieve co-deposition of Zn atoms and GNP

nanofillers to form Zn/GNP nanocomposite coating. A pure Zn (99.9%) coating titanium rod of

3 mm diameter is connected to anode end. A magnetic stirrer for constant stirring the electrolyte

bath. A vacuum filtration is required to remove insoluble impurities from the electrolyte solution.

A probe sonicator for de-agglomeration of GNP nanofillers in the electrolyte bath. A polishing

machine to prepare the substrate for electro co-deposition.

3.1.2 Experimental setup and process parameters

Experimental setup is comprised of electrolyte bath, magnetic stirrer, D. C. power supply, anode

and cathode (substrate), as illustrated in Figure 3.2. The major controlled process parameters
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for the experimentation are consternation of Zn salt in electrolyte bath (0.1 M to 0.5 M) [213],

GNP content in electrolyte bath, pH of electrolyte bath (3 to 5) [122], temperature (25 °C to 35

°C), steering speed (100 rpm to 300 rpm) [214], current density (2 A/dm2 to 8 A/dm2) [38], and

plating time (20 min to 60 min) (see Table 3.1).

Figure 3.2: Experimental setup for coating

3.1.3 Preparation of substrate

Substrate plays a significant role in the electrodeposition of metal composite coatings. Substrate

material should have good electrical conductivity and mechanical strength. At present, the

substrate should be stable in the electrolyte bath. The substrate surface should be smooth

and scratch-free. In the present work, we have used stainless steel as a substrate material.

Normally, the stainless-steel substrate surface is covered with dirt, grease, oil, and oxide layers.

The pre-treatment of the stainless-steel substrate involved steps, as shown in Figure 3.3.

Initially, the stainless-steel substrate was mechanically polished with different grades (150#,

600#, 1000# and 2500#) of silicon carbide papers to get a bright and smooth surface. Then,

degrease in acetone to remove oil, dirt, grease, etc. After this, the substrate was washed with

running water. Subsequently, the substrate was activated by dipping in a 5.0 M H2SO4 solution

for about 3 minutes. Activation of substrate slightly increases the roughness of substrate to

obtain good adhesion for the coatings onto the substrate. Again, the substrate was washed using

running water and finally rinsed with DI water before the deposition process.
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Figure 3.3: Pretreatment steps for preparation of stainless-steel substrate before electro
co-deposition:(a) mechanical polishing, (b) degreasing with acetone, (c) washing with running
water, (d) activation in 0.5 M H2SO4, (e) washing with running tap water, (f) rinsed with DI

water.

3.1.4 Preparation of electrolyte bath

All chemical constituents (ZnSO4.7H2O, Na2SO4, and H3BO4) of electrolyte bath were mixed

with DI water in a glass beaker using magnetic stirrer at 400 rpm for 60 min, as illustrated in

Figure 3.4a. Vacuum filtration was used to remove insoluble impurities from the electrolyte

solution. Subsequently, in order to achieve uniform dispersion of nanoparticles in the electrolyte

bath, ultrasonication treatment was provided to the electrolyte solution to break down the

agglomeration of nanoparticles, as illustrated in Fig. 3.4b.

3.1.4.1 Electro co-deposition of Zn/GNP nanocomposites coatings on stainless-steel

substrate

The electro-co-deposition setup to prepare composite coatings is illustrated in Figure 3.5a. A

pure Zn (99.9%) rod of 3 mm diameter was placed as an anode and a stainless-steel plate of

dimensions 20 × 20 × 1.5 mm was placed as cathode. The prepared electrolyte solution was

filled in a borosilicate glass beaker of 500 ml. The anode and cathode electrodes were immersed

vertically into the electrolyte solution. A D.C. power supply was employed as a constant current

source. The electrolyte solution was prepared using DI water by the addition of a known amount
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Figure 3.4: Preparation of sulphate-based electrolyte bath for Zn/GNP nanocomposite coating.
(a) mixing of chemical reagents in DI water and (b) Deagglomeration of GNP in electrolyte bath.

of metal salts, complexing agent, and nanoparticles. The concentration of metal salts and

electrodeposition process parameters were optimized by evaluating the composition of the coating.

The co-deposition of GNPs and Zn2+ on the substrate is illustrated in Figure 3.5b.

Electro-co-deposition of coatings was carried out under magnetic stirring to maintain the uniform

concentration of metal ions in the electrolyte bath. Each experiment was performed using a new

electrolyte solution to maintain the concentration of electrolytes. After the deposition process,

prepared coating samples were rinsed with DI water and dried in an inert atmosphere.

Figure 3.5: Schematic of fabrication of Zn/GNP nanocomposite coating. (a) electro co-
deposition setup, (b) co-deposition mechanism, and (c) rinsed with DI water.
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Table 3.1: Electrolyte bath composition and process parameters for Zn/GNP nanocomposite
powder fabrication

Parameter Values Reference

Zinc sulfate pentahydrate (ZnSO4.7H2O) (0.1 M to 0.5 M) [213]

Sodium sulphate (Na2SO4 ) 0.5 M to 1 M [215]

Boric acid (H3BO4) 0 M to 0.5 M [215]

pH 3-5 [122]

DC current supply 2 A/dm2 to 8 A/dm2 [38]

Agitation 200 to 350 rpm [214]

Run time 20 min. to 60 min. [202]

GNPs’ concentration 25, 50, 100 and 200

mg/L

This study

Temperature 25 °C to 35 °C This study

3.1.5 Characterization and testing of Zn/GNP nanocomposites coatings

Zn and its composite coatings are widely used in automobile, marine, chemical and metallurgical

applications.

Figure 3.6: Characterization and testing of Zn/GNP nanocomposite coating.
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Figure 3.7: Field emission scanning electron microscopy (FESEM) attached with energy
dispersive spectroscopy (EDS, Oxford Instruments).

However, these coatings have been exposed to wear and corrosion during service life. Hence in

these applications, hardness, wear resistance, and corrosion resistance properties of coatings are

mostly considered because they directly affect the lifetime of engineering components. For this

reason, the characterization of composite coatings has great importance in the field of materials

science. Nowadays, several techniques are used to characterize and evaluate the performance of

composite coatings, such as scanning electron microscopy (SEM), energy dispersive spectroscopy

(EDS), X-ray diffraction spectroscopy (XRD), microhardness tester, tribometer, and potentiostat,

etc. Different techniques employed to characterize and evaluate the performance of Zn/GNP

nanocomposites coatings are shown in Figure 3.6.

3.1.5.1 Surface morphology and elemental composition

Scanning electron micrographs and elemental compositional analysis of prepared samples were

performed using FEI-Apreo-S field emission scanning electron microscopy (FESEM) fitted with

an energy dispersive spectroscopy (EDS). FESEM attached with EDS is shown in Figure 3.7.

Figure 3.8: X-ray diffractometer.
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3.1.5.2 Microstructural analysis

X-ray diffractograms of prepared samples were taken using RIGAKU MiniFlex-II X-ray diffrac-

tometer (XRD) with Cu Kα radiation (see Figure 3.8). The rate of scanning for 2θ (40°– 80°) was

0.05°s−1. The average crystallite size of the prepared samples was measured using the Scherrer

equation (Equation 3.1) as follows [216],

D =
Kλ

β cos θ
(3.1)

where D is the grain size, K is the Scherrer constant (= 0.9), λ is the wavelength of the X-ray

used in the experiment, β is the full width at half maximum (FWHM) of the X-ray diffraction

peak, and θ is the Bragg angle.

3.1.5.3 Microhardness testing

A Vickers hardness tester (Mitutoyo, HM-200) was used to measure the microhardness of prepared

samples (Figure 3.9). The applied load was 20 g for 20 s. Equipped with the optical system ideal

for automatic measurement of the dimensions of indentation images.

Figure 3.9: Vickers microhardness tester.

3.1.5.4 Tribological testing

The tribological performance was analyzed by a pin-on-disc wear machine (DUCOM, TR-20LE)

under dry sliding conditions (Figure 3.10). The pin was a high carbon chromium-bearing steel

(GCr15) with a diameter of 6 mm. The friction coefficient was recorded under a constant load of

500 g for 600 s.

3.1.5.5 Corrosion testing

To estimate the corrosion performance of prepared samples in 3.5 wt.% of NaCl aqueous solution

at room temperature, CHI604E potentiostat/galvanostat instrument (Figure 3.11) based on the

usual three electrodes cell configuration was used.
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Figure 3.10: Tribometer.

Figure 3.11: Electrochemical workstation for Tafel polarization studies.

3.2 Electro co-deposition method for Zn/GNP powder

In this method, we have combined good features of electro co-deposition method and convectional

powder metallurgy method to develop a modified electro-co-deposition method for the simple,

economic and bulk production of Zn/GNP nanocomposites. Currently, many different methods are

adopted to prepare GNP-reinforced metal composites like powder metallurgy and electrodeposition

[148], [152], [217], [218]. Powder metallurgy is efficient and versatile in fabricating metal

composites, and it has great potential for enhancing the properties of the composites [219], [220].

On the other hand, the main disadvantage of this method is that during the high-energy ball

milling, the graphene structure will be damaged, and it may deteriorate the properties of the

resulting composite [32]. The common coating methods include sputtering, electrodeposition,

flame spraying, and chemical vapor deposition. However, the electrodeposition method is widely

used for synthesising pure, alloy, and composite coatings due to several advantages such as

simplicity of operation, cost-effectiveness, scalability, and high production rate [173]. Also, the

properties of prepared composites can be controlled by optimizing the process parameters such

as current density, pH, temperature, amount of reinforcement, and bath composition [16]. To

achieve the co-deposition of two metals, the standard reduction potentials of these metals must

be similar. The standard reduction potentials for nickel and copper are -0.25 V and + 0.34 V,

respectively. For the co-deposition of Zn, the standard reduction potential difference can be

decreased by adding a suitable complexing agent [215]. In our work, the electro-co-deposition
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is carried out from a sulfate electrolyte with the addition of sodium citrate as a complexing

agent. The addition of EDTA can act as a buffering agent, hence eliminating the need for

additional additives [173], [215]. In the present work, Zn/GNP nanocomposites were prepared

using a modified electrochemical-co-deposition method followed by the conventional powder

metallurgy method. In a modified electro-co-deposition method, Zn/GNP powder samples are

synthesized by simultaneous deposition of GNPs and Zn atoms on the tip of the insulated cathode

to ensure the uniform distribution of GNPs in the Zn matrix. Using an electro-co-deposition

method eliminates the ball-milling step in the powder metallurgy method, and thus prevents the

structural damage of GNPs. The effects of different concentrations of GNPs in the electrolyte

bath on the microstructural, mechanical and tribological properties of Zn/GNP nanocomposites

were systematically studied.

3.2.1 Experimental setup

In an electro-co-deposition method, co-deposition of Zn ions and GNPs was carried out on

the tip of an insulated cathode electrode. The actual experimental setup for a conventional

electro-co-deposition of nanocomposite powder is shown in Figure 3.12. The experimental setup

consisted of four platinum (Pt) coated electrodes (length 10 cm and diameter 3 mm) that were

used as an anode, and one insulated Pt-based electrode (excluding the tip surface) was used as a

cathode. Pt is a highly conductive and corrosion-resistant metal, making it a popular choice for

use as an electrode material in electro-co-deposition processes. Some of the main advantages of

using Pt electrodes for electro-co-deposition include:

• High conductivity: It has a very high electrical conductivity, which allows it to transfer

electrical current and facilitate the electrodeposition process efficiently.

• Corrosion resistance: It’s highly resistant to corrosion, meaning it can be used in a wide

range of environments without degrading or losing its effectiveness over time.

• Chemical stability: Pt is highly chemically stable, making it resistant to reactions with

other chemicals that may be present in the electrodeposition process.

• Durability: Pt is a very durable material, meaning that electrodes made from it will

typically last longer and require less maintenance than other materials.

. Four Pt-coated titanium anodes (length 10 mm and diameter 10 mm) were fixed circumferentially

in the Perspex sheet. All four cathode electrodes are connected in series. All experiments were

carried out in a 500 ml borosilicate container. A magnetic stirrer with a hot plate (0- 1500 rpm,

0-200°C) was used to agitate and maintain the temperature of the electrolyte solution. A manual

jerk was provided to the central cathode electrode to separate the co-deposited nanocomposite

powder from the tip of cathode. D.C. Power supply (TESTRONIX 92 D, 0-30 V and 0-10 Amp)

was employed to achieve co-deposition of Zn ions and GNPs to form Zn/GNP powder.
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Figure 3.12: Conventional experimental setup for electro co-deposition of nanocomposite
powder.

3.2.2 Materials

3.2.2.1 Chemicals

Reagents of all analytical grades with a purity of 99% were supplied by Merck Specialties Pvt.

Ltd. All electrolyte solutions were formed using deionized (DI) water. A volume of 450 ml of

sulphate bath was composed of zinc sulfate pentahydrate (ZnSO4.7H2O) as the zinc source, and

sodium sulfate (Na2SO4) as a complex agent. De-ionized (DI) water of pH 6.9–7 was used to

dissolve the reagents and cleansing purposes.

3.2.2.2 Particulates

Gray-black powder form of GNPs (99.9% pure) was used as a reinforcing element without further

purification in the electrolyte bath to synthesize Zn/GNPs nanocomposite powder samples. The

GNPs (thickness 5-15 nm and surface area 500 m2/g) used in the coatings were reduced graphene

oxide procured from Alfa Aesar. PEG 6000, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDC) and other chemical reagents of purity of 99.5% (supplied by Merck Specialties Pvt. Ltd.)

were used for fuctionallization of GNPs.
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3.2.2.3 Electrodes

Platinum (Pt)coated Titanium (Ti) electrodes with 10 µm coating thickness, 3 mm diameter and

100 mm length were obtained from Titanium tantalum Product limited Chennai, India.

3.2.3 Experimental procedure

The electrolyte bath consisted of ZnSO4.7H2O (0.1 to 0.3M) and EDTA (0.15 M) (complexing

agent) [215]. The GNPs (25, 50, and 200 mg/L) were added to the electrolyte bath under

continuous magnetic stirring at 300 rpm for 20 minutes and followed by sonication using direct

probe sonication at 20 kHz, 500 W for one hour. The magnetic stirring and direct probe sonication

were provided to dissolve the reagents and unbound the agglomerated GNPs in the electrolyte

bath, respectively.

All electrodes are partially dipped in the electrolyte bath and powered by a DC power supply, as

illustrated in Figure 3.13a. Here, the tip of the insulated cathode was exposed to the electrolyte

bath. The agglomerated clouds of positively charged Zn2+ metal ions and the unbound GNPs

were co-deposited at the exposed cathode tip to form Zn/GNP nanocomposite. The slurry of

Zn/GNP nanocomposite was settled down to the bottom of the bath due to self-weight, as

illustrated in Figure 3.13b. Continuous stirring and cooling were provided to maintain uniformity

across the bath. The process was continued for nearly 3 hours and ended when the electrolyte

solution became colorless.

Figure 3.13: Schematic representation of synthesis of Zn/GNP nanocomposite using conven-
tional ECD method followed by powder metallurgy: (a) ECD-based experimentation setup with
continuous bath sonication, insert view shows the conjugation of GNP nanofillers with Zn ions

and (b) co-deposition as Zn/GNP nanocomposite at cathode tip.

Thereafter, the slurry of Zn/GNP nanocomposite was rinsed with DI water and dried at 70

°C temperature under vacuum (at 3.99 kPa) using a rotary evaporator. The dried powder
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nanocomposite samples were stored in an inert atmosphere to avoid oxidation. The dried powder

samples were uniaxially compacted in cylindrical shapes (diameter 25 mm and thickness 3 mm)

at 400 MPa and sintered using an electric furnace at 338 °C temperature ( 0.80 Tm, melting

temperature of Zn matrix) for 60 minutes in an inert atmosphere then followed by furnace cooling,

as illustrated in thermal procedure in Figure 3.14. The pure Zn samples were prepared without

adding GNPs in the electrolyte bath.

Figure 3.14: Sequence of the thermal procedure applied to sinter Zn/GNP nanocomposite
pellets.

Table 3.2: Electrolyte bath composition and process parameters for Zn/GNP nanocomposite
powder fabrication

Parameter Values Reference

ZnSO4.7H2O 0.1 M to 0.5 M This study

EDTA 0.15 M [215]

pH 10 (maintained by aqueous NaOH) [165]

DC current supply 2 A to 6 A [152]

Agitation 400 rpm [221]

Run time 3 hours. [202]

GNPs’ concentration 25, 50, 100 and 200 mg/L This study

Temperature 35 °C This study

3.2.4 Characterization of Zn/GNP nanocomposites

3.2.4.1 Morphological and microstructural study

In order to study the surface morphology, internal microstructure, elemental composition, and

crystallite size of the Zn/GNP powder sample SEM, TEM, EDS, and XRD analysis techniques

were used. Also, to determine the microhardness, coefficient of friction, tensile properties
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and corrosion resistance of sintered Zn/GNP nanocomposites microhardness tester, tribometer,

universal testing machine and potentiostat were used.

The surface morphology and internal microstructure of prepared powder samples were examined

using field emission scanning electron microscopy (FESEM, FEI-Apreo-S) and high-resolution

transmission electron microscopy (HRTEM, Tecnai G220 FEI, S-Twin operating at 200 kV).

FESEM equipped with electron dispersive spectroscopy (EDS) was employed to examine the

composition and distribution of elements in the prepared powder samples.

X-ray diffractometer (XRD, RIGAKU MiniFlex-II) was employed to analyze the phase constituents

of powder samples using Cu K radiation λ = 1.5418 Å. The 2 ranged from 40 to 80° at a scan

rate of 0.05°s−1. The Scherrer equation was used to estimate the average crystallite size of the

prepared powder samples.

3.2.4.2 Tribo-mechanical tests

Vickers microhardness of nanocomposites was determined using a semi-automatic microhardness

tester (Mitutoyo HM-200, Japan), with an applied load of 20 g with load holding time of 15 s.

Five micro-size indentations were made for each sample during the microhardness measurement.

Uniaxial compression tests were performed in accordance with ASTM E9-89a (2000) standards

at room temperature using a universal material test machine (BISS UNO 100, India) (Capacity

= 100 kN ) [222]. The compression testing samples were prepared with cylindrical dimensions of

diameter 6 ± 0.02 mm and height 12 ± 0.02 mm. Five specimens were taken for each prepared

sample group. Tribological characterization of nanocomposite samples was performed on a

pin-on-disk (DUCOM Tribometer) experimental setup at room temperature. Samples size of a

diameter 25.4 ± 0.02 mm and a height 4 ± 0.2 mm were used. The counter body was a pin of 6

mm diameter made of GCr15 steel with a hardness of 60-67 HRC. The specific load was 5 N,

and the linear slipping velocity was 0.25 m s−1 at a radius of 8 mm, and the test continued for

10 min. The total sliding distance covered for each test was about 100 m. All tribological tests

were conducted under dry conditions at room temperature (about 27 °C) and humidity 35%.

3.2.4.3 Degradation test

(a) Immerssion test

The degradation behavior of prepared Zn/GNP nanocomposite examined by immersion

and electrochemical tests. The sintered pellet specimens of diameter 12.7 mm and thickness

3 mm were cleaned and washed in ethanol and DI water respectively before testing. During

the immersion test, the samples were immersed in conventional simulated body fluid (SBF)

at 37 ± 0.5 °C for 56 days according to ASTM G31-72 [223]. The ratio exposed surface

area of sample to volume of SBF media was maintained to 1 cm2: 20 mL. The samples were

rinsed by aqueous CrO3 solution (200 g/L) before weight loss measurement to remove the
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corrosion products from the surface. The corrosion rate (CRWL, mm/ year) was calculated

using relation (Equation 3.2) [224], [225],

CRWL = 8.74× 104
W

A · t · ρ
. (3.2)

Where ‘W’ weight loss (g) of the samples during the immersion time ‘t’ (hour(s)), ‘A’

is exposed surface area of the samples (cm2), and ‘ρ’ is density of prepared samples

(g/cm3). Three sample groups were measured for each test. The corroded samples were

characterized using FESEM, XRD and EDS analysis to understand the corrosion morphology,

microstructures, and elemental composition, respectively [226].

(b) Electrochemical test

Electrochemical tests were used to analyze the corrosion behavior of the prepared Zn/GNP

nanocomposite samples via potentiodynamic polarization curves recorded using potentiostat

workstation (CH Instruments - 604E Potentiostat/ Galvanostat, USA). A three-electrode

electrochemical cell setup was adopted with a standard Ag/AgCl reference electrode. The

samples were polished with 4000 greet SiC paper and cleaned with ethanol and DI water.

Experimentations were performed at 37 °C temperature in SBF, pH = 7.4. The samples

were exposed to SBF solution with a surface area of 1 cm2. The range and scan rate were

1.5 V to -1.2 V and 0.5 mV s-1, respectively. The electrochemical corrosion rate (CREC,

mm/year) was calculated using [224],

CREC = 3.27× 10−3 Icorr ·Weq

ρ
. (3.3)

Where ‘Icorr’ is corrosion current density (gm/cm2), ‘Weq’ is the equivalent weight of pure

Zn, ‘ρ’ is the density of prepared samples (g/cm3). Three measurements were taken for

each sample group.

3.2.4.4 Cell cytotoxicity

(a) Cell preparation and culture:

Human keratinocyte (HaCaT) cells were cultured at 37 °C, 5% CO2 in Dulbecco’s modified

minimal essential medium (DMEM; HiMedia, India) supplemented with 10% fetal bovine

serum (FBS; RM1112, HiMedia, India) and 1% penicillin-streptomycin mixture (10378-

016, Gibco, USA). Cells (50% confluency in DMEM with 10% FBS) were rinsed with

phosphate-buffered saline (PBS) and substituted with a treatment containing media.

(b) Cell viability and proliferation assay:
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Assessment of cell viability was performed by MTT assay [33]. The assay measures

the viability of living HaCaT cells via the cleavage of MTT (3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazoliumbromide) to purple formazan crystals by the cell’s mitochondrial

dehydrogenases. Approximately 6000 cells per well were seeded in 96 well plate in 10%

FBS containing DMEM media. Cells were grown till 60-70% confluency and then treated

with different concentrations of pure Zn and Zn/GNP nanocomposites (ranges 20 µg/ml

to 100 µg/ml), which were initially suspended in PBS (stock concentration 5 mg/ml)

and subsequently kept at 37 °C, 5% CO2 for 72 hours. Thereafter, MTT (20 µL; stock

concentration of 5 mg/mL) was added. Cells were then again incubated for 4 hours;

post which formazan crystals were solubilized in DMSO, and absorbance was measured

at a wavelength of 570 nm with a differential filter of 630 nm using a Multiskan Sky

spectrophotometer (Thermo Fisher Scientific, USA). The percentage of viable cells was

calculated using the formula [227]:

Cell viability =

(
Mean absorbance value of drug − treated cells

Mean absorbance of control

)
× 100. (3.4)

4,6-Diamidino-2-phenylindole (DAPI blue) staining was used to evaluate HaCaT cell

attachment [33]. For microscopic imaging [224], cells were plated on coverslips. After

incubation with nanocomposite samples for 72 hours (about 3 days), the coverslips were

washed with PBS and fixed with 2 % paraformaldehyde at room temperature for 15 min.

After that blocking was done for 2 hours with 1% BSA. The coverslips were incubated with

DAPI for 10 min and further mounted with 70 % glycerol. Images were taken through

ZEISS Axio Scope.A1 microscope (Zeiss, Germany).

3.2.4.5 Antibacterial test

Antibacterial tests of sintered pellets of Zn/GNP nanocomposite were performed within in-vitro

environment of Staphylococcus aureus (S. aureus, MTCC No. 96) and Escherichia coli (E. coli,

MTCC No. 1652). Before antibacterial tests, the pellet samples were rinsed well using ethanol

and DI water and dried at 120 ºC in hot air oven. The bacterial strain was grown in Luria Broth

medium. The zone of inhibition (ZOI) was measured by the modified agar-disc diffusion method

as per National Committee for Clinical Laboratory Standards, 1993. The plates were incubated

overnight in 5% CO2 bacterial culture environment at 37 °C, and the ZOIs were measured on

a millimetric scale. The pure Zn pellet was a control, and three tests were performed for each

prepared nanocomposite sample group.

