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ABSTRACT

The carbon nanomaterials (CNMs) such as CNTs and graphene have shown remarkable utility
and immense potential for high performance engineering materials due to its exceptional
physical properties at nanoscale. CNTs and graphene have incredible scope in preparing
nanocomposites and promising substitutes for many applications. In this study, Metal/Carbon
nanomaterial composites (Cu/CNT and Zn/GO) were successfully prepared by reinforcing
carbon nanomaterials (CNT/GO) using electrodeposition technique. Samples were characterized
by using the scratch test, X-ray diffractometry (XRD), Transmission electron microscope (TEM),
Field emission scanning electron microscopy (FESEM), Energy-dispersive X-ray spectroscopy
(EDS), and Raman spectroscopy to confirm the presence and homogeneity of carbon
nanomaterials (CNT/GO) in the metal matrix (Cu/Zn).

The Cu/CNT nanocomposites are prepared by varying the diameter and concentrations of the
CNT and are characterized by tensile test, hardness and corrosion and heat transfer rate.
Maximum 24.63% and 47% higher tensile strength and hardness were observed for 450 mgL™
compared to copper coating. Higher tensile strength in the composite coated on the Cu substrate
signifies that good bounding between the Cu and CNT at atomic level is achieved by using
electrodeposition technique. The Cu/MWCNT composite coatings have lower corrosion rate than
pure Cu coating because the CNTs provide physical barrier to the corrosion medium. The overall
heat transfer phenomena of Cu/CNT nanocomposite due to the preferential deposition of CNTs
in the Cu matrix. The heat transfer rate is optimized and increased by 41.08% and 46.91% in
natural and forced convection respectively compared to pure Cu coating. The reason is attributed
to the better alignment, the optimum concentration of CNT in the composite, and the

homogenously placed CNTs network in the composite.

The aim of Zn/GO nanocomposites is to report cohesion strength and impact strength with
respect to temperature using electrodeposition technique. The Zn/GO composite focused on the
evaluation of cohesion strength using a scratch test from RT to 350 °C, and residual stresses of
the hybrid films deposited on the stainless steel substrate using different concentrations of GO
and varying GO/surfactant ratios. Scratch tests revealed that Zn/GO hybrid films produced using

40 mgL™ GO had 70.54% increase in cohesion strength (Lc:) when compared to pure Zn films



deposited with 30 minutes of coating time at a ratio of 1:2 GO:CTAB. In this study investigates
the impact performance of Zn/GO nanocomposites under various gun pressure (2 bar, 2.5 bar, 3
bar, 3.5 bar and 4 bar) and temperature (100°C, 200°C and 300°C) conditions using Split
Hopkinson Pressure Bar experiments (SHPB). These findings motivated exploratory research for
determining the behavior of structures in defence, aerospace, and nuclear power plant sectors
subjected to the combined fire and impact. The Zn/GO nanocomposites were prepared using 40
mgL™ concentration of GO through electrodeposition technique and characterized to maximum
stress and toughness measurements. Test results show that the true stress—true strain responses
are sensitive to the gun pressure and temperature. Zn/GO composite shows that 10.7% increase
in compressive strength and 22.9% higher toughness at 4 bar in comparison with uncoated
sample. The presences of few layered GO flakes in the coating which makes composite stronger
and tougher. Because of this reason, considerable improvement in high maximum stress and
higher toughness observed under high impact loading in Zn/GO composite. The maximum stress
and toughness of Zn/GO nanocomposites declines with temperature from RT to 300 C. The
residual stresses were measured by using the X-Ray diffraction (XRD) - sin®y method using Co-
Ka radiation. The magnitude of the residual stress diminishes as the GO concentration increases
in films due to the effect of the kinetic movement of particles while deposition. Overall,
experimentally measured cohesion strength values of Zn/GO hybrid films have correlated with

residual stress values.
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CHAPTER 1

INTRODUCTION

1.1 Composite

In today's society, there is an increase in demand for materials with a variety of property
characteristics such as high strength, high electrical and thermal conductivity, toughness,
and lightweight etc. Most of the metals and alloys were unable to provide the properties
in a single material together, prompting a paradigm shift in the direction of composite
materials. In the wide range of applications, high strength materials with lightweight are
great on the priority list in the modern era. The design of materials with better specific
physical properties helps to use the material in specific applications. In coming advanced
composites, it looks possible to improve the physical property of the composite to meet

the demand of modern era.

Composites are broadly classified into three categories according to their matrix: (a)
metal matrix composites (MMC’s), (b) polymer matrix composites (PMC’s), and (c)
ceramic matrix composites (CMC’s). In last 23 years, as per survey, the polymer matrix
composites (PMC’s) have received a larger number of studies in comparison to MMC’s
and CMC’s, due to their easy processing techniques and their potential in several
engineering applications (Ashutosh et al. 2017) as shown in Figure 1.1. However, MMCs
are of particular interest because they are used in a variety of applications such as power
tools, engines, aircraft brake pads, piston systems, and crank shafts, primarily to improve
performance such as scratch resistance, thermal conductivity, with reduced weight
(Rawal and Al 2001; Rohatgi 1991). The matrix in MMCs, typically offers high modulus,
low/high density, thermal/electrical conductivity, etc. and transfers the loads by holding
the reinforcement results the composite with improved characteristics. Whereas the
reinforcement in the matrix provides strength, stiffness, impact, resistant to corrosion or
other physical properties depending upon the reinforced material physical properties. The
reinforcements can be soft, hard, particulate, fibrous or continuous form and improves the

1



composite physical properties and are used depending on the applications. The
incorporating h-BN into polymer/matrix enhances the thermal conductivity (Lin et al.
2014). Hard reinforcements strengthen the soft matrix into stronger composite such as the
addition of Al,O5; and SiC to the epoxy resin results in a stronger composite than with

N M =T N ~ o

L= - I | - -

e O o Q9 (=] i=1

NN NN ~ ~
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Figure 1.1: List of publications on polymer/metal/ceramic matrix composites during

1997-2020 (Iris Carneiro and Sonia Simoes, 2021)

polyester resin matrix (Rajesh et al. 2014).
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1.2 Carbon Nano Materials

Carbon has been one of main element which forms strong bonds compare to other
materials in various forms due to its special arrangement of electrons in the outer most
shell. Carbon has different allotropes due to existence of hybridization in its orbital and
categorized based on their dimensionalities and shape. There are mainly 3 types of
allotropes of carbon at nanoscale which are (1) Fullerene (0-D, sp?), (2