3.2.4.6 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9. The graphical representations of

data show the means ± standard deviations. One-way analysis of variance (ANOVA) followed by
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Tukey’s post-hoc-test was performed when different results were compared. A P-value <0.05 was

acknowledged as a statistically substantial variation between means [228].

3.3 Conclusion

The conclusions based on the work carried out at this point are as follows:

For nanocomposite coating fabrication

• In the present chapter, we have discussed the electro-co-deposition method to synthesize

Zn/GNP nanocomposite coatings. The electrodeposition of Zn/GNP nanocomposite

coatings was carried out at (a) various current densities and (b) various concentrations

of GNP in the electrolyte bath. In addition, the ultrasonication treatment was given to

the electrolyte before the deposition process to achieve uniform dispersion of GNPs in the

electrolyte bath.

For nanocomposite powder fabrication

• Before the process of fabrication of Zn/GNP nanocomposite powder, the GNPs were

functionalized with PEG to attach non-toxic functional groups. The attached functional

group modifies the active sites on the surface of exfoliated GNPs, that make them more

compatible with biological tissue.

• The bulk production of Zn/GNP nanocomposite powder was carried out using a modified

electro-co-deposition method. Then conventional powder metallurgy method was used to

fabricate Zn/GNP nanocomposites. Before the deposition process, prolonged ultrasonication

was employed to break the agglomeration of GNPs and achieve GNPs’ uniform dispersion

in the electrolyte bath.

• In the modified electro-co-deposition method, co-deposition of GNPs and zinc metal ions

occurs at the cathode electrode’s tip surface. The Zn/GNP nanocomposite powder was

obtained after drying the co-deposits. This method provides facile, economic and bulk

production of Zn/GNP nanocomposite powder with a uniform dispersion of GNPs into the

Zn matrix.

• The convectional powder metallurgy method was employed to prepare Zn/GNP nanocompos-

ites obtained from a modified electro-co-deposition method. A modified electro-co-deposition

method eliminates the ball milling step in the powder metallurgy method, which helps

prevent GNPs from structural damage during processing.

In the next chapter, a detailed characterization of (a) Zn/GNP nanocomposite coatings synthesized

by electro-co-deposition method and (b) Zn/GNP nanocomposites powder synthesized by a

modified electro-co-deposition method are discussed in detail. The characterization of Zn/GNP

nanocomposite coatings includes SEM. EDS and XRD analysis. The characterization of Zn/GNP
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nanocomposite powder includes SEM, EDS, XRD and TEM analysis. The powder samples were

compacted and sintered to test the in-vitro degradation and tribo-mechanical performances of

resulting solid-state nanocomposite pellets. The in-vitro cytotoxic and antibacterial behavior of

Zn/GNP nanocomposites samples were tested and discussed in detail.



Chapter 4

Non-cytotoxic Zn/f -GNP

Nanocomposite Powder and Pellets

4.1 Overview

Zn alloys and composites have recently been recognized as potential biodegradable materials

for bone implants and vascular stents. Although new class of Zn-based materials have superior

mechanical integrity than polymeric materials during biodegradation, the reinforcement of bio-

compatible form of graphene nanoplatelets (GNPs) in Zn matrix can be utilized to further enhance

their effectiveness for loadbearing implants. In this work, pristine GNPs were functionalized with

polyethelene glycol to reduce their toxicity [229] and reinforced in Zn matrix using the modified

electro-co-deposition (M-ECD) method. The influence of various concentrations of functionalized

GNPs (f -GNPs) in ECD bath on microstructure, interface bonding of functional groups, morphol-

ogy, and elemental composition, corrosion resistance, and tribo-mechanical behavior of Zn/f -GNP

nanocomposite have been studied. The Zn/f -GNP nanocomposites were also tested systemically

for biological responses by in-vitro cytotoxicity and antibacterial studies. The nanocomposite

sample of 100 mg/L of f -GNPs concentration in ECD bath has demonstrated a uniform slow in-

vitro degradation rate of 26 ± 0.8 × 10−3 mm/year. The primary degradation products included

zinc oxide [ZnO], zinc hydroxide [Zn(OH)2], and simonkolleite [Zn5(OH)8Cl2H2O] observed from

x-ray diffraction of corroded nanocomposites. The microhardness, compressive yield strength and

ultimate compressive strength of Zn/f -GNP (100 mg/L) nanocomposite were 108.5 HV, 284.9

MPa, and 292.6 MPa, respectively, which were significantly higher than pure Zn. In addition, the

good in-vitro human keratinocyte cell viability and effective antibacterial activity of Zn/f -GNP

nanocomposite render it a very attractive biodegradable implant material for future implication

in orthopedic fixation (screw, pins, sutures, and plates) and stents (coronary and cardiovascular

stents) applications.

72



Chapter 4. Non-Cytotoxic Zn/ f-GNP Nanocomposite Powder and Pellets 73

4.2 Introduction

Biodegradable implants have the ability to be absorbed in the body after the completion of their

clinical role to avoid post-implant surgeries and make the treatment less painful and economical

for the patients [230]. Metal-based implants provide excellent internal support and fixation for

orthopedic injuries compared to polymer- or ceramic-based implants owing to their superior

mechanical performance [189], [190]. Ti alloys, Co-Cr alloys, and stainless steel have been

extensively employed as implant materials [191]. However, these are non-biodegradable and

high-strength implant materials (∼110 GPa for Ti alloys, ∼200 GPa for stainless steel, ∼240 GPa

for Co–Cr alloys), thus mismatch with the elastic moduli of natural bone (∼30 GPa) resulting

stress-shielding of the bones at implant location that causing bone resorption and subsequent

implant loosening [192]. Therefore, such implant materials need to remove after the orthopedic

injury has healed.

Recently, Mg [203]- and Zn [2]-based alloys have attracted much attention owing to their

biodegradability, nontoxicity, low density, and mechanical strength with elastic moduli of ∼45

GPa for Mg and ∼90 GPa for Zn, which match those of bones better than other metals do.

However, Mg-based alloys and composites are still susceptible to fast biodegradation, which could

lead to abrupt failure of the loadbearing implants before the completion of their clinical role [205].

Meanwhile, researchers have been tested Zn-based alloys and composites for biodegradable implant

applications [192], [231]. The reported outcomes for in-vitro and in-vivo tests are very motivating

because of their moderate corrosion rates ranges between Mg and Fe [206]. Zn-based compounds

are essential in the human body and extensively participate in many non-toxic biological functions,

supporting the immune system, DNA, and protein adhesion, and enzymatic reactions that can

promote the bone mineralization [207]. Zn does not produce hydrogen cavitation caused by fast

degradation and avoids abrupt failure [232]. Bowen et al. [209] have explored the bio-absorbable

performance of pure Zn in biological conditions. They positioned pure Zn wire samples into

the rat blood vessels and observed the best biodegradation rate of 20 × 10−3 mm/ year for the

first 3 months of implantation. Subsequently, the wire implants degraded speedily in biological

conditions, so that no implant residuals endure in the body. In another study, Bowen et al.

[210], have installed Mg, Fe and Zn implants into the rat abdominal aorta. With this approach,

they found the intermediate degradation rate of Zn implant is slower than that of Mg implant

and faster than Fe implant, which is perfect for biodegradable applications. Yang et al. [212]

have prepared nanocomposite of pure Zn matrix and hydroxyapatite (HA) reinforcements using

spark plasma sintering. They have reported improved non-cytotoxicity and effective antibacterial

properties of Zn-5HA nanocomposite compared to pure Zn. The biodegradation of pure Zn and

Zn-5HA composite was 1.7 and 3.2% by volume after 2 months, respectively. Zn-5HA composite

was effective in promoting local bone formation at injury than pure Zn. However, both pure Zn

and Zn-HA composites are weak in mechanical strength at a normal body temperature of 37°C.

The required compressive strength (∼ 200 MPa) for the support and fixation of bone injuries can
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only be achieved by alloying or reinforcing the higher strength materials into the Zn matrix[233].

The advancement in nanocomposites showed that a small amount of reinforcement of carbon

allotropes can significantly enhance the mechanical, wear and biodegradation performance of

metal matrices [43], [234], [235].

Especially, graphene nanoplatelets (GNPs, a 2D carbon honeycomb lattice with 0.142 nm C–C

bond lengths) have emerged as one of the effective nanofiller reinforcements for the metal matrices

due to its high strength to weight ratio, high specific surface area, thermal properties, and non-

magnetic nature [236]–[238]. It was reported that GNP reinforced nanocomposites can perform

antibacterial activities against both gram positives and negative bacteria [44]. In addition, it has

been found that the single-layer GNP comprised of sp2-C in metal matrix nanocomposite acted as

an impermeable nanosheet providing a nanoscale barrier to resist the corrosion attacks on metal

matrix [239]. Chen et al. [240] synthesized GNP reinforced magnesium matrix composites by

thixotropic molding. They reported the GNP content of 0.6 wt% can achieve the microhardness

and yield tensile strength of 92.3 HV and 245 MPa, respectively. Rashad et al. [241] reported the

effect of GNP reinforcement on the mechanical properties of aluminum (Al) matrix composite,

where the yield tensile strength increased by 11.8% (up to 190 MPa) compared with pure

aluminum. In a study, Dai et al. [242] have synthesized GNP reinforced Zn matrix composites

using ball milling assisted spark plasma sintering method. They have reported that the ultimate

tensile strength and microhardness is increased by 126% and 20.3%, respectively, than those of

pure zinc. The load transfer and dislocation strengthening ability associated with GNP improved

the strengthening mechanisms of the Zn matrix.

For biodegradable implant applications, the main two aspects are potential cytotoxicity and

possible non-biodegradability [243]. The recent studies on GNP-containing nanocomposites have

shown that the cytotoxicity of GNPs can be determined based on their size, concentration, and

formed structure in the nanocomposite [244], [245]. However, the functionalization of GNP with

biocompatible groups can decrease cytotoxicity and lower the risk of penetration into the cell

membrane [246]. On the other hand, the functionalization of GNP allows the partial breakage of

sp2˘sp2 bonds into sp3˘sp3 bonds for inserting some pendent groups like; hydroxy, epoxy, and

carboxylic acid [247]. These attachments facilitate uniform biocompatible contact of GNP with

enzymes in the biological environment, thus promoting the biodegradation of reinforced GNPs

in nanocomposites [247], [248]. Polyethylene glycol (PEG) exhibits a low toxicity and higher

solubility in aqueous solutions and easily forms bioconjugates on GNPs’ surfaces with attached

hydroxyl, carbonyl, carboxyl, and epoxide functional groups [249]. The presence of those reactive

functional groups imparts excellent aqueous solubility and enzymatic reactions for biodegradation

[250]. In addition, the functionalization of GNP allows real-time detection techniques such as

nuclear magnetic resonance (NMR), computed tomography (CT) [251], and ultrasound [252] to

detect the structural integrity, and mineralization of the implant. Thereby helpful for in-depth

investigation of the bone repair.
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The problem of agglomeration of GNP at higher concentration is typically inevitable during the

fabrication of metal matrix nanocomposites through available methods. In a related study, Munir

et al. [253] have reported that the higher concentration of GNP (>1 wt.%) into the Zn matrix

using conventional ball milling method can cause agglomerations of GNP and thus formation of

hydrophilic surfaces (contact angle < 90°), which generates micro-galvanic corrosion in harsh

environmental condition. However, the mechanical ball milling method has been considered

as an inefficient method to achieve uniform dispersion of GNP in Zn matrices, as it damages

the nanostructure of GNPs and reduces the effect of reinforcement. In the previous works [55],

[173], we have suggested an electrolytic co-deposition (ECD) method for fabrication of Zn-based

nanocomposites without damaging the structure of GNPs, wherein, ex-situ step was used to de-

agglomerated GNPs. But, during the co-deposition process, the existence of high - stacking and

van der Waals attraction forces between GNP layers can facilitate agglomeration and restacking

of nanoplatelets in ECD bath. Therefore, this method needed a design improvement was required

in the available setup to avoid agglomeration of GNPs in ECD bath during long co-deposition

runs.

In this work, functionalized GNPs (f -GNPs) were prepared to reinforce into the Zn matrix

using modified experimental setup for ECD method. This modified ECD (M-ECD) method was

comprised of continuous ultrasonic assistance given to ECD bath for in-situ de-agglomeration

process of f -GNPs. As the co-deposition started, the Zn/f -GNP ionic clouds were diffused at

cathode tip to prepare Zn/f -GNP nanocomposite powder. The prepared powder samples with

different concentrations of f -GNP in ECD bath were characterized for composition, microstructure,

interface bonding of functional groups and surface morphology. Further, the powder samples

were compacted and sintered to test the corrosion and tribo-mechanical performances of resulting

solid-state nanocomposite pellets. The current research contribution addressed the suitability of

Zn/f -GNP nanocomposite for potential tunable biodegradable implant applications based on its

in-vitro biodegradation, tribo-mechanical, non-cytotoxic and antibacterial behavior.

4.3 Experimental procedure

4.3.1 Functionalization of GNPs

As-procured pristine GNP powder was mixed in DI water with continuous stirring and sonication

for 30 mins. This step exfoliated the GNP powder and formed suspension of deagglomerated

GNPs. For functionalization, 20 ml aqueous 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDC) solution, 2.0 mg ml−1, was mixed with 100 ml GNPs suspension, 2.0 mg ml−1, and then

pH adjusted to 8.0 using 5 mM NaOH(aq). Here, EDC act as carboxyl activating agent. In

the next step, the suspension was added to 100 ml of aqueous PEG 6000, 1.0 mg ml−1, and

sonicated for 20 min followed by stirring for 24 hours to prepare the f -GNPs. The suspension was

filtered and washed five times with DI water to remove the unreacted PEG and any water-soluble
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impurities. In the final step, the filtered slurry of f -GNPs was centrifuged and dried in a rota

evaporator. The f -GNPs were characterized for functional group attachments and structural

changes and stored in inert conditions for further use in experimentation.

4.3.2 Synthesis of Zn/f -GNP nanocomposite

The ECD bath was comprised of 0.2 M ZnSO4.7H2O, 0.15 M Ethylenediaminetetraacetic acid

(EDTA, complexing agent), 5 mM NaOH(aq) for maintaining pH 8 and different concentrations

of as-prepared f -GNP (25, 50, 100 mg/L). The mixture was continuously stirred at 250 rpm, and

bath sonication at 20 kHz, 500 W. These continuous stirring and bath sonication attachments

have maintained homogeneity and de-agglomerated state of f -GNP in the bath during the process

of co-deposition. The M-ECD process for fabrication of Zn/f -GNP nanocomposite powder is

represented in Figure 4.1a and b.

ECD bath composition, electrode specification, and experimental parameters are shown in

Table 4.1. During the experimentation, the anode was assigned to four fully exposed non-

consumable electrodes and the cathode was assigned to one partially exposed electrode (at the

tip). Here, the Zn/f -GNP ionic clouds from the ECD bath were co-deposited on cathode tip. The

deposits were drop-down and settled at the bottom during the process. The nanocomposite slurry

obtained from ECD bath was washed with DI water and filtered to remove soluble impurities.

Then, desiccated to powder form using rota-evaporator at 70°C under a high vacuum of 10−6

kPa and stored in air-tight vails to avoid contamination. The nanocomposite powder samples

were die-compacted at pressure of 80 MPa and sintered at 335 °C (0.8Tm, melting point of Zn)

for 3 hours under inert environment followed by furnace cooling, see Figure 4.1c. The actual

experimental setup is shown in Figure 4.2.

4.3.3 Characterization for as-prepared f -GNPs

The characterization of the samples was studied at different steps of synthesis using various

advanced analytical tools [254]. The attached functional groups to f -GNP nanofillers were

analyzed using Fourier transform infrared spectroscopy (FT-IR; Perkin Elmer, USA), where

the powder form of test samples mixed with potassium bromide (KBr) and pressed in the form

of pellets. Measurements were taken in transmission mode within the range of wavenumbers

4,000–500 cm−1. X-ray diffraction (XRD; Rigaku MiniFlex-II, Japan) was done by using Cu

K-alpha radiation of wavelength (λ = 1.5418 Å) within the diffraction angle range of 2θ = 20° to

50° at scanning rate of 3° min−1 and step size of 0.1°. Raman spectroscopy was performed on

LabRAM HR Evolution Instrument (HORIBA, France) in the range of wavenumbers 1000–2000

cm−1 using laser excitation wavelength of 532 nm. The morphology of f -GNP was analyzed by

field emission scanning electron microscope (FESEM, Apreo LoVac, FEI, USA).
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Figure 4.1: Schematic representation of synthesis of Zn/f -GNP nanocomposite using M-
ECD method followed by powder metallurgy: (a) M-ECD-based experimentation setup with
continuous bath sonication, (b) insight view of conjugation of functionalized f -GNP nanofillers
with Zn ions and co-deposition as Zn/f -GNP nanocomposite at cathode tip, and (c) washing of
collected Zn/f -GNP nanocomposite slurry using DI water, then filtered and vacuum dried using
rato-evaporator to recover the dry powdered form of Zn/f -GNP nanocomposites, subsequently,

die-compacted and sintered to make solid pellets.

4.4 Result and discussion

4.4.1 Characterization

As-prepared f -GNP nanofillers were characterized before being used as nanofillers in the Zn

matrix. Here, the preparation and characterization are schematically shown in Figure 4.3a. From

Figure 4.3b, the FT-IR spectra confirmed the successful synthesis of f -GNP nanofillers. The

characteristic transmission bands of GNPs were located at ∼1750 cm−1 (C=O stretching at

carboxy group), ∼1575 cm−1 (C=C stretching), ∼3425 cm−1 (C–OH stretching) and ∼1090 cm−1

(C–O of epoxy stretching), respectively [255]. After covalent bonding of PEG functional group,
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Table 4.1: ECD bath composition, electrode specification and process parameters for Zn/f -GNP
nanocomposite powder fabrication

ECD bath composition
ZnSO4.7H2O 0.5 M
Ethylenediaminetetraacetic acid
(complexing agent) 0.15 M

NaOH(aq) 5 mM
f -GNP concentrations 25, 50, 100 mg/L
Electrode specification

Electrode material Platinum (Pt) coated
Titanium (Ti) electrode

Electrode diameter
(for 4 anodes and 1 cathode tip) 3.5 mm

Radial distance from cathode to anodes 30 mm
Experimental parameters
pH of ECD bath 8
Magnetic stirring 250 rpm
Bath sonication 20 kHz, 500 W
Bath temperature 35°C
DC current supply 4 A
Pre-process time
(for sonication and stirring) 1 hour

Co-deposition time 3 hours

Figure 4.2: Experimetal setup for modified electro-co-deposition method.
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the resulting f -GNP nanofillers exhibited obvious C–O (∼1090 cm−1) and C–H (∼2910 cm−1)

stretching vibrations [256]. Also, the peak at ∼1635 cm−1 (C=C) indicated the – aromatic

rings, which could provide loading sites for Zn ions attachments on f -GNPs during co-deposition

process [257].

Figure 4.3: Preparation and characterization of f -GNP nanofillers: (a) Schematic representation
functionalization of pristine GNP using sulphate bath treatment at pH = 4, (b) FT-IR spectra,
where the characteristic transmission bands in FT-IR spectra at around 3445, 2923, 1590, 1024

cm−1 are attributed to O–H, C–H, C=C and O=S=O attachments, respectively.

In the XRD patterns for GNP powder, the crystal planes were evident at (0 0 2) and (1 0 0),

which is typical for graphene [258], whereas XRD patterns for as-prepared f -GNP nanofillers

also shown the crystallographic planes for PEG 6000 at (1 2 0), (1 1 1), and (2 0 0) [259],

as depicted in Figure 4.4a. Raman spectroscopy was used to characterize pristine GNPs and

f -GNP nanofillers (see Figure 4.4b). Typical features of GNPs in Raman spectra included the

G band at 1585 cm−1 and the D band at 1328 cm−1. The G band assigned to the E2g phonon

of sp2-hybridized carbon atoms, while the prominent D band related to the breathing mode of
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k-point phonons of A1g symmetry that arise owing to local defects and disorder, an indication of

disorder associated with vacancies, and amorphous carbon species, particularly at the edge of

GNPs [257]. Intensity ratio, I(D/G) of D band to G band of GNPs and f -GNPs were about 1.18

and 1.12, respectively, as shown in Figure 4.4b. The I(D/G) value of GNPs was almost same after

the functionalization, suggesting the defect density in the graphene crystals has not changed

significantly. Figure 4.4c shows FESEM micrographs of f -GNPs where the de-agglomeration of

nanosheets was confirmed. During co-deposition, these de-agglomerated f -GNP nanofillers can

easily conjugate with Zn ions to form Zn/f -GNP ionic cloud, that co-deposited at cathode tip as

Zn/f -GNP nanocomposite powder.

Figure 4.4: Preparation and characterization of f -GNP nanofillers: (a)XRD spectrum, where
diffraction peaks at 2 = 26.48 and 43.63 could be attributed to (0 0 2) and (1 0 0) crystal planes
of GNPs, respectively, (b) Raman spectra, insert shows the I(D/G) ratios for pristine GNP and

f -GNP, and (c) FESEM image of as-prepared f -GNP power sample.

The vacuum-dried co-deposited Zn/f -GNP nanocomposite powder samples were characterized for

microstructure, attached functional groups, crystal defects, crystallite size and surface morphology

to confirm the desired and successful uniform growth of Zn matrix across f -GNP nanofillers during

M-ECD process. TEM analysis of Zn/f -GNP nanocomposite powder sample prepared with 100
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mg/L of concentration of f -GNP in the ECD bath is presented in Figure 4.5a-d. Figure 4.5(a)

shows TEM image of the Zn/f -GNP cluster deposit. It can be seen that, the hexagonal growth

of Zn deposits on the surface of f -GNP was achieved during M-ECD process. These Zn deposits

were uniformly distributed and nanocrystalline across the Zn/f -GNP cluster and formed new

nucleation sites for co-deposition.

Figure 4.5b shows the high-resolution TEM image of Zn matrix, where the estimated interplanar

d-spacing of adjacent lattice fringes were 0.261 nm corresponds to (1 0 1) crystallographic plane of

Zn [260]. The hexagonal Zn growth on the Zn/f -GNP cluster has average crystallite size of 25.6

nm, as represented in the size distribution chart in Figure 4.5c. Figure 4.5d shows the selected

area electron diffraction (SAED) spectra of the Zn/f -GNP cluster deposit, that represents lattice

diffractions at (0 0 2), (1 0 0), (1 0 1), (1 0 2), (1 0 3), (1 1 0), and (0 0 4) crystallographic

planes of hexagonal close-packed (hcp) Zn matrix. Hence, the TEM analysis confirmed the

nanocrystalline hcp growth of Zn matrix across f -GNP nanofillers during M-ECD process.

From FT-IR spectra shown in Figure 4.6a, the characteristic transmission peeks for Zn matrix

attachment to f -GNP were established by bands at 479 cm−1 (assigned to Zn–O–C attachments).

The characteristic transmission bands of f -GNP at 1156 cm−1 and 1681 cm−1 were assigned

to C–O stretching vibrations and C=O stretching of -COOH groups, respectively, and the

weak absorptions at 1397 cm−1 and 3092 cm−1 were due to C–H bending and stretching. The

structural changes in f -GNPs after reinforcement in Zn matrix nanofillers was analyzed by using

Raman spectra. Raman spectra of prepared nanocomposite powder samples are presented in

Figure 4.6b. The characteristic G and D bands were recorded at around 1583 cm−1 and 1350

cm−1, corresponding to the sp2 bonded carbon atoms and defects/disorders in f -GNP nanofillers,

respectively [261] (see Figure 4.4b). Whereas, no such bands were recorded for pure Zn powder

due absence of f -GNP nanofillers. The D and G bands in the Raman spectrum of GNPs refer to

the defect-induced and GNP’s in-plane vibrational modes, respectively. The D band is caused by

defects such as lattice distortions, edges, impurities, and other structural imperfections, while

the G band is associated with the carbon-carbon bonding in the GNP 2D lattice. In highly

intact GNPs, the D band is relatively weaker because the number of defects and structural

imperfections decreases, and the G band is stronger because of the in-plane vibrational modes.

This results in a lower D/G ratio, which is a commonly used parameter to quantify the quality

and structural homogeneity of GNPs. The peak intensity I(D/G) ratio, decreased from 1.32 to 1.03

on increasing the f -GNP nanofillers concentration in the ECD bath from 25 mg/L to 200 mg/L,

respectively, which could be associate with the increased defect density in non-sp2 domains at

higher concentration of f -GNP nanofillers. Compared with Zn/f -GNP (25 mg/L) nanocomposite,

Zn/f -GNP (50 and 100 mg/L) nanocomposite bands was slightly shifted toward higher values.

These shifts in the Raman peak were attributed to the increased chemical interaction between

Zn ions and f -GNPs at higher concentration of f -GNP nanofillers in the ECD bath [262].

XRD diffraction measurements were performed to determine whether the addition of f -GNP
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Figure 4.5: Characterization of prepared Zn/f -GNP nanocomposite powder: (a-d) TEM
analysis of Zn/f -GNP nanocomposite powder sample prepared with 100 mg/L concentration of
f -GNP nanofillers in the ECD bath: (a) Low-resolution TEM image showing the Zn/f -GNP
cluster incorporating hexagonal zinc crystallographic growths, (b) insert showing a lattice fringe
with d-spacing of 2.61 Å at Zn (0 0 2) crystal plane, (c) crystallite size distribution of hexagonal
Zn matrix growth at different nucleation sites on Zn/f -GNP cluster, and (d) SAED spectra of
Zn/f -GNP nanocomposite, where the diffraction patterns correspond to Zn matrix are visible at

(0 0 2), (1 0 0), (1 0 1), (1 0 2), (1 0 3), (1 1 0), and (0 0 4) crystal planes.
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Table 4.2: Crystallite size and carbon content of pure Zn and Zn/f -GNP nanocomposite
samples.

Sample Crystallite size (nm) Carbon content (wt%)
Pure Zn 56.4 ± 4.1 -
Zn/f -GNP (25 mg/L) 43.6 ± 1.1 1.1 ± 0.2
Zn/f -GNP (50 mg/L) 35.2 ± 1.5 2.8 ± 0.5
Zn/f -GNP (100 mg/L) 28.6 ± 2.3 5.2 ± 1.5
Zn/f -GNP (200 mg/L) 24.7 ± 0.6 7.6 ± 2.2

nanofillers affects the hcp crystalline structure of Zn/f -GNP nanocomposite, as shown in Fig-

ure 4.6c. The XRD patterns revealed that the diffraction peaks of all prepared samples corre-

sponded to (0 0 2), (1 0 0), (1 0 1), (1 0 2), (1 0 3), (1 1 0), and (0 0 4) crystal planes, which

accordance with the hcp Zn matrix (JCPDS card no. 004-0831) [263] and also supports the

observations obtained from TEM analysis (refer Figure 4.5d). It was clearly seen that the broad-

ening of XRD peaks’ occurred with decreased intensities on increasing the f -GNPs concentration,

which signifies the refinement of the crystallite size and inducing microscale-stresses with lattice

defects in the crystallography of deposits of Zn matrix.

The crystallite size, D (in nm) was determined using the Scherrer equation 3.1. The average

crystallite size of deposits of prepared nanocomposite samples was decreased by 49.28% from

56.4 nm for pure Zn to 28.6 nm for Zn/f -GNP (100 mg/L) nanocomposite (see Table 4.2). The

XRD study revealed that f -GNP content in the ECD bath influenced the crystallography and

decreased the crystallite size of deposits of Zn/f -GNP nanocomposite.

The modifications in the surface micrograph of Zn/f -GNP nanocomposite due to increase in

concentrations of f -GNP in the ECD bath are shown in Figure 4.7a–d. After addition of f -

GNP in the ECD bath, the orderly oriented hexagonal crystallite growth of pure Zn deposits

(Figure 4.7a) turned into underdeveloped crystals of Zn deposits for Zn/f -GNP (25 and 50 mg/L)

nanocomposite sample (Figure 4.7b-c) and the changes in crystallography can be clearly observed

at the edges of Zn growth. However, the deposits of Zn/f -GNP (100 mg/L) nanocomposite have

no clear hexagonal crystallographic growth but increased nucleation site of decreased crystallite

sizes with disordered orientations. These results revealed the relation between nucleation and

crystallographic growth of Zn deposits in the presence of impermeable f -GNP in the ECD bath.

EDS elemental distribution mapping and spectrum study of pure Zn and Zn/f -GNP nanocompos-

ites samples are presented in Figure 4.7e–h. From Figure 4.7e–h, it can be observed that C content

were well-dispersed across the elemental distribution maps of Zn/f -GNP nanocomposites, which

confirmed the uniform reinforcement of f -GNP nanofillers into the Zn matrix. The increased

f -GNP concentration in the ECD bath from 25 mg/L to 100 mg/L, increased the chances of

incorporating f -GNP into the Zn matrix during the co-deposition process; thus, an increase in

C content from 1.1% to 3.2% (see Table 4.2) was observed in the EDS mapping. This f -GNP

content provides large number of active sites for new attachments and nucleation of Zn deposits

during co-deposition and due to presence of more number reduces of nuclei the chances of crystal
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Figure 4.6: Characterization of prepared Zn/f -GNP nanocomposite powder (a) FT-IR spectra,
(b) Raman spectra and (c) XRD spectrum of prepared pure Zn and Zn/f -GNP nanocomposite
samples, here, the diffraction peaks in XRD spectrums matched well with hcp peaks of Zn

Matrix in accordance with JCPDS Card No. 004-0831.



Chapter 4. Non-Cytotoxic Zn/ f-GNP Nanocomposite Powder and Pellets 85

Figure 4.7: (a-d) FESEM images and (e-h) EDS analysis of pure Zn and Zn/f -GNP nanocom-
posites with increasing concentration of f -GNP in the ECD bath. Insert of EDS spectrum shows
elemental compositions and distribution map for Zn (yellow), C (red) and O (green) content.
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growth decreases and hence reduces the average crystallite sizes.

4.4.2 Degradation behavior

4.4.2.1 Immersion behavior

The immersion test in SBF solution was performed for 56 days at 37 ± 0.5 °C in order to examine

degradation behavior and the results are represented in Figure 4.8a. As shown in the results,

the sample group of pure Zn pellets exhibited a rapid rise in corrosion rate in immersion test

(CRWL) values, which were consistently higher than the nanocomposite sample groups with the

value of 87.2 ± 4.3 × 10−3 mm/year after completion of 56 days. Whereas the Zn/f -GNP (100

mg/L) nanocomposite sample group showed average CRWL values of 26 ± 0.8 × 10−3 mm/year,

which was 70.18% lower than pure Zn. The samples prepared with 25 and 50 mg/L of f -GNP

concentration in ECD bath have exhibited intermediate CRWL of values 43.6 ± 4.7 × 10−3

mm/year and 29.1 ± 2.8 × 10−3 mm/year, respectively. The higher CRWL values in pure Zn

was attributed to the alkali corrosion reactions caused by the OH− anions in the SBF solution

and oxidized the Zn matrix to Zn2+ (Equation 4.1). The electrons at the anode participate in

cathodic reaction with oxygen to produce hydroxide (Equation 4.2) and forming degradation

products, such as hydroxide, (Equation 4.3). This rapid corrosion rate of pellets of pure Zn

resulted from high hydroxide content may lead to an alkaline poisoning effect after implantation

in human body [264].

Anodic reaction:

Zn → Zn2+ + 2e− (4.1)

Cathodic reaction:

O2 +H2O + 4e− → 4OH− (4.2)

By product:

Zn2+ + 4OH− → Zn(OH)2 (4.3)

4.4.2.2 Electrochemical corrosion behavior

The electrochemical measurement method for potentiodynamic polarization curves was used to

evaluate the degradation of the prepared nanocomposite samples in SBF, and the results are

represented in Figure 4.9a. The corrosion current density (Icorr), corrosion potential (Ecorr) and

Tafel slopes (βa, anodic and βc, cathodic) were measured by the Tafel extrapolation method.

The corrosion protection efficiency (ηcorr%) after reinforcing with f -GNP was calculated by using

the values of the Icorr, as in the following equation:

ηcorr(%) =
Icorr(Zn) − Icorr

Icorr(Zn)
× 100. (4.4)
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Figure 4.8: Corrosion rate pure Zn and Zn/f -GNP nanocomposite samples after immersion of
56 days in SBF solution. *P < 0.05 by one-way ANOVA with Tukey’s post hoc test.

Table 4.3: Obtained electrochemical parameters for prepared nanocomposites.

Sample I corr (µA cm−2) βa (mV decade−1) βc (mV decade−1) ηcorr%

pure Zn 4.215 ± 1.52 67.1 ± 5.1 172 ± 11.2 0
Zn/f -GNP (25 mg/L) 3.348 ± 0.84 76 ± 4.7 201.9 ± 15.4 20.5
Zn/f -GNP (50 mg/L) 2.323 ± 0.21 64.5 ± 3.3 125.8 ± 9.3 44.8
Zn/f -GNP (100 mg/L) 0.675 ± 0.05 32.7 ± 1.0 76.1 ± 4.1 83.9
Zn/f -GNP (200 mg/L) 0.591 ± 0.35 51.7 ± 4.6 88.9 ± 3.7 85.9

where Icorr(Zn) is the corrosion current densities for the pure Zn. The calculated electrochemical

parameters are shown in Table 4.3. Compared with pure Zn, the polarization curve of the Zn/f -

GNP nanocomposites had obvious characteristics, as found in immersion test. The nanocomposite

samples with 100 mg/L of f -GNP concentration in ECD bath exhibit the highest corrosion

protection efficiency of 83.91% with decrease in electrochemical corrosion rate (CREC) values

from 130.4 × 10−3 mm/year for pure Zn to 21 × 10−3 mm/year for Zn/f -GNP (100 mg/L)

nanocomposite sample (refer Table 4.3 and Figure 4.9c). This may be attributed to the presence

of impermeable f -GNP across Zn matrix towards corrosion protection [265]. Consequently,

f -GNP de-accelerated the electrochemical interaction, thereby, the corrosion of Zn matrix in SBF

solution.

The corrosion resistance performances during immersion and electrochemical tests of pure Zn

were inadequate because of easy release of Zn2+ and OH in the SBF solution. Whereas those

were enhanced for Zn/f -GNP nanocomposites with protective f -GNP-ZnO barriers, as illustrated

in Figure 4.10a. These corrosion barriers in prepared nanocomposites have reduced the local

degradations by covering the micro-galvanic cells at pores and voids and contributed to controlled

uniform degradation. To understand the mechanism of corrosion resistance, the corroded surfaces
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Figure 4.9: Electrochemical corrosion behaviour of pure Zn and Zn/f -GNP nanocomposite
samples: (a) potentiodynamic polarisation curves and (b) electrochemical corrosion rate. *P <

0.05 by one-way ANOVA with Tukey’s post hoc test.

of nanocomposites were further characterized using FESEM, XRD and EDS.

Figure 4.10b-e illustrates the FESEM images of the surface micrograph of corroded Zn/f -GNP

nanocomposite sample groups after immersion in SBF solution for 56 days. For pure Zn sample,

the large size pores and voids can clearly be observed on the surface (see Figure 4.10b). These

pores and voids in pure Zn hindered the mechanical integrity of pellets, that causing weight

loss while cleaning for weight measurement. Whereas nanocomposites of 25 and 50 mg/L of

f -GNP concentration in the ECD bath, the surfaces depict decreased numbers of the pits and

voids formation with reduced sizes, which confirmed enhancement the anti-corrosion performance

and mechanical integrity of nanocomposites (see Figure 4.10c-d). For further increase in f -GNP

concentration in ECD bath up to 100 mg/L, the nanocomposite shows very few, and small
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Figure 4.10: (a)Illustration of mechanism of corrosion on the surface of pure Zn and Zn/f -GNP
nanocomposite for before and after 56 days of immersion in corrosive environment of SBF
solution. (b-e) FESEM imaging for surface morphology of corroded surfaces of (c) pure Zn
and Zn/f -GNP nanocomposites of (f) 25 mg/L, (d) 50 mg/L, and (e) 100 mg/L of f -GNP

concentrations after immersion.
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pits and voids (see Figure 4.10e). Figure 4.11 shows the XRD diffraction pattern of pure Zn

and Zn/f -GNP nanocomposite samples after immersion in SBF solution for 56 days. Along

with the XRD peaks corresponding to Zn, the peaks of ZnO, Zn(OH)2, and Zn5(OH)8Cl2H2O

(simonkolleite) confirmed the formation of corrosion products on the surfaces of samples [266],

[267].

Figure 4.11: XRD pattern of pure Zn and Zn/f -GNP nanocomposite samples after immer-
sion; here, the diffraction peaks in XRD spectrums matched well for Zn, ZnO, Zn(OH)2, and
Zn5(OH)8Cl2H2O in accordance with JCPDS Card No. 004-0831, 36-145, 38-0356, and 07-0155,

respectively.

From Figure 4.12, EDS analysis of corroded surface of Zn/f -GNP (100 mg/L) nanocomposite

sample has confirmed the comparative large C and O content of f -GNP-ZnO barrier, which

was impermeable for other corrosive contents of SBF solution. The f -GNP-ZnO barrier has

protected the exposed surface from corrosion attacks and reduced the accumulation of corrosion

products on the surfaces. Thus, XRD peak intensities for corrosion product were found shortened

for nanocomposite samples on increasing the f -GNP content in nanocomposite samples (see

Figure 4.11). Overall, this investigation revealed that, the protective barrier of Zn/f -GNP

nanocomposites decreased the rate of corrosion, provided uniform and tunable degradation, and

allowed the nanocomposite to retain its mechanical integrity for longer by avoiding large pits and

voids on the surface.

4.4.3 Tribo-mechanical behavior

Pure Zn, in general, has weak tribo-mechanical characteristics and would fail to fulfil the

requirements for bioimplant applications [16]. In this study, the effect of f -GNP reinforcement in

a Zn matrix was explored for tribo-mechanical testing, as represented in Figure 4.13-4.15.
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Figure 4.12: EDS analysis of Zn/f-GNP (100 mg/L) nanocomposite sample with after immersion
of 56 days. Insert of EDS spectrum shows elemental compositions and distribution map for Zn
(yellow), C (red), O (green), Na (blue), P (cyan), Ca (purple), and Cl (magenta) content. *P <

0.05 by one-way ANOVA with Tukey’s post hoc test.

4.4.3.1 Mechanical behavior

Vickers microhardness was measured under constant load condition at room temperature. Fig-

ure 4.13a shows the measured microhardness for sintered pellet samples of pure Zn and Zn/f -GNP

nanocomposites. With a measured average microhardness value of 57 ± 1.3 HV, it is obvious

that pure Zn has a low resistance to plastic deformation, but after adding f -GNP, the micro-

hardness was increased significantly by 88.97% to 108.5 ± 2.1 HV for Zn/f -GNP (100 mg/L)

nanocomposite. The inclusion of f -GNP content in the Zn matrix reduced the crystallite size (see

Table 4.2), that induced a grain-strengthening effect and obstructed the dislocation movement

and interfaces in the nanocomposite [268]. The plane-like structure and superior shear strength

of the f -GNP layers across the Zn/f -GNP nanocomposite clusters also acted as a resistive barrier
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to dislocation movement at the nanocomposite interface, increasing the average microhardness

even further [173]. Figure 4.13b shows compression test results for prepared specimens of sintered

pure Zn and nanocomposite samples. Pure Zn samples exhibits lowest average compressive yield

strength (CYS), ultimate compression strength (UCS) and compressive strain (εc) of 97.5 ±

10.8 MPa, 163.35 ± 13.6 MPa and 0.28, respectively. The CYS, UCS, and εc of Zn/f -GNP

nanocomposites were improved significantly by adding reinforcement of f -GNP nanofillers to

182.3 ± 7.9 MPa, 214 ± 9.6 MPa and 0.21 (25 mg/L of f -GNP), 246.5 ± 7.3 MPa, 267.6 ± 13.9

MPa and 0.17 (50 mg/L of f -GNP), 284.9 ± 6.6 MPa, 292.6 ± 11.3 MPa and 0.10 (100 mg/L

of f -GNP), respectively. Here, the interfacial bonding between evenly dispersed high strength

f -GNP layers and Zn matrix increased the compressive strength of nanocomposites. But, at

higher f -GNP concentrations in the ECD bath causing re-agglomeration of f -GNPs due to Van

der Waal interactions that imparted lower aspect ratio f -GNP layers in Zn matrix and thus

promoted the chance of crack propagation and imparting brittleness. Therefore, εc was decreased

59.2% on increasing the concentration of f -GNPs in the ECD bath from 25 mg/L to 100 mg/L.

However, the obtained mechanical properties of prepared nanocomposites were in acceptable

range, as reported in previous studies for the bio-implant applications [269].

Figure 4.13: Mechanical behavior of prepared sintered pellet samples of pure Zn and Zn/f -GNP
nanocomposites: (a) microhardness and (b) compression test. *P < 0.05 by one-way ANOVA

with Tukey’s post hoc test.

4.4.3.2 Tribological behavior

Tribological test results of sintered nanocomposite pellet samples are presented in Figure 4.14-4.15.

During the pin on disc experiment, the parameters such as applied pin load, hardness, and

diameter of pin and relative speed between pin and disk were set to constant values to record the

exact values of friction coefficient and SWR of prepared nanocomposite samples. The obtained

friction coefficient graphs for pin-on-disc experiments turned smoother and more stable after
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addition of f -GNP content in Zn matrix as observed from Figure 4.14a. The average friction

coefficient graph value of 0.74 for pure Zn samples was significantly decreased by 58.1% to 0.31

for Zn/f -GNP (100 mg/L) nanocomposite samples. These results suggest that the incorporated

f -GNP nanofillers provide lubricating properties to Zn matrix by reducing direct contact with

counter sliding surface. The specific wear rate (SWR) is given by,

SWR =
∆m

ρLD
. (4.5)

Where, ∆ m is wear loss, ρ is density, L is load applied and D is distance covered. The obtained

specific wear rate values are presented in Figure 4.14b, which reveals that the average SWR from

the surface of Zn/f -GNP nanocomposite samples was remarkably decreased by 47.36% for loss

for Zn/f -GNP (100 mg/L) nanocomposite sample compared to the pure. This improvement in

wear performance was attributed to grain-strengthening effect due to decreased crystallite size

and increased microhardness of the nanocomposite.

Figure 4.14: Tribological behavior of prepared sintered pellet samples of pure Zn and Zn/f -
GNP nanocomposites: (a) friction coefficient and (b) Specific wear rate. *P < 0.05 by one-way

ANOVA with Tukey’s post hoc test.

Figure 6(e-f) shows the FESEM micrographs of the surface of pure Zn and Zn/f -GNP (100 mg/L)

nanocomposite samples for analyzing the marked wear tracks during the tribological tests. It was

clearly observed that the surface morphology of pure Zn surface appeared rough and more broken

as compared to Zn/f -GNP (100 mg/L) nanocomposite. Furthermore, the worn-out surface of

pure Zn exhibits evident delamination patches and spots due to its poor surface hardness. As a

result, the graph of pure Zn friction coefficients was increasing, with some unusual variations due

to newly generated rough delamination areas on the surface (refer Figure 4.14a). The harder

surfaces of Zn/f -GNP (100 mg/L) nanocomposite samples showed negligible delamination and

their wear products were microscale size debris, as marked in Figure 4.15d, resulting in no abrupt

wear losses. The formation of Zn/f -GNPs debris prevented the direct sliding contact between
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two surfaces during the pin on disc experiments, as illustrated in Figure 4.15 a and thus, shifting

the mechanism from sliding to rolling friction mode.

Figure 4.15: (a) Illustration of pin on disc setup for tribological tests; insert shows the debris
on wear track of Zn/f -GNP nanocomposites, (b-c) FESEM images of marked wear tracks during
the tribological tests on (b) pure Zn with and (c) Zn/f -GNP (100 mg/L) nanocomposite; here,
delamination and debris formation are marked in yellow circles, and (e) EDS spectrum for

elemental composition on wear track of Zn/f -GNP (100 mg/L) nanocomposites.

Moreover, the EDS spectrum for elemental composition of worn surface of Zn/f -GNP (100 mg/L)

nanocomposite showed the presence of f -GNP nanofillers in squeezed out debris (see Figure 4.15e)

and, thus provided solid graphitic lubrication to further reduce the friction coefficient. Hence,
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the reinforcement of f -GNPs using M-ECD method was found a promising approach to enhance

the tribo-mechanical performance of Zn/f -GNP nanocomposite.

4.4.4 Cytotoxicity behavior

The cytotoxicity of GNP-based nanocomposites depends on the complex bio–nano interfaces

between nanocomposites and contacting biological environment due to its physicochemical

characteristics like shape, size, composition, and exposure times. Therefore, to understand the

possible cytotoxicity due to prepared nanocomposites, we tested for their cell viability responses.

In this work, HaCaT cells were first treated with pristine GNPs and f -GNPs (20 µg ml−1) for 72

hours of cell culture, and then the cell viability was measured via microplate spectrophotometer,

as represented in Figure 4.16. It was found that f -GNP had significantly high viability compared

to pristine GNPs, which confirmed that the PEG grafted GNPs were reducing the dead cell

percentage during the cell culture compare to pristine GNPs. These results are consistent with

results of available comparative studies on pristine GNPs and PEG grafted GNPs [229], [270],

[271].

Figure 4.16: Cell viability assay of pristine GNP, f -GNP, pure Zn and Zn/f -GNP nanocom-
posites at different concentrations in cell media. *P < 0.05 by one-way ANOVA with Tukey’s

post hoc test.

Evaluation of cytotoxic effect of f -GNP reinforced Zn matrix on HaCaT cells was clearly found

to be concentration dependent, as represented in Figure 4.16. The cell viability of pure Zn

was higher than that of f -GNP reinforced nanocomposite samples. It was found that the IC50

(concentration required to reduce viability by 50%) was up to 60 µg ml−1 of nanocomposite
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Table 4.4: Antibacterial behavior of pure Zn and Zn/f -GNP nanocompsites.

Sample ZOI (mm)
S. aureus (gram-positive) E. coli (gram-negative)

pure Zn 17 ± 1 15 ± 0.5
Zn/f -GNP (25 mg/L) 18 ± 0.5 16 ± 2
Zn/f -GNP (50 mg/L) 19 ± 0.5 18.5 ± 1
Zn/f -GNP (100 mg/L) 23 ± 1.5 21 ± 1
Zn/f -GNP (200 mg/L) 24 ± 1 21 ± 2

concentration in cell media. Whereas, a decrease in cell viability was observed at higher Zn/f -

GNP nanocomposite concentrations in cell media, which may be due to f -GNP-ZnO associated

toxicities that eventually caused cell death [229]. To confirm the results of the cell growth at 60

µg ml−1 concentrations, we also performed a DAPI staining-based microscopic imaging.

Figure 4.17: DAPI staining of HaCaT cells exposed for 72 hours to (a) control, (b) pure zinc,
and (d-f) Zn/f -GNP nanocomposite prepared with f -GNP concentration of (c) 25 mg/L, (d) 50

mg/L, (e) 100 mg/L, and (f) 200 mg/L in the ECD bath.

Figure 4.17a–f shows DAPI staining of cell nuclei morphology on pure Zn and Zn/f -GNP

nanocomposite samples after 72 hours of cell culture at concentration of 60 µg ml−1. Nuclear

changes such as fragmented nuclei, condensed or deformed nuclei which lead to apoptosis or

necrosis across prepared nanocomposites, can be visualised by DAPI staining. Generally, exposed

cells undergoing apoptosis demonstrate characteristic condensation of the attached cell nuclei [272].

However, it was clearly seen that HaCaT cells exposed to pure Zn and Zn/f -GNP nanocomposites

samples exhibited nuclei morphology similar to the cells exposed to controlled environment,

further validating the non-cytotoxic behavior of the prepared nanocomposites.

4.4.5 Antibacterial behavior

The test for antibacterial activity was performed by comparing the size of zone of inhibitions

(ZOIs) developed across the prepared nanocomposite pellet samples against in-vitro environment

of S. aureus (gram-positive) and E. coli (gram-negative). Measured ZOIs values are given in

Table 4.4. It was observed that the prepared samples exhibited smaller ZOIs for gram-negative

bacteria than that for gram-positive bacteria, which occurred due to additional outer protective

membrane barriers in gram-negative bacteria [53,54].
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Zn/f -GNP (100 mg/L) nanocomposites have shown a strong inhibition against both bacteria

strains with average ZOI of 23 mm and 21 mm, which were 35.2% and 40% higher than that of

17 mm and 15 mm across pure Zn for gram-positive and gram-negative bacteria, respectively.

These results also revealed that the antibacterial performance of nanocomposite samples was

improved by increasing the f -GNP content in the Zn matrix. Here, the synergistic effects of

ZnO and f -GNPs led to the superior antibacterial activity of the nanocomposites. The direct

contact of ZnO-f -GNPs on the bacterial cell membranes may be the possible mechanism for the

improvement in antibacterial activity [55,56], resulting in cell membrane disruption through cell

permeability and thus induced bacterial death. These in-vitro studies served as a preliminary

indication of the biocompatibility of prepared Zn/f -GNP nanocomposite samples.
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4.5 Discussion

Biodegradability, tribo-mechanical properties and non-cytotoxicity are necessary criteria required

for nanocomposites being considered as biodegradable implant materials. Based on biocompatibil-

ity, pure Zn matrix have received extensive investigations and been well-approved to clinical trials

and use [16,67]. In this work, GNPs were functionalized with PEG to enhance their non-toxic

behavior. Thereafter, the as-prepared -f -GNP were co-deposited with Zn ions to fabricate

Zn/f -GNP nanocomposites followed by metallurgical characterization. The sintered pellets of

nanocomposite were tested for parameters such as degradation, tribo-mechanical, cytotoxicity

and antibacterial behaviors. Table 4.5 compares the necessarily required parameters between the

prepared Zn/f -GNP nanocomposites materials and previously reported Zn-based biodegradable

materials regarding the biodegradation and mechanical properties. The degradation of Zn matrix

initiates a sequence of reactions within the physiological environment, resulting in the formation

of gaseous, solid, and soluble compounds. Corrosion on metal surfaces results in hydrogen

evolution, which is frequent in Zn and its alloys. Yang et al. [16] showed no sign of excessive gas

production around in-vivo studies of pure Zn and its alloys using X-ray imaging, micro-computed

tomography (Micro-CT), and histology. Other clinical studies have also found satisfactory results

with low hydrogen generation during the degradation of Zn-based implants.

The cytotoxicological effect of prepared Zn/f -GNP nanocomposite was quantified using in-

vitro biological assay tests that may help to assess their potential to replace existing metallic

biodegradable implant material. In addition, the in-vitro cytotoxicity of f -GNP were also analyzed

before reinforcing into Zn matrix to confirmed that the functionalization of pristine GNP through

PEG helped to reduce their cytotoxicity against HaCaT cells, as shown in Figure 4.16 and 4.17.

Generally, Zn-based compounds are essential elements for bone metabolism, but their advantages

and consequences depend on daily intake or release in the human body and threshold values. Sev-

eral studies reported that Zn2+ concentration effects the cell viability, proliferation, spreading and

migration [274], [276]. Wherein, low Zn2+ concentrations of promoted the viability, proliferation,

adhesion and migration of osteoblast cells, endothelial cells, and vascular smooth muscle cells,

while high concentrations of Zn2+ had opposite effects [1]. From Figure 4.16, in-vitro cytotoxicity

results of prepared Zn/f -GNP nanocomposites confirmed the cell viability of IC50 level. However,

researchers have reported the in-vivo non-cytotoxicity conditions across biodegradable implants;

such as, the formation of confluent protein layers on that avoids direct contact of cells with the

implant surface and the blood flow that helps to reduce the local concentration of cytotoxic ions

or degradation products [192], [277].

Meanwhile, in this study, the in-vitro biodegradation, non-cytotoxicity and antibacterial perfor-

mances of prepared Zn/f -GNP nanocomposites were motivating and assuring biocompatibility

and thus, we suggested their in-vivo trials for future implication in potential biodegradable

implant applications.
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4.6 Conclusion

In summary, we proposed a novel approach for synthesis of non-cytotoxic Zn-based nanocomposites

by modified electro co-deposition approach followed by the typical powder metallurgy process.

Herein, the uniform dispersion of PEG grafted GNPs in the ECD bath was insured by continuous

ultra-sonication treatment (20 kHz frequency and 500 W power) during co-deposition. The

influence of different concentrations of f -GNPs (0, 25, 50, 100 and 200 mg/L) in the ECD bath

on the biodegradation and tribo-mechanical performances of the prepared nanocomposites were

thoroughly investigated for their uniform and tunable behaviors. The following conclusions were

drawn after analyzing the experimental results of material characterizations, in-vitro degradation,

tribo-mechanical properties, cytotoxicity and antibacterial test studies:

• The successful covalent bonding of PEG functional group with GNPs was confirmed by

FT-IR spectra of as-prepared f -GNPs, resulting C–O (∼1090 cm−1) and C–H (∼2910

cm−1) stretching vibrations. From Raman spectra, the intensity peak ratio (I(D/G)) of

f -GNPs was obtained lower than that of GNPs indicated the defects into the graphene

crystals by the nucleophilic reaction between PEG functional groups and GNPs.

• The hexagonal growth of Zn deposits on the surface of f -GNP was well-achieved, as observed

from TEM images of the Zn/f -GNP clusters, resulting new nucleation sites for co-deposition

during M-ECD process. The characteristic transmission peeks in FT-IR spectra confirmed

the bonding between Zn matrix and f -GNP via Zn–O–C attachments.

• The formation HCP microstructure of the Zn matrix with reducing crystallite size on

increasing the concentration in the ECD bath was revealed by XRD patterns. This reduced

crystallite size of Zn/f -GNP nanocomposite was due to large nucleation sites during co-

deposition at higher f -GNP concentrations, which confirmed by FESEM images. The

uniform dispersion of f -GNP across Zn matrix was confirmed by EDS color mapping.

• The uniformly distributed impermeable layers of f -GNPs provided even barrier protection

from corrosive OH− and Cl− attacks and prevented the void and pits formation on the

surface of nanocomposite to avoid micro-galvanic corrosion. Thus, the electrochemical

corrosion was tunable from 130.4 × 10−3 mm/year (for pure Zn) to 21 × 10−3 mm/year

(for 100 mg/L of f -GNP).

• Superior mechanical properties of f -GNP and grain strengthening effect enhanced the

tribo-mechanical properties of Zn/f -GNP nanocomposites. The compressive yield strength

of Zn/f -GNP nanocomposites was ranges from 182.3 ± 7.9 MPa (for 25 mg/L of f -GNP)

to 284.9 MPa (for 100 mg/L of f -GNP), which was significantly higher than pure Zn and

comparable to bone strength. The friction coefficient and SWR of Zn/ f -GNP (100 mg/L)

nanocomposites reduced by 58.1% and 47.36%, respectively, on comparing with pure Zn.



Chapter 4. Non-Cytotoxic Zn/ f-GNP Nanocomposite Powder and Pellets 101

The harder surfaces of Zn/f -GNP nanocomposite samples showed negligible delamination

during tribological tests.

• It was found that PEG-grafted GNPs had significantly high HaCaT cell viability compared

to pristine GNPs. The IC50 up to concentration of 60 µg ml−1 of nanocomposites in cell

media, suggesting their non-cytotoxicity level, which further confirmed by DAPI staining

for 72 hours of cells attachment. Also, the Zn/f -GNP nanocomposite pellets inhabited the

growth of S. aureus and E. coli bacteria in terms of ZOI formation and performed better

than the control pure Zn.

Based on the above conclusions, the proposed Zn/f -GNP nanocomposites were not only non-

cytotoxic and anti-bacterial but also sustainable with respect to tunable degradation and tribo-

mechanical performances. Findings of this study may have future implication of Zn/f -GNP

nanocomposites for low-cost biodegradable orthopedic implant (sutures, screw, pins and plates)

and stent (coronary and cardiovascular) applications.



Chapter 5

Antibacterial Zn/GNP Nanocomposite

Coatings

5.1 Overview

Frequently touched surfaces in the hospital environment act as a reservoir for the bacteria

responsible for healthcare-associated infections (HCAIs). In this study, GNP was incorporated in

low-cost Zn coating using electrochemical co-deposition (ECD) to prevent HCAIs. The effects of

different concentrations of GNP in the ECD bath (25, 50, 100 and 200 mg/L) for microstructural,

tribo-mechanical, anti-corrosion, and anti-bacterial features of coatings are evaluated in detail.

The microhardness, friction coefficient, specific wear rate, and polarization resistance values were

remarkably improved from 77 HV, 0.7, 26.1 mg and 13.68 kΩ.cm2 for pure Zn coating to 151 HV,

0.48, 12.09 mg, and 2.3 kΩ.cm2 for Zn/GNP (100 mg/L) nanocomposite coating, respectively.

The anti-bacterial activities of the coatings enhanced with the increase in GNP concertation in

the ECD bath and Zn/GNP (100 mg/L) nanocomposite coating exhibited inhibition zone of 22

mm and 25 mm against S. aureus and E. coli bacteria.

5.2 Introduction

Healthcare-associated infections (HCAIs) are one of the major challenges in health services

[77]–[79]. European centre for disease prevention and control (ECDC) reported more than 81

thousand HCAIs affected patients per day in European hospital facilities in 2011-12 [80]. Here,

the main bacteria responsible for HCAIs in hospital facilities are Staphylococcus aureus (S. aureus)

and Escherichia coli (E. coli). The colonization of such bacteria, fungi, and other microorganisms

is responsible for forming biofilms on the surfaces by secreting strong extracellular polymeric

substances (EPS) [81]. The biofilms adhere to the surfaces and help in bacteria colonization,

which is often hard to sanitize with disinfectants and surfactants [82]. The mechanism of bacterial

colonization subjected to environmental stimuli and a series of genetic changes in bacteria cells.
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However, five sequential stages for bacterial colonization have been identified for the growth and

spread of bacteria, namely, (i) temporary/ reversible and permanent/ irreversible attachment,

(ii) microcolony development, (iii) three-dimensional biofilm development, (iv) growth, and (v)

spread [81], [83]. Researchers have shown that an anti-bacterial coating on the surfaces can be

an effective and efficient solution to prevent HCAIs [84], see Figure 5.1.

Figure 5.1: Illustration of comparison between ordinary surfaces undergoing bacterial coloniza-
tion (left) with coated surface executing anti-bacterial activity (right).

Graphene family materials (GFMs) can exhibit a strong anti-bacterial activity with high tribo-

mechanical advantages and adequate anti-corrosion properties at very low concentrations in the

nanocomposite coating owing to the high surface-to-volume ratio [278], [279]. GFMs have been

established as one of the advanced anti-bacterial nanofillers in organic and inorganic binders

and proved their efficacy against various bacteria [280]. The literature shows that the GNPs

block the respiratory chain of bacteria that prevents the growth and proliferation ability [281], as

shown in Figure 5.1. GNP and associated conjugates attached to the cell membrane and puncher

to produce holes (pores), thus generating oxidative stress in the form of reactive oxygen species

(ROS) and damaging the critical cellular components such as proteins and nucleic acids [282],

[283]. Thereby, GNP applications are very common in the field of medicine, dentistry, indwelling

medical devices, enteral feeding tubes and wound drains for preventing HCAIs [44], [284], [285].

The GNP nanofillers are also high water, and oil-repellent nanomaterial [286]. Lin et al. [287]

have reported the excellent frictional properties and high wear resistance of multilayer GNP-based

coatings against scratches or other physical damages. Kirkland et al. [288] have reported that

the GNP reinforcements are an effective corrosion barrier and can save substrate material from
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external electrochemical attack. Sreevatsa et al. [289] have investigated the potential of GNP as

an ionic barrier; here, a single atomic GNP improved the corrosion-resistant properties of the steel

substrate. Due to the above reasons, the GNP-based coating technologies have been developed

with several metallic and non-metallic binding matrices to develop multipurpose coating materials

[147], [290].

Figure 5.2: Anti-bacterial activity of GNP via membrane depolarization and disruption,
intracellular stress and metabolic arrest [114], [284].

In recent times, Ti-, Co-, Cu-, Ag-, Zn-, and Ni-based coatings have been extensively studied

to protect surfaces from bacterial attack [122], [123]. Among all, Zn-based coatings are one of

the low-cost anti-bacterial coatings which can also form a protective layer comprised of oxides,

carbonates or hydrated sulfates based upon the nature of the environment and can provide

protection to the substrate [291]. In addition, Zn is one of the abundantly available metals on the

earth’s crust, which makes it suitable for the purpose of mass utilization in public infrastructure

[55], [292]. But poor tribo-mechanical performance is a serious disadvantage of Zn coating [293].

The reinforcement of GNP nanofillers in Zn-based coating can enhance the tribo-mechanical

performance of Zn-based coatings and fulfil the requirement of low-cost, tribo-mechanically fit,

anti-corrosive and anti-bacterial coating [294], [295]. However, the evaluation of GNP-reinforced

Zn nanocomposite coating for anti-bacterial properties is yet to be carried out.
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Many methods, such as plasma and thermal spraying [126], [128], electroless coating [296], vapor

deposition (physical and chemical) [297] and electrochemical-co-deposition (ECD) have been used

to synthesis GNP nanofiller based nanocomposite coatings [147], [298]. Here, ECD is a facile,

inexpensive, industrially scalable and sustainable method to fabricate nanocomposite coatings

[299]. In this study, GNP-reinforced Zn nanocomposite coatings were prepared using the ECD

method. The characterization and testing results were discussed in detail to understand the effect

of different concentrations of GNP in the ECD bath on the tribo-mechanical, anti-corrosion and

anti-bacterial properties of prepared nanocomposite coatings.

5.3 Experimental procedure

5.3.1 Coating deposition

The used ECD bath composition and operating parameters are listed in Table 5.1. The volume of

the ECD bath was 400 ml. The different concentrations of GNP (25, 50, 100 and 200 mg/L) were

added to the ECD bath under magnetic agitation (400 rpm) for 60 min and uniformly dispersed

with the help of ultrasonication treatment (20 kHz, 500 W) for 30 min. The prepared ECD baths

were adjusted to a pH of 3.5 ± 0.1.

Figure 5.3: Co-deposition of Zn/GNP nanocomposite coatings from agitating ECD bath [300].

The schematic representation of ECD of Zn/GNP nanocomposite coatings is illustrated in

Figure 5.3. In this process, the medical grade 316 stainless-steel plates of dimensions of 20 mm ×

20 mm × 1.5 mm were used as a cathode and a pure Zn rod of 3 mm diameter were used as
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an anode. The stainless-steel plates were polished with 600, 800, 1000 and 2500 grit abrasive

papers and washed with distilled water and then acetone. A pure Zn coating was also prepared

for comparison. The prepared coatings were washed using running water and dried for further

characterization and testing.

Table 5.1: Electrolyte bath composition and process parameters for Zn/GNP nanocomposite
coating fabrication

Parameter Values
ZnSO4.7H2O 0.5 M
Na2SO4 1 M
H3BO4 0.3 M
pH 3.5
DC current supply 4 A/dm2

Agitation 350 rpm
Run time 60 min.
GNPs’ concentration 25, 50, 100 and 200 mg/L
Temperature 27°C

5.3.2 Coating characterization

X-ray diffraction technique was used to study the microstructure and average crystallite size of

the coatings. The scans were obtained from 30° to 90° with a step size of 0.02° and a scan rate of

2°/min. The surface morphology of the coatings was observed using a field emission scanning

electron microscope with an acceleration voltage of 20 kV. Energy dispersive spectroscopy was

used to determine the elemental composition of nanocomposite coatings. Vickers hardness tester

was used to measure the microhardness of prepared coatings. The applied load was 20 g for 20

s. The tribological performance was analyzed by a pin-on-disc wear machine under dry sliding

conditions. The pin was a high carbon chromium-bearing steel (GCr15) with a diameter of 6 mm.

The friction coefficient was recorded under a constant load of 500 g for 600 s. The offset radius was

5 mm and the rotating speed of the test specimen was 250 rpm. The coatings were weighed before

and after the wear test using a digital balance to measure the wear loss with an accuracy of 0.1

mg. The corrosion performance of coatings was evaluated using a potentiostat (CHI604E) in 3.5

wt% NaCl solution without agitation at room temperature. In a three-electrode cell arrangement,

reference and counter electrodes were Ag/AgCl and Pt, respectively, and the prepared coatings

were the working electrodes. Before anti-bacterial test, the prepared nanocomposite coatings

were washed under running ethanol and DI water, subsequently air-dried at 120º C to neutralize

the effect of ECD bath composition. In-vitro anti-bacterial activity of prepared nanocomposite

coatings was evaluated against gram-positive bacteria S. aureus (MTCC 96) and Gram-negative

bacteria E. coli (MTCC 1652). The zone of inhibition (ZOI) was determined by the modified

Agar disc diffusion method as defined by the national committee for clinical laboratory standards

(1993). Each bacterial strain was grown in Luria Broth media (Himedia Laboratories, India).
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100 µL of overnight grown bacterial culture (107 cfu/mL) was spread using a sterile spreader.

The plates were incubated overnight at 37°C, and the ZOI around the discs were measured on a

millimetre (mm) scale. Here, the pure Zn coating was used as a control.

5.4 Result and discussion

5.4.1 XRD analysis

Figure 5.4 displays the XRD patterns of pure Zn and Zn/GNP nanocomposite coatings prepared

at different GNP concentrations in the ECD bath.

Figure 5.4: XRD patterns of pure Zn and Zn/GNP nanocomposite coatings matched well with
JCPDS Cards No. 004-0831.

The XRD patterns of all prepared coatings were well-matched with the hexagonal Zn (JCPDS

Cards No. 004-0831). The XRD data revealed that signals from the (002), (100), (101) and
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Figure 5.5: Calculated crystallite size of pure Zn and Zn/GNP nanocomposite coatings. *P <
0.05 (significant) and otherwise not significant (ns) by one-way ANOVA with Tukey’s post hoc

test.

(103) Zn planes predominated in the XRD pattern. The metallic compactness in the deposits

resulted in higher relative intensity peaks at strong (002) orientation for the Zn matrix. After,

incorporation of GNP into the Zn matrix, peaks broadening has occurred. Also, the intensities of

all peaks have reduced with the increase in GNP concentration in the ECD bath, which signifies

that the addition of GNP was inducing micro-stresses and lattice defects thereby affecting the

crystallographic orientation and crystallinity of Zn deposits. Moreover, the peak broadening was

attributed to the refinement in the crystallite size of the coating.

The crystallite size of the prepared coatings was calculated using the Scherrer equation given in

Chapter 3. Figure 5.5 shows the average crystallite size of pure Zn and Zn /GNP nanocomposite

coatings. The average crystalline size of deposits was decreased by 41.66% from 49.44 nm for

pure Zn to 28.84 nm for Zn/GNP (100 mg/L) nanocomposites coating, indicating a modification

in competition between nucleation and crystal growth of deposits in the presence of impermeable

GNP content in the ECD bath. During the deposition process, GNP provide preferential sites

for crystal growth of hexagonal Zn and hence average crystallite size was decreased. The XRD

analysis revealed that the addition of small amounts of GNP in the ECD bath modified the

crystallite orientation, crystallinity and crystallite size of Zn/GNP nanocomposite coatings.

5.4.2 Morphological and elemental composition analysis

The effects of increasing concentrations of GNP in ECD bath on the surface morphology of

Zn/GNP nanocomposite coatings are shown in Figure 5.6a-d. The pure Zn coating has large and

orderly oriented hexagonal crystallite growth aligned parallel to the substrate surface (Figure 5.6a).

After the addition of 25 mg/L of GNP in the ECD bath, the changes in crystallinity are clearly
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observed by marking the edges of underdeveloped hexagonal crystallite growth (Figure 5.6b). The

surface morphology of Zn/GNP (50 mg/L) nanocomposite coating has no clear hexagonal shapes

but partially grown crystallites of decreased sizes and disordered orientations (see Figure 5.6c).

However, the Zn/GNP nanocomposite coating prepared at 100 mg/L of GNP concentration in

the ECD bath exhibited evident nucleation sites for new Zn deposits with smaller crystallite size

(Figure 5.6d).

The EDS mapping analysis of Zn/GNP nanocomposite coatings is shown in Figure 5.6e-g. From

Figure 5.6e-g, it can be observed that Zn, C and O elements are well-dispersed in the coating

surface. Here, O content confirmed the presence of ZnO. The presence of C element in the coating

surface confirmed the incorporation of GNP into the Zn matrix. The C content of Zn/GNP

nanocomposite coatings increased from 1.23% to 5.17%, with the increase in GNP concentration

in the ECD bath from 25 mg/L to 100 mg/L. The increased GNP content in the ECD bath also

increased the chances of incorporating GNP into the Zn matrix during the co-deposition process;

thus, an increase in carbon element was observed in the EDS mapping.

5.4.3 Tribo-mechanical performance

5.4.3.1 Microhardness

The microhardness values of pure Zn and Zn/GNP nanocomposite coatings are shown in Figure 5.7.

The results show that the addition of GNP has a great impact on the microhardness of the

coatings. The microhardness values of Zn/GNP nanocomposite coatings were higher than that of

the pure Zn coating. The microhardness of Zn/GNP nanocomposite coating increased from 105

HV to 143 HV with the increase in GNP concentration from 25 mg/L to 50 mg/L in the ECD

bath. The Zn/GNP nanocomposite coating prepared at 100 mg/L of GNP concentration in the

ECD bath has 96.1% higher microhardness in comparison to 77 HV for pure Zn coating.

The increased microhardness of Zn/GNP nanocomposite coatings was mainly due to the strength-

ening effect with the decrease in crystallite size. In addition, the free dislocation path was

reduced due to the plane-like geometry, and the superior strength of GNP resulted in effective

load-bearing performance and thus improved the microhardness of coatings.

5.4.3.2 Tribological performance

The tribological performance of nanocomposite coatings generally depends on material properties,

type of counterpart, forms of wear debris and contact conditions. Here, friction coefficient and

specific wear rate are used as the parameters to investigate the tribological performance of

nanocomposite coatings. The obtained results for the friction coefficient of pure Zn and Zn/GNP

nanocomposite coatings are shown in Figure 5.8. From Figure 5.8, the average friction coefficient

of Zn/GNP nanocomposite coatings was lower than that of the pure Zn coating. With the

increase in GNP concentration in the ECD bath from 25 mg/L to 100 mg/L, the average friction

coefficient of Zn/GNP nanocomposite coatings was decreased from 0.67 to 0.48.
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Figure 5.6: FESEM images of (a) pure Zn and (b-d) Zn/GNP nanocomposite coatings for
GNP concentration of (b) 25 mg/L, (c) 50 mg/L and (d) 100 mg/L in the ECD bath; (e-f) EDS
mapping of coatings for GNP concentration of (e) 25 mg/L, (f) 50 mg/L and (g) 100 mg/L in

the ECD bath.



Chapter 5. Antibacterial Zn/GNP Nanocomposite Coatings 111

Figure 5.7: Microhardness of pure Zn and Zn/GNP nanocomposite coatings. *P < 0.05
(significant) and otherwise not significant (ns) by one-way ANOVA with Tukey’s post hoc test.

Figure 5.8: Friction coefficient of pure Zn and Zn/GNP nanocomposite coatings.
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The enhancement in the friction coefficient was attributed to the incorporation of GNP into the

Zn matrix [263]. During the sliding process, wear debris were produced between the mating

surfaces. The wear debris produced by the Zn/GNP nanocomposite coatings contains GNP. The

GNP nanofillers have excellent lubricating properties and low shear strength [147], [169]. Thus,

the friction coefficient of Zn/GNP nanocomposite coatings decreased with the increase in the

GNP concentration in the ECD bath.

Figure 5.9 presents the specific wear rate (SWR) measured from the difference of initial and

final weight of prepared coatings. It can be seen from Fig. 4c that the Zn/GNP nanocomposite

coating displayed a lower value of specific wear rate than that of pure Zn coating. It can be seen

that with the increase in GNP concentration in the ECD bath, the specific wear rate of prepared

nanocomposite coatings was decreased. Here, Zn/GNP (100 mg/L) nanocomposite coating has

a minimum specific wear rate of 12.09 mg. GNP debris forms a protective layer on the wear

track and works as a dry lubricant to reduce the wear of coating. In addition, the increased GNP

content of Zn/GNP nanocomposite coating increased the microhardness of the coating, which

reduced the specific wear rate and improved the durability of the coating.

Figure 5.9: Specific wear rate of pure Zn and Zn/GNP nanocomposite coatings. *P < 0.05
(significant) and otherwise not significant (ns) by one-way ANOVA with Tukey’s post hoc test.

5.4.4 Corrosion behavior

The electrochemical tests were conducted for the prepared coatings with the scanning corrosion

potential ranging from -2 V to -0.5 V at a scan rate of 10 mV s−1. Fig. 6 shows the potentiodynamic

polarization curves for prepared pure Zn and Zn/GNP nanocomposite coatings. The values
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Table 5.2: Electrochemical corrosion parameters of pure Zn and Zn/GNP nanocomposite
coatings

Sample Icorr
(µ A/cm2)

βa
(mV/decad)

βc
(mV/decad)

Rp

(kΩ.cm2)
Pure Zn 10.228 ± 1.3 87.0 ± 12.9 137.0 ± 15.0 2.22 ± 0.5
Zn/GNP-25 mg/L 6.310 ± 0.5 62.2 ± 7.1 335.1 ± 24.1 3.60 ± 0.7
Zn/GNP-50 mg/L 2.553 ± 0.3 76.6 ± 6.8 169.8 ± 13.5 8.91 ± 0.9
Zn/GNP-100 mg/L 2.222 ± 0.1 89.6 ± 11.4 261.1 ± 18.4 13.0 ± 1.1
Zn/GNP-200 mg/L 2.051 ± 0.1 78.4 ± 9.0 278.2 ± 12.4 15.6 ± 1.4

of electrochemical parameters such as corrosion current density (Icorr), anodic Tafel slope (βa)

and the cathodic Tafel slope (βc) were extracted from potentiodynamic polarization curves and

summarized in Table I. The polarization resistance, Rp (kΩ.cm2) values for prepared coatings

were calculated using the Stern-Geary equation (Eq. 5.1) as follows [169], [263]:

RP =
βa · βc

2.303(βa + βc)

(
1

Icorr

)
. (5.1)

Figure 5.10: Potentiodynamic polarization curves for pure Zn and Zn/GNP nanocomposite
coatings

With the increasing GNP concentration in the ECD bath, a positive shift was observed in

the polarization curve with decreased Icorr value, which indicated the enhancement in the

anti-corrosion properties. From Table I, the Rp value of pure Zn was 2.22 kΩ.cm2, whereas,

the Rp of Zn/GNP nanocomposite coatings prepared at 25 mg/L, 50 mg/L and 100 mg/L

concentration of GNP in the ECD are about 3.68, 8.98 and 13.38 kΩ.cm2, respectively. Here, the

increased nucleation sites during the deposition of Zn/GNP nanocomposite coating developed

the micro electrical-short-circuits across the grains, which increased the Rp values and improved

the anti-corrosion performance. In addition, the presence of precipitated oxides of Zn that
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Table 5.3: Anti-bacterial properties of Zn/GNP nanocomposite coating

S No. Sample
S. aureus
(Gram-positive)
ZOI (mm)

E. coli
(Gram-negative)
ZOI (mm)

1 Pure Zn 14 ± 1 16
2 Zn/GNP (25 mg/L) 17 ± 1.5 20 ± 0.5
3 Zn/GNP (50 mg/L) 20 ± 1 23 ± 1.5
4 Zn/GNP (100 mg/L) 22 ± 1.5 25 ± 1.5
5 Zn/GNP (200 mg/L) 23 ± 0.5 25 ± 1

irreversibly passivate also improved the anti-corrosion performance. The direct role of well-

dispersed GNP reinforcement in anticorrosion performance of Zn/GNP nanocomposite coatings

can be summarized in two possible mechanisms:

(a) The outstanding impermeable barrier ability of GNP against the interaction between Zn

and aggressive environment to obstruct the permeation of corrosive agents;

(b) The 2-D geometry and high aspect ratio of GN sheets not only lengthen the diffusion paths

significantly but also help block/reduce micro-pores in Zn/GNP nanocomposite coatings

Moreover, the smaller crystallite sizes of Zn/GNP nanocomposite coatings implicit less possibilities

of micro-voids, pores and cracks based local micro-galvanic cells and thus improved the anti-

corrosion performance.

5.4.5 Anti-bacterial behavior

The anti-bacterial activity of pure Zn and Zn/GNP nanocomposite coatings was determined

on Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria using agar well diffusion.

Table 5.3 shows the anti-bacterial effect of prepared nanocomposite coatings against the bacteria,

which is the measured diameter of ZOI.

It was observed that Zn/GNP nanocomposite coatings showed promising anti-bacterial activities

against both bacteria with ZOI that ranged from 17 mm to 22 mm for S. aureus and 20 mm to 25

mm for E. coli. Here, the increase in GNP concentration in ECD bath was inhibiting the bacterial

growth around the nanocomposite coatings. Wherein, Zn/GNP (100 mg/L) nanocomposite

coatings inhibited the growth of S. aureus and E. coli with the highest ZOI of 22 mm and 25

mm, respectively. Whereas, the pure Zn coatings as a control formed 14 mm and 16 mm of ZOI

for S. aureus and E. coli, respectively. Thus, prepared Zn/GNP nanocomposite coatings showed

better anti-bacterial properties than pure Zn.

5.5 Conclusion

In this study, low-cost, industrially scalable, and anti-bacterial Zn/GNP nanocomposite coatings

were prepared using ECD method. The different GNP concentrations in the ECD bath were used
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to understand the effects on tribo-mechanical, anti-corrosion, anti-bacterial behavior of prepared

nanocomposite coating. The following conclusions were made from this study:

• Formation HCP microstructure of the Zn matrix with reducing crystallite size on increasing

the GNP concentration in the ECD bath was observed in XRD patterns.

• Disordered morphology and formation of new nucleation sites in nanocomposite coating

was observed in FESEM images on increasing the GNP concentration in the ECD bath.

• Distribution of anti-bacterial GNP across the Zn matrix in terms of carbon content was

confirmed using EDS mapping. In addition, the presence of oxygen content confirmed

the protective ZnO precipitates, which provides barrier protection to the coating from the

external environment.

• Microhardness of 143 HV for Zn/GNP (100 mg/L) nanocomposite coating measured highest

among all prepared coatings, which was 185.57% higher than 77 HV for pure Zn coating.

• The friction coefficient and specific wear rate of coatings reduced by 31.42% and 53.63%,

respectively, on comparing pure Zn coating with Zn/GNP (100 mg/L) nanocomposite

coating.

• The presence of impermeable GNP and protective ZnO precipitates on the Zn/GNP

nanocomposite coatings provides an electrochemical barrier that reduces the corrosion

current with the increase in GNP concentration in the ECD bath.

• The Zn/GNP nanocomposite coating performs better than the control pure Zn coating in

anti-bacterial behavior against both Gram-positive (S. aureus) and Gram-negative (E. coli)

bacteria when tested for agar well diffusion. Wherein, Zn/GNP (100 mg/L) nanocomposite

coating samples inhibited the growth of S. aureus and E. coli with the highest ZOI of 22

mm and 25 mm, respectively.

Based on the above conclusions, the prepared nanocomposite coatings were not only anti-bacterial

but also sustainable in terms of adequate tribo-mechanical and high anti-corrosion performances.

Thus, Zn/GNP nanocomposite coatings may be useful in the future for low-cost and industrially

scalable anti-bacterial coating applications. In continuation of the development of sustainable

antibacterial coatings for future applications, high-strength alloying elements like Ni, Cu, Fe, etc

can also be alloyed with pure Zn matrix of Zn/GNP nanocomposite coatings to further enhance

their mechanical performances.



Chapter 6

Process Parameter Optimization

6.1 Overview

Zn/f -GNP nanocomposite coatings have been shown to have improved mechanical and corrosion

properties compared to pure Zn. The addition of GNPs to Zn improves microhardness which is

one of the important mechanical properties, due to the strong interfacial bonding between the

GNPs and Zn matrix. Improved microhardness can provide insight into the material’s strength

and resistance to wear and tear. Additionally, the GNPs can act as a barrier to prevent corrosion,

as it protects the underlying Zn from coming into contact with corrosive agents. However, the

corrosion behaviour of Zn/f -GNP nanocomposite coatings prepared by the ECD or M-ECD

methods can be affected by the quality of the interface between the Zn and f -GNPs at different

concentrations of GNPs in an ECD bath, as well as the specific experimental environment in which

the nanocomposite is fabricated. Further optimization research is needed to fully understand

the mechanical and corrosion behaviour of these materials for different process parameters and

compositions.

In this chapter, the effect of ECD parameters such as pH, current supplied, GNPs concentration

and agitation to ECD bath on microhardness and corrosion protection of Zn/f -GNP nanocompos-

ite prepared by the M-ECD method are briefly discussed. Similarly, the effect of ECD parameters

such as pH, current, f -GNPs concentration and agitation to ECD bath on microhardness and

corrosion protection of Zn/f -GNP nanocomposite coatings prepared by M-ECD method followed

by powder metallurgy method are discussed. The set of experiments were performed based on

the design developed by Taguchi method. Taguchi method is a statistical method used for the

design of experiments (DOE) because it can help to identify the important factors that affect

the performance of a process. This method can help to identify which factors have the most

significant impact on the performance of the process and can be used with a relatively small

number of experimental runs. Additionally, the Taguchi method can be used to optimize the

performance of a process.
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6.2 Effect of ECD parameters on microhardness and corrosion

protection efficiency of Zn/f -GNP nanocomposite

6.2.1 Experimental design

In the current investigation, pH, current supplied, GNP concentration and agitation to the ECD

bath have been selected as process variables. The fixed ECD parameter for the experimental

study is listed in Table 6.1. The respective process variable range selected for this study is

listed in Table 6.2. The experiments have been designed based on the Taguchi method, and

the results have been analyzed for the microhardness value of nanocomposite coating. Based

on the results of the above studies. Analysis of variances (ANOVA) studies is performed to

recognize the significance of process parameters. In the present work, we have investigated as

the maximum microhardness, and corrosion protection efficiency ηcorr as performance index and

have chosen a larger-the-better S/N ratio for microhardness and corrosion protection efficiency

(refer Equation 6.1).

S

N
= −10log

1

N

∑ 1

y2i
. (6.1)

where, yi is N observation of response variable.

In M-ECD method, major parameters, which influence the quality of prepared Zn/f -GNP

nanocomposite coating are 1) pH, 2) current supplied, 3) GNP concentration in the electrolyte

and 4) agitation during co-deposition. With the four parameters as variables and considering four

levels of each variable, a fractional factorial design of 16 experiments is done with L16 orthogonal

array. Table 6.2 presents the respective process variable with their corresponding levels with

which the nanocomposite coatings have experimented, and optimization of microhardness and

corrosion protection efficiency using Taguchi was performed using MINITAB software. The

experiments have been conducted using Taguchi experimental design (L16 orthogonal array) and

are shown in Table 6.3.

Table 6.1: Fixed ECD parameter for experimental study of nanocomposite fabrication

Fixed parameters Quantity
Electrodeposition time 180 min
Zinc sulaphate 0.5 M
Ultrasonication frequency 20 kHz
Bath temperature 27 ± 2ºC

6.2.2 Statistical analysis of experimental results

The statistical modelling for the microhardness and corrosion protection efficiency of Zn/f -GNP

nanocomposite coatings synthesized by ECD method has been done. General first-order models

are developed for estimating the microhardness and corrosion protection efficiency of the coatings.
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Table 6.2: Input variables and their levels for experimental study of Zn/f -GNP nanocomposite
fabrication.

Parameter No. Description Level 1 Level 2 Level 3 Level 4
A pH 4 6 8 10
B Current supplied (A) 1 2 3 4
C f -GNP concentration (mg/L) 25 50 100 200
D Agitation (rpm) 150 250 350 450

Table 6.3: The basic Taguchi L16 orthogonal array

Exp. No. Parameters NotationA B C D
1 1 1 1 1 A1B1C1D1

2 1 2 2 2 A1B2C2D2

3 1 3 3 3 A1B3C3D3

4 1 4 4 4 A1B4C4D4

5 2 1 2 3 A2B1C2D3

6 2 2 1 4 A2B2C1D4

7 2 3 4 1 A2B3C4D1

8 2 4 3 2 A2B4C3D2

9 3 1 3 4 A3B1C3D4

10 3 2 4 3 A3B2C4D3

11 3 3 1 2 A3B3C1D2

12 3 4 2 1 A3B4C2D1

13 4 1 4 2 A4B1C4D2

14 4 2 3 1 A4B2C3D1

15 4 3 2 4 A4B3C2D4

16 4 4 1 3 A4B4C1D3

Table 6.4: Experimental results for microhardness and corrosion protection efficiency

Exp.
No.

Microhardness (HV) corr(%)
Ist IInd IIIrd Average Ist IInd IIIrd Average

1 48.6 51.3 49.2 49.7 10.4 11.5 10.9 10.9
2 69.8 66.6 70.0 68.8 29.1 29.1 26.9 28.4
3 99.8 110.1 83.5 97.8 65.6 65.4 61.3 64.1
4 105.7 108.9 106.7 107.1 85.0 80.7 87.0 84.2
5 59.0 58.0 57.9 58.3 20.5 23.9 17.6 20.7
6 68.3 72.1 69.3 69.9 12.1 10.9 10.7 11.2
7 100.6 100.1 98.1 99.6 83.1 82.2 79.5 81.6
8 99.5 101.3 103.4 101.4 81.6 81.3 85.9 82.9
9 69.7 71.1 71.9 70.9 26.4 33.5 29.2 29.7
10 73.8 72.3 71.4 72.5 79.4 79.2 77.9 78.8
11 90.7 88.2 90.8 89.9 17.5 17.5 17.4 17.5
12 85.2 87.5 81.1 84.6 47.1 42.6 45.9 45.2
13 80.7 84.1 80.6 81.8 69.9 65.8 72.7 69.5
14 82.9 81.2 82.5 82.2 41.5 42.5 43.0 42.3
15 79.4 81.4 77.7 79.5 42.0 41.6 42.1 41.9
16 77.0 80.0 79.1 78.7 19.9 20.5 18.1 19.5
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The models are developed by regression analysis of the experimental data as listed in Table 6.4.

The microhardness obtained for the coatings in all three sets of sixteen experiments has been

subjected to statistical analysis. The analysis done for the microhardness is given in Table 6.5.

The microhardness of coatings is analyzed by using variance analysis. The analysis is carried out

by using the Taguchi method with significant values of process parameters. The data obtained

by this analysis are shown in Table 6.5.

Figure 6.1: Main effect plot showing effect of process parameters on change in microhardness.

The model was obtained after performing regression analysis which is given as Equation 6.2:

Microhardness = 41.88 -0.186 A + 9.3 B + 0.1537 C - 0.0085 D (6.2)

where, microhardness in HV, A is the pH, B is the current density (A/dm2), C is the amount of

GNP concentration (mg/L) and D is the agitation (rpm).

The main effect plots of microhardness in terms of different process parameters are shown in

Figure 6.1.
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Table 6.5: Analysis of variance for microhardness

Source DF Adj SS Adj MS F-Value P-Value R2

Regression 4 3444.81 861.20 29.31 0.000 91.42
pH 1 2.78 2.78 0.09 0.764
Current density 1 1728.87 1728.87 58.85 0.000
f -GNP 1 1698.63 1698.63 57.82 0.000
Agitation 1 14.54 14.54 0.49 0.496
Error 11 323.16 29.38
Total 15 3767.97

Table 6.6: Analysis of variance for corrosion protection efficiency

Source DF Adj SS Adj MS F-Value P-Value R2

Regression 4 10036.1 2509.03 20.05 0.000 87.94
pH 1 42.6 42.63 0.34 0.571
Current density 1 1439.9 1439.90 11.51 0.006
f -GNP 1 8484.8 8484.77 67.81 0.000
Agitation 1 68.8 68.82 0.55 0.474
Error 11 1376.4 125.13
Total 15 11412.5

The analysis done for the corrosion protection efficiency is shown in Table 6.6. The corrosion

protection efficiency has been investigated by variance analysis. The study is carried out by using

the Taguchi method with significant values of process parameters. The data obtained by this

analysis are shown in Table 6.6.

The model was obtained after performing regression analysis which is given as Equation 6.3:

ηcorr = 4.0 + 0.73 A + 8.48 B + 0.343 C + 0.0185 D (6.3)

where, ηcorr represents corrosion protection efficiency in %, A is the pH, B is the current supplied

in A, C is the amount of f -GNP concentration in mg/L and agitation in rpm.

The main effect plots of corrosion protection efficiency in terms of the process parameters are

shown in Figure 6.2.

It can be seen from the main effect plot that for the considered range of process parameters used

pH, current supplied and agitation to ECD bath have an insignificant effect on microhardness

and corrosion protection efficiency. It can be observed from the main effect plots that GNP

concentration in the ECD bath was found to be the most significant process parameter for

microhardness and corrosion protection efficiency of Zn/f -GNP nanocomposite.

For the validation of the developed regression model, a few numbers of experiments have been

carried out at random values of process parameters. The data for this set of experiments are

shown in Table 6.7.

The optimized values of process parameters for the maximum value of the microhardness and

corrosion protection efficiency are shown in Table 6.8.
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Figure 6.2: Main effect plot showing effect of process parameters on change in corrosion
protection efficiency

Table 6.7: Experiments for the validation of the regression model developed by variance
analysis.

Sr. No. Process Parameters Microhardness (HV) ηcorr(%)

A B C D Regression
predicted Experimental Regression

predicted Experimental

1 4 4 50 450 82.1 81.5 ± 2.1 66.3 67.2 ± 1.6
2 8 1 100 150 63.7 64.1 ± 2.2 55.4 54.5 ± 2.2
3 4 2 25 150 62.3 63.0 ± 1.8 35.2 45.7 ± 1.1

Table 6.8: The optimized values of process parameters for the maximum value of the micro-
hardness and corrosion protection efficiency of Zn/f -GNP nanocomposite coatings.

Parameter No. Description Value
A pH 4
B Current supplied (A) 4
C GNP concentration (mg/L) 200
D Agitation 250
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Zn/f -GNP nanocomposite are fabricated by M-ECD method and tested for microhardness and

corrosion protection efficiency. The microhardness and corrosion protection efficiency of coatings

are investigated by using a microhardness tester and potentiostat, respectively. All prepared

coatings are tested under the identical conditions in the controlled environment. From the

results, it is revealed that the microhardness and corrosion protection efficiency of the Zn/f -GNP

nanocomposite increases with increase in the GNP concentration in the ECD bath. By Taguchi

and regression analysis, it is found that the f -GNP concentration in the electrolyte is the most

influencing parameter of the process for microhardness and corrosion protection efficiency of the

Zn/f -GNP nanocomposite coatings. The addition of f -GNP decreases the crystallite size of the

coating and hence requires more power for penetration, which results in a rise in microhardness

[9]. More concentration of the zinc sulfate in the electrolyte results in an increase in the amount

of Zn in the Zn/f -GNP nanocomposite coatings and improves the microhardness value. Also,

f -GNPs act as an inert physical barrier to the initiation and growth of corrosion defects and

hence improving the corrosion resistance [224].

6.3 Effect of ECD parameters on microhardness and corrosion

protection efficiency of Zn/GNP nanocomposite coatings

We also studied the effect of ECD parameters such as pH, current, GNP concentration and

agitation to ECD bath on the microhardness and corrosion protection efficiency of the Zn/GNP

nanocomposite coating. Taguchi’s statistical method has been employed to design the experiments.

The available literature on Zn/GNP nanocomposite lacks any statistical investigation to conclude

on parameter, which may significantly influence mechanical and corrosion properties of the

Zn/GNP nanocomposite coating.

6.3.1 Experimental design

In the current investigation, pH, current, GNP concentration and agitation to ECD bath have

been selected as process variables. The fixed ECD parameter for the experimental study is listed

in Table 6.9. The respective process variable range selected for this study is listed in Table 6.10.

The experiments have been designed based on the Taguchi method, and the results have been

analyzed for microhardness and corrosion protection efficiency values of Zn/GNP nanocomposite

coatings. Based on the results of the above studies. Analysis of variances (ANOVA) studies

are performed to recognize the significances of process parameters. In the present work, we

have investigated as the maximum hardness and high corrosion protection efficiency (Rp) as

performance index and have chosen a larger-the-better S/N ratio for hardness and corrosion

protection efficiency Equation 6.4.

S

N
= −10log

1

N

∑ 1

yi2
. (6.4)
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where yi is Ni observation of response variable.

In ECD method, major parameters, which influence the quality of formed Zn/GNP nanocomposite

coating are 1) pH 2) current density 3) GNP concentration in the electrolyte and 4) agitation to

ECD bath. With the four parameters as variables and considering four levels of each variable, a

fractional factorial design of 16 experiments is done with L16 orthogonal array. Table 6.11 shows

the respective process variable with their corresponding levels with which the nanocomposite

coatings have experimented and optimization of microhardness and corrosion protection efficiency

using Taguchi was performed using MINITAB software. The L16 orthogonal array having four

parameters with four levels is selected to conduct experiments. The optimal level of the process

parameters is obtained by using Taguchi optimization technique and a mathematical model

is developed using regression analysis to predict the output from a selected range of process

parameters. The experimental output values are used to find the best combination of optimal

parameters. Here the objective is to maximize the microhardness and corrosion protection

efficiency of Zn/GNP nanocomposite coatings. The higher the value of microhardness and

corrosion protection efficiency better is the result. For the optimization of the process parameters

using the Taguchi method, the objective is taken as larger is better.

Table 6.9: Fixed ECD parameter for experimental study of nanocomposite coating fabrication

Fixed parameters Quantity
Electrodeposition time 60 min
Zinc sulfate 0.5 M
Ultrasonication time 60 min
Bath temperature 27 ± 2ºC

6.3.2 Statistical analysis of experimental results

The statistical modelling for the microhardness and corrosion protection efficiency of Zn/GNP

nanocomposite coatings prepared by ECD method has been studied and discussed. General first-

order models are developed for estimating the microhardness and corrosion protection efficiency

of the coatings. The models are developed by regression analysis of the experimental data as

listed in Table 6.11. The microhardness obtained for the coatings in all three sets of sixteen

experiments have been subjected to statistical analysis as given in Table 6.12. The analysis done

for the microhardness is given in Table 6.13. The microhardness of coatings is analyzed by using

Table 6.10: Input variables and their levels for experimental study of nanocomposite coating
fabrication.

Parameter No. Description Level 1 Level 2 Level 3 Level 4
A pH 3 3.5 4 4.5
B Current density (A/dm2) 2 4 6 8
C GNP concentration (mg/L) 25 50 100 200
D Agination (rpm) 150 250 350 450



Chapter 6. Process Parameter Optimization 124

Table 6.11: The basic Taguchi L16 orthogonal array

Exp. No. Parameters NotationA B C D
1 1 1 1 1 A1B1C1D1

2 1 2 2 2 A1B2C2D2

3 1 3 3 3 A1B3C3D3

4 1 4 4 4 A1B4C4D4

5 2 1 2 3 A2B1C2D3

6 2 2 1 4 A2B2C1D4

7 2 3 4 1 A2B3C4D1

8 2 4 3 2 A2B4C3D2

9 3 1 3 4 A3B1C3D4

10 3 2 4 3 A3B2C4D3

11 3 3 1 2 A3B3C1D2

12 3 4 2 1 A3B4C2D1

13 4 1 4 2 A4B1C4D2

14 4 2 3 1 A4B2C3D1

15 4 3 2 4 A4B3C2D4

16 4 4 1 3 A4B4C1D3

Table 6.12: Experimental results for microhardness and corrosion protection efficiency

Exp.
No.

Microhardness (HV) ηcorr(%)
Ist IInd IIIrd Average Ist IInd IIIrd Average

1 59.8 62.7 61.1 61.2 11.2 12.1 13.3 12.2
2 84.1 82.8 80 82.3 31.0 28.5 36.5 32
3 110.4 110.1 112.5 111 63.5 61.8 62.2 62.5
4 146.4 149.5 147.5 147.8 74.7 81.8 79.6 78.7
5 72.0 70.3 74 72.1 28.9 33.1 24.4 28.8
6 68.8 65.8 71.5 68.7 26.4 22.8 23.7 24.3
7 144.4 142.9 143.5 143.6 75.2 72.8 70.7 72.9
8 133.2 141.6 132 135.6 73.5 78.6 77.1 76.4
9 80.6 79.3 84.3 81.4 30.9 31.2 36.3 32.8
10 130.2 134.5 125 129.9 72.5 68.4 71.0 70.6
11 75.9 79.2 70.5 75.2 33.8 28.6 35.0 32.5
12 102.5 100.4 105.5 102.8 65.2 66.6 63.6 65.1
13 100.1 107.4 101.5 103 53.6 63.9 55.6 57.7
14 96.4 93.5 100.5 96.8 45.5 37.4 43.4 42.1
15 71.8 81.3 75.2 76.1 36.7 39.7 35.2 37.2
16 89.7 88.1 85.3 87.7 39.1 41.5 41.5 40.7
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Table 6.13: Analysis of variance for microhardness

Source DF Adj SS Adj MS F-Value P-Value R2

Regression 4 10963.0 2740.76 40.07 0.000 93.6
pH 1 271.6 271.58 3.97 0.072
Current density 1 3030.7 3030.72 44.31 0.000
GNP 1 7659.8 7659.79 112.00 0.000
Agitation 1 0.9 0.92 0.01 0.903
Error 11 752.3 68.39
Total 15 11715.4

Table 6.14: Analysis of variance for corrosion protection efficiency

Source DF Adj SS Adj MS F-Value P-Value R2

Regression 4 5940.04 1485.01 23.03 0.000 89.33
pH 1 14.88 14.88 0.23 0.640
Current 1 2248.26 2248.26 34.87 0.000
GNP 1 3524.27 3524.27 54.66 0.000
RPM 1 152.63 152.63 2.37 0.152
Error 11 709.29 64.48
Total 15 6649.33

variance analysis. The analysis is carried out by using the Taguchi method with significant values

of process parameters. The data obtained by this analysis are shown in Table 6.13.

The model was obtained after performing regression analysis which is given in Equation 6.5:

Microhardness = 50.6 + 1.840 A + 12.33 B + 0.3263 C + 0.0023 D (6.5)

where, microhardness in HV, A is the pH, B is the current (A), C is the amount of GNP

concentration (mg/L) and D is agitation (rpm).

The main effect plots of microhardness in terms of different processes parameter are shown in

Figure 6.3.

The analysis done for the corrosion protection efficiency is shown in Table 6.14. The corrosion

protection efficiency has been investigated by variance analysis. The study is carried out by using

the Taguchi method with significant values of process parameters. The data obtained by this

analysis are shown in Table 6.14.

The model was obtained after performing regression analysis which is given as Equation 6.6:

ηcorr = 13.4 + 0.431 A + 10.6 B + 0.2214 C + 0.0276 D (6.6)

where Rp represents corrosion protection efficiency in kΩ.cm2, A is the pH, B is the current

density (A/dm2), C is the amount of GNP concentration (mg/L), and D is agitation (rpm).

The analysis done for the corrosion protection efficiency is shown in Table 5. The deposition

height has been analyzed by using variance analysis. The study has been carried out using the

Taguchi method with significant values of process parameters. The data obtained by this analysis
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Figure 6.3: Main effect plot showing effect of process parameters on change in Microhardness.

Table 6.15: Experiments for the validation of the regression model developed by variance
analysis.

Sr. No. Process Parameters Microhardness (HV) ηcorr(%)

A B C D Regression
predicted Experimental Regression

predicted Experimental

1 3 4 50 450 122.7 120.5 ± 2.7 80.5 67.2 ± 1.9
2 4 1 100 150 103.2 98.1 ± 1.4 52.0 54.5 ± 1.0
3 4.5 2 25 150 92.7 94.7 ± 2.4 46.2 44.1 ± 1.5

are shown in Table 5.

The main effect plots of corrosion protection efficiency in terms of different process parameters

are shown in Figure 6.4.

For the validation of the developed regression model, a few numbers of experiments have been

carried out at random values of process parameters. The data for this set of experiments are

shown in Table 6.15.

The optimized values of process parameters for the maximum value of the microhardness and

corrosion protection efficiency are shown in Table 6.16.
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Figure 6.4: Main effect plot showing the effect of process parameters on change in corrosion
protection efficiency.

Table 6.16: The optimized values of process parameters for the maximum value of the
microhardness and corrosion protection efficiency of Zn/GNP nanocomposite coatings.

Parameter No. Description Value
A pH 3.5
B Current density (A/dm2) 4
C GNP concentration (mg/L) 200
D Agitation 350

Zn/GNP nanocomposite coatings are fabricated by a modified ECD method and tested for

microhardness and corrosion protection efficiency. The microhardness and corrosion protection

efficiency of prepared Zn/GNP nanocomposite coatings were investigated by using a microhardness

tester and potentiostat, respectively. All prepared Zn/GNP nanocomposite coatings are tested

under identical conditions in a controlled environment. The obtained results reveal that the

microhardness and corrosion protection efficiency of the Zn/GNP nanocomposite coatings increases

with increasing the GNP concentration in the ECD bath. By Taguchi and regression analysis,

it is found that the GNP concentration in the electrolyte is the most influencing parameter of

the process for microhardness and corrosion protection efficiency of the Zn/GNP nanocomposite
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coatings. The addition of GNP reduced the Zn matrix’s crystallite size and required more power

for penetration; hence, the microhardness is improved. A higher concentration of high-strength

GNP in the electrolyte increases improve the microhardness value in the Zn/GNP nanocomposite

[300]. The reinforcement of GNPs in the Zn matrix fills the defects such as several voids, gaps

and cracks owing to its nano size, which contributes to the outstanding resistance to the Zn/GNP

nanocomposite to undergo corrosion [301].

6.4 Conclusion

• Zn/f -GNP nanocomposite coatings were fabricated by M-ECD method followed by powder

metallurgy method and characterized for microhardness and corrosion protection efficeincy.

The statistical study of the effect of electro-co-deposition parameters on microhardness and

corrosion protection efficiency was carried out using Taguchi statistical method.

• The obtained results revealed that the GNP concentration in the ECD bath and current

supplied to ECD bath in the electrolyte significantly influenced the synthesis of GNP-

reinforced Zn matrix nanocomposite coatings.

• The other process parameters such as pH of the solution and agitation to ECD bath showed

less significance on the microhardness and corrosion protection efficiency of the Zn/f -GNP

nanocomposite.

• Also, Zn/GNP nanocomposite coatings were fabricated by ECD method and characterized

for microhardness and corrosion protection efficiency.

• The statistical study showed that the GNP concentration in the ECD bath and current den-

sity in the electrolyte had the greatest influence on the synthesis of Zn/GNP nanocomposite

coatings.

• The other ECD parameters such as the current supplied and pH of the electrolyte exhibited

a less significant effect on the microhardness and corrosion resistance.

• The optimized values of pH, current density, GNP concentration and agitation to ECD

bath for the maximum value of the microhardness and corrosion protection efficiency of

Zn/GNP nanocomposite are 3.5, 4 A/dm2, 200 mg/L and 250 rpm, respetively.
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Alloy−Zn/GNP Nanocomposites:

Synthesis and Properties

7.1 Overview

The alloying of Zn with other metals such as Cu (Copper)[173], Ni (Nickel) [301], Fe (Iron) [302],

Mg (Magnesium) [303], and others [304], in a Zn/GNP nanocomposite is a process of incorporating

these metals into the Zn matrix to enhance its properties. This can result in improved thermal

and electrical conductivity, increased strength and toughness, and improved corrosion resistance,

among others, depending on the specific combination of alloy matrix used. The process of

alloying with different metals can be achieved through various methods, including ball milling,

electro−co−deposition, and chemical vapour deposition. The resulting nanocomposite material

has potential applications in various fields such as energy storage, catalysis, and biomedicine.

In this study, Zn−Cu alloys have been considered as potential candidates for bioimplant applica-

tions due to their moderate corrosion rate and admirable mechanical properties with nontoxic

nature to the human body. However, with the incorporation of advanced reinforcements, such as

carbon allotropes, the properties and applicability of Zn−Cu alloy matrix can be further enhanced.

Here, GNP-reinforced Zn−Cu/GNP nanocomposites were synthesized through a modified electro

co−deposition method with different concentrations of GNP (25, 50 and 100 mg/L) in the ECD

bath. The prepared powder samples were compacted and sintered to form pellets. The pellets

were tested for mechanical and in−vitro corrosion. The obtained micro−hardness, compressive

yield strength (CYS) and ultimate compressive strength (UCS) of Zn−Cu/GNP (100 mg/L)

nanocomposite are 151 HV, 340 MPs and 362 MPa with the increment of 84.1%, 118% and 70.7%

compared to pure Zn−Cu alloy, respectively. The reduced wear rates and friction coefficients

of Zn−Cu/GNP nanocomposites attribute to crystallite size refinement and GNP content. The

electrochemical corrosion rate is reduced by 66.6% from 33 × 10−3 mm year−1 for pure Zn−Cu

alloy to 11 × 10−3 mm year−1 for Zn−Cu/GNP (100 mg/L) nanocomposites, owing to GNP

barrier protection. The in−vitro cytotoxicity assessment reveals that the prepared Zn−Cu/GNP

129
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nanocomposite is non−toxic for GNP concentration up to 50 mg/L in the ECD bath. The results

show that a non−toxic Zn−Cu/GNP nanocomposite with outstanding tribo−mechanical and

anti−corrosion properties can be synthesized by the proposed method.

In another study, low-cost and industrial scalable γ-Zn−Ni/GNP nanocomposite coatings were

electro-co-deposited from an acid-sulfate-based electrolyte bath. The microstructure, morphology,

composition, microhardness, wear performance, corrosion resistance and anti-bacterial properties

of the nanocomposite coatings were investigated in detail by comparing them with Zn-Ni alloy

coating. The XRD diffraction peaks of prepared coatings confirm the presence of the γ phase of

Zn-Ni alloy. Results suggested that the addition of GNP effectively reduced the crystallite size

and altered the morphology. As a result, the microhardness, wear performance and corrosion

resistance were improved significantly. The γ-Zn−Ni/GNP nanocomposite coating prepared with

100 mg/L of GNP addition in an electrolyte bath displayed the highest microhardness of 243 HV

and the lowest coefficient of friction of 0.32. The anti-bacterial activity tests confirmed that the

γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating has the highest anti-bacterial activity against

both Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).

7.2 Zn−Cu/GNP nanocomposites for biodegradable application

Nanomaterials and nanocomposites have emerged as suitable alternatives to overcome the

limitations of available alloys and nanocomposites and can be applied to various science and

engineering fields [8], [305], [306]. Compared to polymeric and ceramic nanocomposites, metallic

nanocomposites can deliver superior tribo−mechanical performance for bioimplant applications

[307], [308]. According to the literature, Zn−based alloys and nanocomposites have a moderate

corrosion rate compared to available Mg, and Fe-based alloys and nanocomposites, and their

implants can hold mechanical strength until the completion of their clinical role [288], [309], [310].

In practice, the addition of Cu enhances the tribo−mechanical properties of Zn matrix [311],

[312]. Cu is also an essential element of the human body and its deficiency can lead to aberrant

cardiac electrophysiology, abnormal glucose and cholesterol metabolism, and chronic immune and

neurobehavioral effects [313]. Tang et al. [312] reported that the mechanical properties (mainly

the plasticity) of Zn−Cu alloys are superior to the other reported Zn−based alloys such as Zn−X

(X = Mg, Sr, Ca) alloys. They also reported that the corrosion rate of Zn−xCu (x = 1–4 wt%)

alloys in simulated body fluid (SBF) medium vary from 26 × 10−3 mm year−1 to 33 × 10−3 mm

year−1, which is much lower compared to the reported Mg alloys. In another study, Niu et al.

[311] investigated the in−vitro cytotoxicity behavior of Zn−4%Cu and reported the acceptable

range of toxicity for human endothelial cells.

Huang et al. [314] have patented the Zn−xCu (x = 1–4 wt%) alloys prepared by as−cast alloying

method followed by hot processing. They reported that the Cu addition enhances the mechanical

properties of Zn−Cu alloy and for Zn−4%Cu alloy sample shows the ultimate tensile strength of

271 MPa. Also, they suggested that the corrosion rate of 0.18 mm year−1 in a Hank’s solution at
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37 °C is adequate for bioimplant applications such as bone plates and screws. However, It is also

reported that excessive Cu in human body causes neurodegenerative diseases in the human body,

including Alzheimer’s, Menkes, and Wilson disease [315].

This research uses the electro co−deposition method to synthesise Zn−Cu/GNP nanocomposite

powder. The purpose of the modified electro co−deposition method is to avoid the severe mechan-

ical mixing steps of ball milling during powder metallurgy and thus prevent structural damage to

GNP layers. Here, the ultrasonicated impermeable GNP layers are electrochemically mixed and

co−deposited with Zn2+ and Cu2+ on the cathode to form Zn−Cu/GNP nanocomposite powder.

The obtained Zn−Cu/GNP nanocomposite powder samples from the ECD bath are vacuum

dried, uniaxially compacted and sintered. The effects of GNP content on the microstructural,

morphological, tribo−mechanical and corrosion properties of Zn−Cu/GNP nanocomposite are

investigated systematically. The in−vitro cytotoxicity assessment is also conducted to compare

the toxicity of prepared nanocomposite samples with the increasing GNP concentrations in the

ECD bath.

7.2.1 Experimental details

7.2.1.1 Material

The metal salts and reagents were procured from Merck Specialties Pvt. Ltd. The graphene

(thickness 5–15 nm; surface area 500 m2g−1) were used as reinforcement and supplied by Alfa

Aesar. Deionized water of pH 6.9−7 was used for dilution of reagents and other cleansing

purposes.

7.2.1.2 Synthesis process

The ECD bath consisted of ZnSO4.7H2O (0.2M), CuSO4.5H2O (0.01 M), and Ethylenediaminete-

traacetic acid (0.15 M) (complexing agent). The GNP (25, 50, and 100 mg/L) was added to

the ECD bath under continuous magnetic stirring at 300 rpm for 20 minutes and followed by

sonication using direct probe sonication at 20 kHz, 500 W for one hour. Magnetic stirring and

direct probe sonication were provided to dissolve the reagents and unbound the agglomerated

GNP in the ECD bath. The experimental setup is illustrated in Figure 7.1a and b and working

is explained in chapter 3. The experimental parameters from Table 7.1 were followed during

the synthesis of nanocomposites. The agglomerated clouds of positively charged Zn2+ and Cu2+

metal ions along with the unbound GNP were co−deposited at exposed cathode tip to form

Zn−Cu/GNP nanocomposite. The dried powder nanocomposite samples were stored in an inert

atmosphere to avoid oxidation. The dried powder samples were uniaxially compacted at 400 MPa

and sintered using an electric furnace at 357 °C temperature (∼ 0.80 Tm, melting temperature

of Zn-Cu alloy matrix) for 60 min in an inert atmosphere then followed by furnace cooling, as

illustrated in thermal procedure in Figure 7.1c [316]. Pure Zn−Cu alloy samples were prepared

without adding GNP in the ECD bath.
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Figure 7.1: Synthesis process: (a) experimental setup; (b) co-deposition of Zn-Cu/GNP
nanocomposite; Sequence of the thermal procedure applied to sinter Zn-Cu/GNP nanocomposite

pellets. GNP is represented as Gr.

Table 7.1: ECD bath composition and process parameters

ECD parameters Bath composition
pH 10 ZnSO4.7H2O 0.2 M
DC current supply 6 A CuSO4.5H2O 0.01 M
Agitation 350 - 400 rpm EDTA 0.15 M
Run time 3 hours. GNP concentration 25, 50, and 100 mg/L
Temperature 37º C

7.2.1.3 Microstructural and morphological characterization

X−ray diffractometer (XRD) (Model RIGAKU MiniFlex−II model) (Cu K radiation, λ = 0.15418

nm) was used to observe the crystallite structure and crystallite size of prepared nanocomposite

samples. The diffraction data were collected with a scanning rate of 2 °min−1. The morphology

and chemical compositions of prepared nanocomposite samples were determined using field

emission scanning electron microscopy (FESEM, JEOL JSM − 6390 LV) with attached energy
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dispersive spectrometry (EDS).

7.2.1.4 Tribo−mechanical properties

Microhardness test prepared nanocomposite samples were conducted to investigate the effect

of GNP reinforcement on the plasticity of Zn−Cu alloy matrix, which indirectly reveals the

ability to resist wear loss. Mitutoyo HM−200 micro Vickers hardness testing machine was used

to measure the microhardness using a load of 20 g for 15 s on polished surfaces. The compression

test was conducted on uniaxially compacted and sintered nanocomposite samples to compare

the effect of GNP content on mechanical strength. The specimens of cylindrical shape (6 mm in

diameter by 12 mm in height) were tested as per ASTM standard E9. BISS UNO 100 universal

testing machine of 100 kN capacity was used for the compression test with the strain rate of

7×10−4 s−1.

The prepared nanocomposites were investigated for tribological performance using a tribometer

(DUCOM). The experimental setup for tribological tests consisted of pin−on−disk arrangement

with 6 mm diameter GCr−15 steel grade pin at a constant applied load of 5 N against the

rotating disk of the prepared nanocomposite sample. The disk was rotating at a constant speed

of 300 rpm with track diameter of 10 mm. The linear travel velocity of the pin was 0.157 m s−1

for 600 s under dry conditions (humidity 34%) at a temperature of about 27°C.

7.2.1.5 Corrosion test

The immersion test of prepared Zn−Cu/GNP nanocomposite samples was performed at 37º C

temperature in SBF (simulated body fluid), pH = 7.4 [317]. The immersion media was daily

replaced by a newly prepared SBF medium to maintain the pH constant. The samples were rinsed

by running DI water and ethanol subsequently to remove the degrades before measuring their

residual weight. The corrosion rate, CRWt (in mm year−1) was calculated after immersion of 14,

21, and 28 days of immersion in SBF solution using the following equation given in Chapter 3

[318].

An electrochemical process was also used to test the corrosion behavior of prepared Zn−Cu/GNP

nanocomposite samples via potentiodynamic polarization curves generated by potentiostat

(CHI604E Potentiostat, USA). A three−electrode system was adopted with the standard Ag/AgCl

cell as a reference electrode. The experimental tests were performed at 37º C temperature in

SBF, pH = 7.4. The range and scan rate were −0.4 V to +0.1 V and 0.5 mV s−1, respectively.

The corrosion current, Ecorr (in mV), corrosion current, Icorr (in A cm−2) and corrosion potential

were obtained from potentiodynamic polarization curves, and electrochemical corrosion rate,

CREC (in mm year−1) was calculated using the following equation given in chapter 3 [319].
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Table 7.2: EDS data of Zn-Cu/GNP nanocomposite samples

Samples Atomic percent/ % Weight percent/ %
Zn Cu C Zn Cu C

Zn-Cu/GNP (25 mg/L) 84.98 6.09 8.91 91.83 6.4 1.77
Zn-Cu/GNP (50 mg/L) 81.95 5.4 12.58 91.49 5.93 2.58
Zn-Cu/GNP (100 mg/L) 73.99 4.19 21.8 90.15 4.97 4.88

7.2.2 Results and Discussion

7.2.2.1 Microstructural and morphological behavior

The XRD patterns for pure Zn−Cu alloy and Zn−Cu/GNP nanocomposite samples are shown

in Figure 7.2a. The dominant crystal orientation of nanocomposite depends on the ECD

bath composition and process parameters. The XRD patterns of all prepared samples have

shown the intensity peaks for dominant hexagonal−close−packed Zn matrix (JCPDS Card No.

004–0831).12 Also, lower intensity peaks are obtained for face−centered−cubic Cu matrix (JCPDS

Card No. 003–1018) [312]. Compared to the XRD pattern of Zn−Cu alloy, the Zn−Cu/GNP

nanocomposite powder samples show peak broadening and shifting towards the higher angle

due to the micro−stresses caused by GNP content [298]. The crystallite sizes, d (in nm) of the

prepared nanocomposites were calculated using the Scherrer equation given in chapter 3. Here is

the X−ray wavelength with the value of 0.15418 Å, is the Bragg diffraction angle and is the line

broadening at half the maximum intensity for Zn (1 0 1) plane. Figure 7.2b shows the obtained

average crystallite sizes values for prepared powder samples correspond. After reinforcement of

GNP, the average crystalline size was reduced by 18.5% from 44.39 nm for pure Zn−Cu alloy to

36.17 nm for Zn−Cu/GNP (100 mg/L) nanocomposites powder sample. The reduced crystallite

size was attributed to the reinforcement of impermeable GNP layers in the alloy matrix, which

hindered the process of large crystallite size formation of Zn−Cu/GNP nanocomposite during

electrochemical mixing and co−deposition.

The surface morphology of prepared pure Zn−Cu alloy and Zn−Cu/GNP nanocomposite powder

samples was studied by FESEM. FESEM image from Figure 7.3a appeared with thin chip shapes

of pure Zn−Cu alloy sample. However, the electrochemical mixing and co−deposition of GNP

layers and alloy matrix disappeared the chip shapes of Zn−Cu alloy matrix, and the clusters of

Zn−Cu/GNP nanocomposite appeared in the FESEM image, from Figure 7.3b–d. EDS data

revealed the atomic and weight percentage of individual elements of Zn−Cu/GNP nanocomposite

powder samples (from Figure 7.4a–c and Table 7.2). Here, it was observed that the obtained

content of carbon gradually varied from 1.77 wt. % to 4.88 wt. % by changing the graphene

concentration from 25 mg/L to 100 mg/L of ECD bath, respectively. Also, EDS data confirms

the uniform dispersion of GNP layers across Zn−Cu/GNP nanocomposite clusters, as shown in

Figure 7.4a–c. The uniform dispersion of GNP layers can serve as a barrier for the dislocation

movement and protect the metal alloy matrix from a corrosive environment.
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Figure 7.2: (a) XRD patterns; (b) crystallite sizes of pure Zn-Cu alloy and Zn-Cu/GNP
nanocomposite powder samples. GNP is represented as Gr.

7.2.2.2 Tribo−mechanical properties

The microhardness of compacted and sintered polished nanocomposite samples is shown in

Figure 7.5a. Compared to pure Zn−Cu alloy, higher microhardness values were observed in

Zn−Cu/GNP nanocomposite for all GNP concentrations. The average microhardness increased

by 84.14% from 82 HV for pure Zn−Cu alloy samples to 151 HV for Zn−Cu/GNP (100 mg/L)

nanocomposite samples. Here, the GNP content reduces the crystallite size of Zn−Cu/GNP

nanocomposite and imparts grain−strengthening effect which helps to reduce the dislocation

movement in nanocomposite. The higher shear strength GNP layers across the Zn−Cu/GNP

nanocomposite clusters serve as a resistant barrier to the dislocation movement in the nanocom-

posite, which further improves the average microhardness [268].

General compression tests were conducted for Zn−Cu/GNP nanocomposite samples to inves-

tigate the strengthening behavior offered by GNP content. Figure 7.5b shows the engineering

stress−strain curves obtained from the compression test of cylindrical specimens of pure Zn−Cu
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Figure 7.3: FESEM images: (a) pure Zn-Cu; (b-c) Zn-Cu/GNP nanocomposite for all prepared
concentrations of Gr: (b) 25 mg/L; (c) 50 mg/L; (d) 100 mg/L.

alloy and Zn−Cu/GNP nanocomposite samples. The compressive yield strength (CYS), ultimate

compressive strength (UCS) and compressive strain (εc) of pure Zn−Cu alloy and Zn−Cu/GNP

nanocomposite are tabulated in Table 7.3. The obtained value of CYS and UCS increased by

118.5% and 70.7% from 156 MPa and 212 MPa for pure Zn−Cu alloy to 341Mpa and 362 MPa

for Zn−Cu/GNP (100 mg/L) nanocomposite sample, respectively, which revealed that the GNP

content in Zn−cu nanocomposite increased the compressive strength. Whereas, εc reduced by

53.4% from 0.58 for pure Zn−Cu alloy to 0.27 for Zn−Cu/GNP nanocomposite. The improvement

in compressive strength is directly associated with (i) aspect ratio of GNP layers, (ii) interfacial

bonding between GNP layers and Zn−Cu alloy matrix, and (iii) uniform distribution of GNP

layers in Zn−Cu alloy matrix. It is reported that the wrinkled morphology of GNP layers tends

to straighten and flatten during plastic deformation under uniaxial load, which offers initial

ductility in nanocomposite after that, increases the stress concentrations. However, higher GNP

concentrations in the ECD bath promote low aspect ratio GNP layers in Zn−Cu alloy matrix and

thus increase the chance of crack propagation, impart brittleness and cause a brittle fracture in

Zn−Cu/GNP nanocomposite samples. Another reason for brittle facture is the dominance of the

brittle hexagonal−close−packed Zn at room temperature over the ductile face−centered−cubic

Cu across the Zn−Cu/GNP nanocomposite.

The friction coefficient graphs for prepared samples are shown in Figure 7.5c. The graphs were

distinct, stable and comparable after 150 s. The prepared Zn−Cu/GNP nanocomposites samples

were shown smoother graphs with significantly lower average values than that of pure Zn−Cu

alloy i.e. 0.64. The lowest measured average value of friction coefficient was 0.34 for Zn−Cu/GNP

(100 mg/L). The decrease in friction coefficient with increasing the GNP content is attributed
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Figure 7.4: EDS of Zn-Cu/GNP nanocomposite powder for different concentration of Gr: (a)
25 mg/L; (b) 50 mg/L; (c) 100 mg/L.
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Figure 7.5: Tribo-mechanical properties of pure Zn-Cu alloy and Zn-Cu/GNP nanocomposites:
(a) microhardness; (b) engineering stress-strain curves; (c) friction coefficient graphs; (d) Specific

wear rate. GNP is represented as Gr.

Table 7.3: Mechanical properties of pure Zn-Cu alloy and Zn-Cu/GNP nanocomposite samples

Samples Microhardness/ HV Compressive strain
82 ± 1.5 156 ± 2 212 ± 3 0.58 ± 0.02 Cu C

Zn-Cu/GNP (25 mg/L) 110 ± 3 224 ± 3 283 ± 3 0.39 ± 0.01 6.4 1.77
Zn-Cu/GNP (50 mg/L) 139 ± 1 239 ± 1 298 ± 2 0.35 ± 0.01 5.93 2.58
Zn-Cu/GNP (100 mg/L) 151 ± 2.5 341 ± 1 362 ± 2 0.27 ± 0.01 4.97 4.88

to the increasing microhardness of nanocomposite and the outstanding solid−solid lubrication

offered by the graphitic structure of GNP layers [320].

In general, the wear performance of the nanocomposites depends on various experimental

parameters such as the applied load, pin hardness and diameter, relative speed between pin and

disk, overall sliding distance, and test conditions (such as dry and wet) [321]. The obtained

specific wear rate values are shown in Figure 7.5d, which reveals that the wear performance of

Zn−Cu/GNP nanocomposite samples enhances with an increased GNP concentration in the

ECD bath. The specific wear rate decreased by 41.32% for Zn−Cu/GNP (100 mg/L) than pure

Zinc, respectively. Here, the grain−strengthening effect due to reduced crystallite size improves

the nanocomposite’s microhardness, enhancing the wear performance [320].
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Table 7.4: Electrochemical corrosion parameters of pure Zn-Cu alloy and Zn-Cu/GNP nanocom-
posite samples

Sample Ecorr

(mV)
Icorr
(µ A/cm2)

βa

(mV/decad)
βc

(mV/decad) ηcorr(%)

Zn-Cu -219.4 1.605 243.3 246.1 0
Zn-Cu/ GNP (25 mg/L) -262.8 1.310 200.1 157.1 18.3
Zn-Cu/ GNP (50 mg/L) -198.2 1.252 245.3 312.9 21.9
Zn-Cu/ GNP (100 mg/L) -169.9 0.921 88.1 191.3 42.6

7.2.2.3 Corrosion behavior

The electrochemical corrosion properties of the prepared nanocomposite samples found from the

potentiodynamic polarization curve shown in Figure 7.6a are listed in Table 7.4. The Icorr values

of Zn–Cu/GNP nanocomposites get gradually decreased compared with increase in GNP content

in nanocomposite (see Table 7.2 and Table 7.4) to pure Zn−Cu alloy.

Figure 7.6: Corrosion behaviour of pure Zn-Cu alloy and Zn-Cu/GNP nanocomposite samples:
(a) potentiodynamic polarization curves; (b) electrochemical corrosion rate; (c) corrosion rate

after immersion of 14, 21 and 18 days. GNP is represented as Gr.

From Figure 7.6b, the pure Zn−Cu alloy exhibited highest CREC value of 33 × 10−3 mm year−1,

which decreased by 66.67% for Zn−Cu/GNP nanocomposite with lowest CREC value of 11 ×

10−3 mm year−1. The obtained values of electrochemical corrosion for prepared Zn−Cu/GNP

nanocomposites are lower compare to the reported values of Zn−xCu (x = 1–4 wt%) alloys,14

which is about 29 ± 3 × 10−3 mm year−1 in SBF solution. The variation of CRWt with immersion
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time is shown in Figure 7.6c. The obtained data reveals that for 14 days of immersion time

CRWt decreased significantly with increasing GNP concentration in the ECD bath. Also, the

CRWt for all nanocomposite samples decreased significantly after 14 days and tended toward

stable values, which indicates the formation of protective corrosion products. Here, the corrosion

product on the surface and well−distributed impermeable GNP in Zn−Cu alloy matrix act as a

Figure 7.7: FESEM images of Zn-Cu/GNP nanocomposite sample after immersion in SBF
solution for 28 days; (a-b) 25 mg/L; (c-d) 50 mg/L; (e-f) 100 mg/L and (g) XRD pettern of
Zn-Cu/GNP (100 mg/L) nanocomposite sample after immersion in SBF solution for different

times.
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barrier for the corrosion attack [322]. In addition, the decreased crystallite size (from Figure 7.2b)

of Zn−Cu/GNP nanocomposites attributed to reducing the formation of local micro−galvanic

cells at pits, voids, and cracks which further reduced the corrosion of prepared nanocomposites.15

The results coincide with the XRD patterns, clearly testifying by the intensity of XRD peaks the

corrosion products on the surface of Zn−Cu/GNP (100 mg/L) nanocomposite samples exposed

in SBF solution for different immersion times.

Figure 7.7a−f illustrates the corroded surface morphology of Zn−Cu/GNP nanocomposite samples

after immersion in SBF solution for 28 days. For Zn−Cu/GNP (25 mg/L) nanocomposite sample,

the pores and void are clearly visible on the surface (see Figure 7.7a−b). For 50 mg/L of GNP in

the ECD bath, the sample showed reduced sizes and numbers of the pores and voids on the surface

morphology which certainly improve the corrosion performance (see Figure 7.7c−d). Further

increasing GNP concentration in the ECD bath up to 100 mg/L, the nanocomposite shows very

few and small pits and voids (see Figure 7.7e−f), which provides strong barrier protection to

the nanocomposite and slower the rate of corrosion. Figure 7.7g describes the XRD pattern of

Zn−Cu/GNP (100 mg/L) nanocomposite exposed in SBF solution for the different immersion

times. Along with the XRD peaks corresponding to Zn, the peaks of the corrosion product of Zn

such as ZnO, Zn(OH)2 and Zn5(OH)8Cl.H2O appear in the profile. The intensity strengthened

with extension in immersion time, and the peaks become dominant after of 28 days immersion

time. The XRD peaks for copper corrosion products such as Cu2O and CuO also became stronger

with the prolonging of time. The strengthening of XRD peaks confirms the increasing amount of

corrosion products with an increase in immersion time [266].

7.2.2.4 in−vitro cytotoxic assessment

The toxicity of GNP-reinforced nanocomposites depends on the complex interplay of its physico-

chemical properties like shape, size, dose of administration, and exposure times [323]. From the

cell viability analysis of 72 hours, it was observed that the IC50 of prepared nanocomposites was

around 60 g mL−1 to 80 g mL−1 concentrations. Cell viability was comparable with that of the

control cells, as evident from Figure 7.8. The experiments were performed in triplicates, and

obtained results were statistically significant for nanocomposite samples (up to 50 mg/L of GNP

concentration in ECD bath) without showing much cytotoxicity over the primary keratinocyte

cells. The cell viability with Zn−Cu/GNP (100 mg/L) nanocomposite sample was also analyzed

but showed significant cytotoxicity because the higher GNP concentration damages the mito-

chondrial activity associated with the plasma membrane and eventually leads to toxicity, and cell

death [324].

7.2.3 Summary for prepared Zn−Cu/GNP nanocomposite

The synthesis of Zn−Cu/GNP nanocomposite powder with uniformly distributed GNP layers has

been achieved using modified electro co−deposition method. FESEM images of nanocomposites
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Figure 7.8: Cell viability assay of pure Zn-Cu alloy and Zn-Cu/GNP nanocomposite samples.
GNP is represented as Gr.

powder samples confirmed that during the synthesis, the impermeable GNP layers along with

Zn and Cu were co−deposited to form clusters of Zn−Cu/GNP nanocomposites. The uniform

distribution of GNP in prepared nanocomposite was confirmed by EDS of Zn−Cu/GNP nanocom-

posite powder samples. The microstructural Study by XRD of the prepared nanocomposite

confirmed that crystallite size decreased when GNP concentration in the ECD bath increased,

which imparts grain strengthening. The grain strengthening effect enhanced tribo−mechanical

properties. However, the compressive strain in pure Zn−Cu alloy decreased by 53.4% for rein-

forcement of 100 mg/L of GNP concentration in the ECD bath. The impermeable GNP layers

on the surface of nanocomposite provided barrier protection from corrosive OH− and Cl− attack

and the electrochemical corrosion rate of prepared nanocomposite samples decreased by 66.67%

for Zn−Cu/GNP nanocomposite up to 11×10−3 mm year−1 with increased GNP content in the

nanocomposite. The material has shown non−cytotoxicity up to 50 mg/L of GNP concentration

in the ECD bath.

7.3 Antibacterial γ-Zn−Ni/GNP nanocomposite coatings

In recent years, Zn coatings have been studied extensively and widely used for the protection

of steel surfaces from corrosion [181], [325]. However, extensive efforts have been devoted to

the enhancement of mechanical strength and corrosion resistance of Zn coating to prolong its

service life in harsh working conditions. Generally, the functional properties of Zn coating can
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be enhanced by alloying with high-strength metals or by the addition of reinforcing elements.

Several Zn alloy coatings such as Zn-Ni [326], Zn-Fe [327], Zn-Cu [173], [328] and Zn-Co [329]

have been developed and investigated for their mechanical, wear and corrosion properties. Among

these, Zn-Ni alloy coatings have been extensively researched owing to high tribo-mechanical,

anti-corrosive and anti-bacterial properties [330]–[332].

Various approaches, such as plasma-spraying, thermal-spraying, electroless plating, physical vapor

deposition (PVD), chemical vapor deposition (CVD) and electro-co-deposition have been used to

fabricate nanocomposite coatings [147]. Here, electro-co-deposition is considered an economical,

convenient and scalable method to produce nanocomposite coatings [16], [299]. As per Brenner’s

classification on Zn–Ni alloy electrodeposition, the deposition follows anomalous co-deposition

when zinc, the less noble metal, is preferentially deposited [333]. Wherein, the presence of Ni

content remarkably influences the tribo-mechanical and anti-corrosion properties of Zn–Ni alloy.

Beltowska-Lehman et al. [334] have reported that the Zn–Ni alloy deposit with 8%–14% Ni

content mostly exhibits single γ-phase that can give corrosion protection of 5 to 6 times superior

to that of pure Zn deposits. Furthermore, the mechanical strength and anti-corrosion behavior of

Zn-Ni alloy coatings can be enhanced by reinforcing the nanofillers such as TiO2 [335], Al2O3

[38], SiO2 [336], SiC [337] and CNTs [338] have been added to them. However, the anti-bacterial

properties of Zn–Ni alloy and nanocomposite coatings were less investigated. Researchers have

synthesized the Zn-GNP coatings using electro-co-deposition method [55], [174], [274], [294],

but the tribo-mechanical, anti-corrosion and anti-bacterial performance of Gr-based Zn alloy

coatings require to be more investigated. In this study, Gr-reinforced γ-Zn−Ni alloy matrix

nanocomposite coatings were prepared by using electro-co-deposition method. The effects of

different concentrations of GNP in the acid-sulfate bath on the microstructural, morphological,

tribo-mechanical, corrosion and anti-bacterial properties of prepared nanocomposite coatings

were studied in detail.

7.3.1 Experimental procedure

The electrolyte bath was prepared from AR/GNP grade chemicals and deionized (DI) water. The

γ-Zn−Ni alloy coating was deposited from an acid-sulfate bath consisting of ZnSO4.7H2O (0.5

M), NiSO4.6H2O (0.5 M), Na2SO4 (40 g/ L) and H3BO3 (24 g/ L). For depositing γ-Zn−Ni/GNP

nanocomposite coatings, GNP (25, 50 and 100 mg/L) was added in the bath under constant

magnetic stirring at 400 rpm for 20 min, and subsequently, the electrolyte bath was ultrasonically

stirred for 60 min to break the agglomeration of GNP. Further, the electrolyte pH value was

adjusted to 4 ± 0.1, and the temperature was 40 ± 1ºC. The deposition was performed under

magnetic stirring at 350 rpm for 60 min. Table 7.5 lists the electrolyte bath composition and

electrodeposition parameters used in this study. The stainless-steel plate with a dimension of 15

× 20 × 2 mm was employed as a cathode, and the Pt rod was employed as an anode. Prior to

deposition, the stainless-steel substrate was polished mechanically using abrasive paper (320, 800
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Table 7.5: The electrolyte bath composition and electrodeposition parameters.

Electrolyte bath composition
ZnSO4.7H2O 0.5 M
NiSO4.6H2O 0.5 M
Na2SO4 40 g/ L
H3BO3 24 g/ L
Gr 0, 25, 50 and 100 mg/L
Electrodeposition parameters
pH 4 ± 0.1
Current density 4 A/ dm2

Temperature 40 ± 1 °C
Stirring speed 350 rpm
Plating time 60 min

and 2500 grades sequentially) and subsequently cleaned using acetone and DI water to remove

oil or any contamination on the surface. The schematic diagram for electro-co-deposition of

γ-Zn−Ni/GNP nanocomposite coatings is shown in Figure 7.9.

Scanning electron micrograph analysis of prepared coatings and compositional study were

performed by FEI-Apreo-S field emission scanning electron microscopy (FESEM) fitted with

built-in energy dispersive spectroscopy (EDS). The X-ray diffraction scanning of prepared coatings

was carried out on RIGAKU MiniFlex-II X-ray diffractometer (XRD) with Cu Ka radiation at a

scanning rate of 0.5 °C s−1. Microhardness of prepared coatings was measured by Mitutoyo HM

200 Micro Vicker hardness tester at a load of 20 g for 15 s. Wear rate of prepared coatings was

calculated by DUCOM tribometer with a pin on disc arrangement. The pin was GCr15 steel

with a diameter of 6 mm. The coefficient of friction (COF) was continuously recorded under a

load of 5 N for 10 min at ambient temperature without lubrication. The wear track radius and

sliding speed were 5 mm and 300 rpm, respectively. The wear weight loss was determined using

a digital balance with an accuracy of 0.0001 g. The corrosion performances of prepared coatings

were electrochemically evaluated by CHI604E potentiostat with a three-cell arrangement under

3.5 wt.% of NaCl solution at 27 °C temperature. In-vitro anti-bacterial activity of prepared

coatings was evaluated against gram-positive bacteria Staphylococcus aureus (MTCC 96) and

gram-negative bacteria E. coli (MTCC 1652). The prepared coatings were washed by running

water and ethanol followed by dry heating at 120 °C to sterilize before testing the in-vitro

anti-bacterial activity. The Zone of Inhibition (ZOI) for prepared coatings was determined by

the modified Agar disc diffusion method as defined by the National Committee for Clinical

Laboratory Standards (1993). Each Bacterial Strain was grown in Luria Broth Media (Himedia

Laboratories, India). 100 L of overnight grown bacterial culture (107 cfu mL−1) was spread

using a sterile spreader. The plates were kept on incubation at 37 °C for overnight under aerated

conditions, and the zone of inhibition (ZOI) around the prepared coating samples was measured

in mm.
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Figure 7.9: Schematic diagram of electro-co-deposition of γ-Zn−Ni/GNP nanocomposite
coating. GNP is represented as Gr.
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7.3.2 Results and discussion

7.3.2.1 XRD analysis

Figure 7.10 demonstrates the XRD diffraction pattern of prepared coatings. The XRD diffraction

pattern of all prepared coatings identified as reflections of body-centered cubic (bcc) γ-phase

structure (Ni5Zn21) (according to JCPDS card No. 6-0653) [339], and no other phase of Zn-Ni

alloy matrix can be recognized. The single bcc γ-phase structure of Zn-Ni alloy is reported

as desirable for better tribo-mechanical and anti-corrosion performance as compared to other

intermetallic phase structures of Zn-Ni alloy [340]. It was observed that the reflected peaks of

the prepared γ-Zn−Ni/GNP nanocomposite coating was slightly shifted toward a higher angle

and broadened on increasing GNP concentration in the electrolyte bath. The shifting of XRD

peaks may associate with mainly two reasons: (i) lattice distortion or micro strain developed due

to reinforcement of GNP in γ-Zn−Ni alloy nanocomposite coating (ii) change in the composition

of γ-Zn−Ni/GNP nanocomposite [169]. Moreover, the peak broadening was associated with the

polycrystalline nature of GNP and crystallite size refinement [300]. The crystallite size (D) for

all prepared coatings was determined from the (3 3 0) peak using Scherrer equation given in

Chapter 3.

Figure 7.10: XRD patterns of γ-Zn−Ni/GNP nanocomposite coatings. GNP is represented as
Gr.

The calculated crystallite sizes of all prepared coatings are reported in Table 7.6. The result

indicates that after reinforcement of GNP, the D value of γ-Zn−Ni alloy coating decreases

from 20.63 nm to 11.58 nm. The γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating exhibits

the minimum D value of 11.58 nm. The GNP could provide nucleation sites for Zn and Ni
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Table 7.6: Crystallite size and composition of prepared coatings.

Coating Crystallite size (nm) C (wt.% )
γ-Zn−Ni 20.63 ± 0.5 -
γ-Zn−Ni/GNP (25 mg/L) 16.13 ± 0.4 1.61 ± 0.12
γ-Zn−Ni/GNP (50 mg/L) 12.74 ± 0.8 2.86 ± 0.14
γ-Zn−Ni/GNP (100 mg/L) 11.58 ± 0.6 4.73 ± 0.20

deposition, and hence hinder the crystal growth and consequently decrease the crystallite size of

the nanocomposite coating.

7.3.2.2 SEM and EDS analysis

The effects of different concentrations of GNP on the surface morphology of γ-Zn−Ni/GNP

nanocomposite coatings are shown in Figure 7.11a-h. The γ-Zn−Ni alloy coating surface is

relatively smooth (see Figure 7.11a and b) compared to γ-Zn−Ni/GNP nanocomposite coatings

(see Figure 7.11c-h). The surface morphology of the γ-Zn−Ni alloy coatings consists of a nodular

structure of grouped pyramidal clusters and hexagonal plates. As seen in Figure 7.11c-h, the

γ-Zn−Ni/GNP nanocomposite coatings’ surface morphology became coarser with a smaller

nodule size by increasing the electrolyte bath GNP concentration from 25 mg/L to 100 mg/L.

The incorporation of GNP changed the surface morphology of γ-Zn−Ni/GNP nanocomposite

coatings to hexagonal crystals oriented perpendicularly to the substrate surface. The variation in

the electrolyte bath GNP concentration significantly decreased the crystallite dimensions due

to the rise in nucleation sites for crystal growth during the deposition process, consequently

changing the surface morphology.

Figure 7.12 shows EDS mapping and corresponding EDS spectrum of γ-Zn−Ni alloy and γ-

Zn−Ni/GNP nanocomposite coatings. The surface elements of γ-Zn−Ni alloy are mainly Zn, Ni

and O, as shown in Figure 7.12a. Form Figure 7.12b and d, the main elements on the surface of

the γ-Zn−Ni/GNP nanocomposite coatings are Zn, Ni, C and O. As the concentration of GNP

in the electrolyte bath increases from 25 mg/L to 100 mg/L, the content of carbon gradually

increases from to 1.61 wt.% to 4.73 wt.% (see Table 7.6). This may be attributed to the fact that

when the amount of GNP in the electrolyte bath is higher, the GNP have more opportunities

to be reinforced into the γ-Zn−Ni alloy matrix36. Furthermore, previous research has revealed

that GNP can absorb Ni ions on their defective sites [341]. Thereby, during the deposition

process, GNP slightly affected the Ni/Zn ratio. Thus, the increase in GNP concentration from 25

mg/L to 100 mg/L in the electrolyte bath slightly increased the Ni/Zn ratio of γ-Zn−Ni/GNP

nanocomposite coating by 1% than that of γ-Zn−Ni alloy coating, which can hardly influence

the properties of the resulting nanocomposite coatings studied here.
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Figure 7.11: SEM observation of γ-Zn−Ni/GNP nanocomposite coatings electrodeposited at
various concentrations of GNP :(a, b) 0 mg/L, (c, d) 25 mg/L, (e, f) 50 mg/L and (g, h) 100

mg/L, respectively.
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Figure 7.12: EDS mapping of γ-Zn−Ni/GNP nanocomposite coatings electrodeposited at
various concentrations of GNP :(a) 0 mg/L, (b) 25 mg/L, (c) 50 mg/L and (d) 100 mg/L,

respectively.

7.3.2.3 Microhardness testing

The microhardness measurements of both γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocomposite

coatings are illustrated in Figure 7.13. It can be observed that the microhardness values of

γ-Zn−Ni/GNP nanocomposite coatings are higher than that of γ-Zn−Ni alloy coating. With the

increase in the concentration of GNP in the electrolyte bath, the hardness of the γ-Zn−Ni/GNP

nanocomposite coatings increases. Here, γ-Zn−Ni/GNP nanocomposite coatings prepared at 25

mg/L and 50 mg/L of concentration of GNP in the electrolyte bath have microhardness values of

191 HV and 218 HV, respectively. Also, γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating has

shown 243 HV of microhardness with a remarkable increase of 69.93 % than that of γ-Zn−Ni

alloy coating (143 HV). From the XRD results, the crystallite size of the nanocomposite coating

is decreased due to the reinforcement of GNP into the γ-Zn−Ni alloy matrix. According to

the Hall-Petch equation, the hardness of coating increases with the decrease in the crystallite

size due to grain boundary strengthening. Hence, the enhancement in the microhardness of

γ-Zn−Ni/GNP nanocomposite coatings is attributed to the crystallite size refinement, nano-sized

GNP content in the γ-Zn−Ni alloy matrix and the outstanding properties of GNP.
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Figure 7.13: Microhardness results for γ-Zn−Ni and γ-Zn−Ni/GNP nanocomposite coatings.
GNP is represented as Gr.

7.3.2.4 Wear performance

The coefficient of friction (COF) versus time graph of γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocom-

posite coatings is shown in Figure 7.14a. As shown in Figure 7.14a, the average COF of γ-Zn−Ni

alloy coating is 0.65. With the increase in the concentration of GNP in the electrolyte bath

from 25 mg/L to 100 mg/L, the average COF of the γ-Zn−Ni/GNP nanocomposite coatings

is gradually decreased from 0.51 to 0.32. The decrease in the average COF of γ-Zn−Ni/GNP

nanocomposite coatings is attributed to the increase in the GNP content inside the coating, as

observed in the EDS analysis (see Table 7.6). During the sliding test of the γ-Zn−Ni/GNP

nanocomposite coating, a thin layer for slip containing GNP forms at the interface by the γ-Zn−Ni

alloy matrix and acts as a solid lubricant. The result is a significant decrease in the COF of

prepared nanocomposite coatings than that of γ-Zn−Ni alloy coating.

Figure 7.14b presents the specific wear rate of γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocomposite

coatings. It can be seen from Figure 7.14b that the γ-Zn−Ni/GNP nanocomposite coating

exhibited lower wear-loss than that of γ-Zn−Ni alloy coating. The wear-loss of prepared

nanocomposite coatings decreases with an increase in Gr’s concentration in the electrolyte

bath. Here, γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating shows a minimum wear loss.

This reveals that self-lubricating γ-Zn−Ni/GNP nanocomposite coating shows excellent wear

resistance under dry friction condition.
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Figure 7.14: (a) Coefficient of friction and (b) specific wear rate for γ-Zn−Ni and γ-Zn−Ni/GNP
nanocomposite coatings. GNP is represented as Gr.

Table 7.7: Corrosion parameters of γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocomposite coatings.

Coating Icorr
(A/ cm2)

βa

(mV/ decade)
-βc

(mV/ decade)
Rp

(kΩ cm2)
γ-Zn−Ni/GNP 0.398 ± 0.05 29.6 ± 2.0 36.3 ± 4.8 17.78 ± 1.6
γ-Zn−Ni/GNP (25 mg/L) 0.282 ± 0.02 34.7 ± 2.8 46.9 ± 2.1 30.70 ± 3.3
γ-Zn−Ni/GNP (50 mg/L) 0.251 ± 0.02 45.6 ± 3.2 75.5 ± 6.3 49.18 ± 2.9
γ-Zn−Ni/GNP (100 mg/L) 0.151 ± 0.01 39.9 ± 5.0 104.7 ± 8.1 83.07 ± 1.1

3.5 Corrosion performance The electrochemical corrosion test of γ-Zn−Ni alloy and γ-Zn−Ni/GNP

nanocomposite coatings were performed in a 3.5 wt.% NaCl solution with the scanning corrosion

potential ranging from -1.2 V to -0.5 V at a scan rate of 10 mV s−1. The Tafel plots are depicted

in Figure 7.15, and the extracted electrochemical parameters such as Ecorr (corrosion potential),

Icorr (corrosion current density), Rp (polarization resistance) are tabulated in Table 7.7. When

increasing GNP concentration, the Ecorr value is shifted positively and Icorr value is decreased

significantly, indicating improvement in the corrosion resistance.

In Table 7.7, the highest Rp value for γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating (83.07

kΩ cm2) is attributed to the GNP reinforcement into the γ-Zn−Ni alloy matrix, which acts

as a barrier to the electrochemical interaction between γ-Zn−Ni alloy matrix and corrosive

environment. Also, these smaller crystallite-size γ-Zn−Ni/GNP nanocomposite coatings reduce

the chances of forming voids, pits and cracks at the surface, which ultimately reduces the

formation of local micro-galvanic cells and hence improve the anti-corrosion performance.

7.3.2.5 Anti-bacterial performance

In this study, the anti-bacterial activities of the prepared coatings against both gram-positive

(S. aureus) and gram-negative (E. coli) bacteria were investigated, and results are presented in

Table 7.8. The obtained ZOI values range from 18 mm to 26 mm for gram-positive bacteria and
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Figure 7.15: Tafel polarization curves of coatings in artificial seawater. GNP is represented as
Gr.

Table 7.8: Anti-bacterial activities of γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocomposite
coatings against selected bacte-rial strains.

Coating Zone of inhibition (mm)
S. aureus E. coli

γ-Zn−Ni/GNP 18 ± 1.5 15 ± 1.5
γ-Zn−Ni/GNP (25 mg/L) 20 ± 1 17 ± 0.5
γ-Zn−Ni/GNP (50 mg/L) 24 ± 1 20 ± 0.5
γ-Zn−Ni/GNP (100 mg/L) 26 ± 0.5 23 ± 1.5

1.5

15 mm to 23 mm for gram-negative bacteria. It can be observed from the results that ZOI value

for the prepared coatings increases with an increase in GNP concentration in the electroplating

bath. The maximum ZOI value was found for γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating

i.e. 23 mm for gram-negative bacteria and 26 mm for gram-positive bacteria. It is reported that

the micro- or nano-sized flakes of factionalized GNP in the coating are responsible for bacterial

interactions that induce the inactivation of bacterial cells by physical and oxidative damages.

Hence, the prepared coating samples have shown an increase in anti-bacterial activities with an

increase in GNP concentration in the electroplating bath.

7.3.2.6 Summary for prepare γ-Zn−Ni/GNP nanocomposite coatings

In this study, γ-Zn−Ni/GNP nanocomposite coatings were prepared on stainless steel using electro-

co-deposition method. The microstructural, mechanical, wear, anti-corrosion and anti-bacterial
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properties of γ-Zn−Ni alloy and γ-Zn−Ni/GNP nanocomposite coatings were investigated as

a function of GNP concentration in the electrolyte bath. The XRD analysis shows that the

only desirable bcc γ-phase structure (Ni5Zn21) of the γ-Zn−Ni alloy matrix is obtained for all

prepared coatings. The microhardness and wear performance of the prepared nanocomposite

coatings gradually improved with the increasing GNP concentration in the electrolyte bath. Here,

microhardness and COF values for γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating are 243

HV and 0.32, which are 69.93 % higher and 50.76 % lower than that of γ-Zn−Ni alloy coating,

respectively. Simultaneously, anti-corrosion and anti-bacterial performance also improved with

the increasing concentration of GNP in the electrolyte bath. The impermeable GNP covers on

the γ-Zn−Ni matrix of γ-Zn−Ni/GNP nanocomposite improves the barrier protection against the

micro-bacterial and corrosion attacks on the coating surface. Based on this study, the prepared

nanocomposite coatings can be considered cost-effective and protective for marine structures.

7.4 Conclusion

In conclusion, we proposed a synthesis approach for Zn-alloy-based nanocomposites by electro-

co-deposition. The influence of different concentrations of GNPs (0, 25, 50, and 100 mg/L)

in the ECD bath on the biodegradation and tribo-mechanical performances of the prepared

nanocomposites were investigated for their uniform behaviours. The following conclusions

were drawn after analyzing the experimental results of material characterizations, corrosion,

tribo-mechanical properties, cytotoxicity and antibacterial test studies:

• The synthesis of Zn−Cu/GNP nanocomposite powder with uniformly distributed GNP

content has been achieved using modified electro co−deposition method.

• FESEM images of nanocomposites powder samples confirmed that during the synthesis,

the impermeable GNP layers along with Zn and Cu were co−deposited to form clusters of

Zn−Cu/GNP nanocomposites.

• The uniform distribution of GNP in prepared nanocomposite was confirmed by EDS of

Zn−Cu/GNP nanocomposite powder samples. The decrease in crystallite size is revealed

in XRD when GNP concentration is increased.

• The compressive strain in pure Zn−Cu alloy decreased by 53.4% for reinforcement of 100

mg/L of GNP concentration in the ECD bath.

• The impermeable GNP layers on the surface of nanocomposite provided barrier pro-

tection from corrosive OH− and Cl− attack and the electrochemical corrosion rate of

prepared nanocomposite samples decreased by 66.67% for Zn−Cu/GNP nanocomposite up

to 11×10−3 mm year−1 with increased GNP content in the nanocomposite.
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• The prepared Zn−Cu/GNP nanocomposite synthesized by the suggested method may be use-

ful in biomedical and biodegradable applications owing to the enhanced tribo−mechanical,

anti−corrosion properties and non−cytotoxicity performance up to 50 mg/L of GNP

concentration in the ECD bath.

• In this study, γ-Zn−Ni/GNP nanocomposite coatings were prepared on stainless steel using

electro-co-deposition method. The XRD analysis shows that the only desirable bcc γ-phase

structure (Ni5Zn21) of the γ-Zn−Ni alloy matrix is obtained for all prepared coatings. The

microhardness and wear performance of the prepared nanocomposite coatings gradually

improved with the increasing GNP concentration in the electrolyte bath.

• Microhardness for γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating increased by 69.93

% and COF values decreseded by 50.76 % than that of γ-Zn−Ni alloy coating. Simulta-

neously, anti-corrosion and anti-bacterial performance also improved with the increasing

concentration of GNP in the electrolyte bath.

Based on the above conclusions, the proposed Zn−Cu/GNP nanocomposites were non-

cytotoxic and γ-Zn−Ni/GNP nanocomposites coating anti-bacterial but also sustainable

with respect to degradation and tribo-mechanical performances. Findings of this study

may have future implications for Zn−Cu/GNP nanocomposites for low-cost biodegradable

orthopedic implants (sutures, screws, pins and plates) and stent (coronary and cardio-

vascular) applications. Whereas, the prepared nanocomposite coatings can be considered

cost-effective and protective for marine structures.



Chapter 8

Overall Conclusions and Future Scope

8.1 Overall Conclusions

In conclusion, this study has demonstrated the potential of non-cytotoxic Zn/f -GNP nanocom-

posite and anti-bacterial Zn/GNP nanocomposite coatings as promising materials for different

applications. The results indicate that both coatings exhibit excellent tribo-mechanical and

corrosion resistance properties due to their composition. The important developments from the

present study are summarized in the following paragraphs:

(i) In Chapter 4, We proposed a novel approach for synthesising non-cytotoxic Zn-based

nanocomposites by combining a modified electro co-deposition process with the typical pow-

der metallurgy process. Modified-electro co-deposition with continuous bath sonication is a

beneficial approach as it allows for excellent control over uniform dispersion and exfoliated

form of GNPs, leading to improved performance characteristics. We believe this method has

the potential to be used for the fabrication of different metal matrix nanocomposites. We

conducted a comprehensive study to assess the effect of varying concentrations of f -GNPs

(0, 25, 50, 100 and 200 mg/L) in the ECD bath on biodegradation and tribo-mechanical

properties of nanocomposites produced. Results showed that these materials exhibited

uniformity and tunability. After a comprehensive review of the experimental studies from

material characterizations, in-vitro degradation tests, tribo-mechanical properties studies,

cytotoxicity assays and antibacterial evaluations, the results can be summed up in the

following points:

• The FT-IR and Raman spectra of the prepared f -GNPs revealed successful covalent

bonding between PEG functional groups and GNPs, which was demonstrated by C–O

( 1090 cm−1) and C–H ( 2910 cm−1) stretching vibrations.

• A lower I(D/G) ratio for f -GNPs in comparison to that of GNPS suggested that

nucleophilic reaction between PEG functional groups and GNPS had caused defects

in graphene crystals.

155
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• The hexagonal growth of Zn on f -GNP was achieved, resulting new nucleation sites

for co-deposition. FT-IR spectra confirmed the bonding between Zn and f -GNP via

Zn–O–C attachments.

• HCP microstructure and 49.28 % reduced crystallite size of the Zn revealed by XRD

patterns.

• The electrochemical corrosion ranges from 130.4 × 10−3 mm/year (for pure Zn) to 21

× 10−3 mm/year (for 100 mg/L of f -GNP).

• The compressive yield strength of Zn/f -GNP nanocomposites ranges from 182.3 ±

7.9 MPa (for 25 mg/L of f -GNP) to 284.9 MPa (for 100 mg/L of f -GNP), which was

significantly higher than pure Zn and comparable to bone strength.

• The friction coefficient and wear loss of Zn/ f -GNP (100 mg/L) nanocomposites

reduced by 58.1% and 47.36%, respectively, on comparing with pure Zn.

• It was found that PEG grafted GNPs had significantly high HaCaT cell viability

compared to pristine GNPs. The IC50 up to concentration of 60 g/mL of nanocom-

posites in cell media, suggesting their non-cytotoxicity level, which further confirmed

by DAPI staining for 72 hours of cells attachment.

• The Zn/f -GNP nanocomposite pellets inhabited the growth of S. aureus and E. coli

bacteria in terms of ZOI formation and performed better than the control pure Zn.

The Zn/f -GNP nanocomposites demonstrated remarkable non-cytotoxic and anti-bacterial

properties, while simultaneously exhibiting tunable degradation rates and tribo-mechanical

performances that make them an attractive option for sustainable use. The results of this

study may lead to the use of Zn/f -GNP nanocomposites in the development of low-cost

and biodegradable orthopedic implants such as sutures, screws, pins and plates, as well as

stents for coronary and cardiovascular applications.

(ii) In Chapter 5, low-cost, industrially scalable, and anti-bacterial Zn/GNP nanocomposite

coatings were prepared using ECD method. The different GNP concentrations in the

ECD bath were explored to analyze the impacts on tribo-mechanical, surface wetting,

anti-corrosion, and anti-bacterial properties of the generated nanocomposite coating. This

study reached the following conclusions:

• Formation HCP microstructure of the Zn matrix with reducing crystallite size on

increasing the GNP concentration in the ECD bath.

• Disordered morphology and formation of new nucleation sites in nanocomposite coating

were observed in FESEM images on increasing the GNP concentration in the ECD

bath.
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• Distribution of anti-bacterial GNP across the Zn matrix in terms of carbon content was

confirmed using EDS mapping. In addition, the presence of oxygen content confirmed

the protective ZnO precipitates, which provides corrosion protection.

• Microhardness of 143 HV for Zn/GNP (100 mg/L) nanocomposite coating is 185.57%

higher than pure Zn coating.

• The friction coefficient and wear loss of coatings reduced by 31.42% and 53.63%,

respectively, on comparing pure Zn coating with Zn/GNP (100 mg/L) nanocomposite

coating.

• The Zn/GNP nanocomposite coating performs better than the control pure Zn coating

in anti-bacterial behavior against both Gram-positive (S. aureus) and Gram-negative

(E. coli) bacteria when tested for agar well diffusion.

Based on the aforementioned conclusions, the nanocomposite coatings created in this study

demonstrated anti-bacterial properties and satisfactory tribo-mechanical and anti-corrosion

performance. Thus, Zn/GNP nanocomposite coatings may be a cost-efficient and effective

solution for anti-bacterial coating applications that can be manufactured in bulk.

(iii) In chapter 6, the statistical study showed that the GNP concentration in the ECD bath and

current supplied for co-deposition had the greatest influence on the synthesis of Zn/GNP

nanocomposites. The other electrolysis parameters such as the bath pH and agitation to

electrolyte exhibited less significant effect on the microhardness and corrosion protection

efficiency.

(iv) In chapter 7, with the continuation in development of sustainable biodegradable-non-

cytotoxic material and antibacterial coatings, high-strength alloying elements like Cu and

Ni were alloyed with Zn-based nanocomposites to further enhance their characteristic

performance. The impact of varying GNP concentrations (0, 25, 50, and 100 mg/L) on

the tribo-mechanical and corrosion protection behavior of Zn-Cu nanocomposites Zn-Ni

nanocomposite coatings were studied to ensure their uniform performances. After analyzing

the experimental results of material characterizations, corrosion, tribo-mechanical properties,

cytotoxicity and antibacterial test studies, the following conclusions were drawn:

• FESEM images of Zn-Cu nanocomposites powder samples confirmed that the clusters

of Zn−Cu/GNP nanocomposites and the uniform distribution of GNP in prepared

nanocomposite was confirmed by EDS of Zn−Cu/GNP nanocomposite powder samples.

• The decrease in crystallite size by 18.5 % is revealed in XRD when GNP concentration

is increased from 0 mg/L to 100 mg/L in ECD bath.

• The compressive strain in pure Zn−Cu alloy decreased by 53.4% for reinforcement of

100 mg/L of GNP concentration in the ECD bath.
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• The electrochemical corrosion rate of prepared nanocomposite samples decreased by

66.67% for Zn−Cu/GNP nanocomposite up to 11×10−3 mm year−1 with increased

GNP content in the nanocomposite.

• The prepared Zn−Cu/GNP nanocomposite synthesized by the suggested method

may be useful in biomedical and biodegradable applications owing to the enhanced

tribo−mechanical, anti−corrosion properties and non−cytotoxicity performance up to

50 mg/L of GNP concentration in the ECD bath.

• γ-Zn−Ni/GNP nanocomposite coatings show the desirable bcc γ-phase structure

(Ni5Zn21) in XRD analysis.

• Microhardness for γ-Zn−Ni/GNP (100 mg/L) nanocomposite coating increased by

69.93 % and COF values decreased by 50.76 % than that of γ-Zn−Ni alloy coating.

• γ-Zn−Ni/GNP (100 mg/L) nanocomposite coatings have also shown anti-bacterial

properties against both Gram-negative and Gram-positive bacteria.

The proposed Zn−Cu/GNP nanocomposites were non-cytotoxic and γ-Zn−Ni/GNP nanocom-

posites coating anti-bacterial but also sustainable with respect to degradation and tribo-

mechanical performances.

8.2 Future Scope of the Work

No study ever provides a conclusive and definitive answer; there is always more knowledge to be

gained, and research is always ongoing. Further exploration into Zn/GNP nanocomposites can

be conducted by broadening the scope of the proposed work in multiple directions. From the

perspectives of the present work, further investigation into the following aspects can be conducted

in order to achieve more versions of the Zn/GNP nanocomposite. These aspects can include

exploring the gaps in current knowledge, identifying potential ethical issues, and examining the

potential for future research. Additionally, further research on Zn/GNP-based nanocomposites

can be done to determine the most effective methods and best practices for material testing and

analysis. With the insights gained from this additional research on biodegradable nanocomposites

and antibacterial coatings, it will be possible to create better-informed and more effective

approaches related to the study in question. The following aspects can be investigated further:

(i) Despite the fact that in−vitro studies have found that Zn/f -GNP nanocomposite is non-

cytotoxic, it is still essential to conduct in−vivo animal testing before going for human

trials. Animal testing provides the opportunity to observe the effects of the nanocomposite

material in a living organism, and to identify any potential adverse reactions or side

effects. Additionally, animal testing can reveal more about the biocompatibility of the

nanocomposite material and provide insights into the potential interactions between the

nanocomposite material and living organs. By conducting in-vivo animal testing, researchers
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can gain valuable insights that will help inform their decisions when conducting human

trials.

(ii) The enhancement of tribo-mechanical and corrosion properties due to the addition of

f -GNP for non-cytotoxic applications has been discussed. It would be of both academic

and technical interest to study the effect of GNP addition on the electrical and thermal

properties of Zn/GNP nanocomposites. Also, mechanical properties like tensile strength

and fracture toughness can also be tested. These properties can be beneficial for bio-MEMS

applications of Zn/f -GNP nanocomposite.

(iii) Another promising research scope is to investigate the possibilities of using Zn/GNP

nanocomposites for energy storage, catalysis, and other applications.

(iv) To date, no studies have been reported on the use of computational techniques to study

Zn/GNP nanocomposites. However, computational techniques can be a useful tool for

predicting properties of nanocomposites without the need for fabrication. Additionally,

computational techniques could be used to analyze the effects of different parameters, such

as temperature, pressure, and chemical composition, on the nanocomposites.



Zn-Based Nanocomposite Reinforced

with Unfunctionalized GNP

.1 Synthesis process of Zn/GNP nanocomposite powder and pel-

lets

The experimental procedure for the synthesis of Zn/GNP nanocomposite by the electro-co-

deposition method followed by uniaxial compaction and sintering is illustrated in Figure 1. The

sulphate-based electrolyte bath consisted of ZnSO4.7H2O (0.2 M), GNP (100 mg/L), and Na2SO4

(0.4 M). The pH of the sulfate-based electrolyte bath was adjusted to pH 3.5 by using 90% diluted

sulfuric acid. A DC power supply was provided to four non-consumable Pt-coated titanium anode

electrodes which were connected in series, and an electrochemically insulated Pt-coated titanium

electrode was used as a cathode. The reagents were diluted in DI water using a magnetic stirrer

followed by ultrasonication at 20 kHz frequency (0.5 kW) for uniform distribution of GNP across

the electrolyte bath. Continuous agitation at 300 rpm was provided throughout the deposition

process to the electrolyte to maintain homogeneity. The electrolyte bath was maintained at room

temperature (about 27°C) by water cooling using a running water container. As the process

started, the Zn matrix with reinforced GNP was collected on the cathode tip surface, which

was dropped down to the bottom of the electrolyte bath by self-weight and uniform jerking to

the cathode. Then, obtained nanocomposite powder slurry was filtered and washed in running

water to wash out the dissolved impurities and chemicals. After this, the nanocomposite powder

was dried and uniaxial compacted at 600 MPa in a die-assisted hydraulic press. Finally, the

nanocomposite pellets were sintered in an inert Ar atmosphere at 330°C temperature for 1 hour

with a slow temperature ramping rate of 10 °C min−1. Similarly, pure Zn was also prepared by

the given process for comparison purposes.

.2 Microstructural, compositional and Morphological analysis of

Zn/GNP nanocomposite powder

The XRD diffraction graph of pure Zn and GNP-added Zn nanocomposite powder samples is

shown in Figure 2. The obtained diffractive angles (2 ) for spectrum peaks of Zn are 36.32, 39.03,

160
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Figure 1: Experimental procedure for the synthesis of Zn/GNP nanocomposites powder and
pellets

43.26, 54.37, 70.15, 70.70, and 77.13 degrees. The XRD peaks of the pure Zn and GNP-added Zn

nanocomposite powder samples show (0 0 2), (1 0 0), (1 0 1), (1 0 2), (1 0 3), (1 1 0), and (0 0 4)

diffraction planes, which confirms HCP microstructure of Zn, as per the American mineralogist

crystal structure database (AMCSD 0011200) [342]. Comparing the XRD diffraction graph of

pure Zn and GNP-added Zn nanocomposite powder sample, a slight shift towards a higher angle

was observed for the peak at (1 0 1) plane. Also, the relative intensity of all the peaks present

in the XRD spectrum of GNP-added Zn nanocomposite powder sample is reduced than that of

pure Zn. This ascertains the nano-reinforcement of the polycrystalline GNP in the Zn matrix is

successful. The reduced and shifted peak intensity in the XRD diffraction graph is ascribed to the

reduced crystallite size [343]. The crystallite size of pure Zn and GNP-added Zn nanocomposite

powder samples are displayed in ??. By the Scherrer equation, the crystallite size of Zn matrix

in the nanocomposite powder sample was 25.5 nm and 32.11 nm, respectively.

FESEM images of the synthesised pure Zn and GNP-added Zn nanocomposite powder samples

are shown in Figure 3. From Figure 3a and b, it is evidently seen that the pure Zn powder

samples have a large hexagonal shape morphology in a scattered manner, while in GNP-added

sample of Zn have shown small and uniformly distributed flaky morphology. The EDS results of

the GNP-added Zn nanocomposite powder sample show that the Wt.% of Zn and carbon are

about 87.47 and 6.41, respectively, as shown in Figure 4.
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Figure 2: XRD diffraction graph for Zn and Zn/GNP nanocomposite powder samples

.3 Tribo-mechanical properties of Zn/GNP nanocomposite

Figure 7.13a shows the micro Vickers hardness graph of pure Zn and GNP-added Zn nanocom-

posites. The measurement for microhardness is repeated four times for each sample, followed

by averaging to evaluate the microhardness. The obtained results show that the microhardness

of GNP-added Zn nanocomposite (62 ± 1 HV) is 36.26 % higher than that of pure Zn (45.5

± 1 HV) for the applied indentation load of 50 gm. The GNP layers in the Zn metal matrix

with a uniform distribution increase the strength of the Zn metal matrix by owing the superior

properties of GNP and refining the crystallite size [219]. According to the grain strengthening

mechanism, the increased grain boundary due to grain refinement can reduce the dislocation

movement across the Zn matrix, which results in an increase in the hardness of the GNP-added

Zn nanocomposite. Also, owing to the shear strength of GNP, the Zn metal matrix can effectively

restrict the movement of dislocations among the grains [344].

Figure 3: FESEM images: (a) Zn and (b) Zn/GNP nanocomposite powder sample.
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Figure 4: EDS results of Zn/GNP nanocomposite powder sample.

Figure 5: Microhardness of Zn/GNP nanocomposite sample

The measured results for the friction coefficient graph of pure Zn and GNP Zn nanocomposite

are shown in Figure 6b. After a few initial jerks in the graphs of friction coefficient from 0 s to

180 s, the graphs become smooth, stable, and comparable from 180 s to the last. Here, the graph

for the GNP-added sample first settled down for smooth results. It is clear from Figure 6, that

the friction coefficient graph of the GNP-added nanocomposite follows significantly lower values

of about 0.54 than that of pure Zn (0.72) sample. This 27.7 % decreased value of the friction

coefficient of the GNP-added sample is due to the excellent solid-solid lubrication offered by the

GNP with its surface properties and single-layered graphitic structure.

The observed wear rate values of GNP-added samples were lower than those of pure Zn samples.

It was reduced from 13.4 ×10-4 mm3 N−1 m−1 for pure Zn sample to 5.1 mm3 N−1 m−1 for
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Figure 6: Coefficient of friction of Zn/GNP nanocomposite sample

GNP-added nanocomposite. The GNP decreases the wear rate by establishing a lubricant layer

between the sliding surfaces, which impedes the mechanical shocks with localized heating and

improves the load-carrying capacity. Also, GNP nano reinforcement offers grain refining and

strengthening, which helps to decrease the localized plastic deformation in the nanocomposite

material, which ultimately improves the wear resistance.
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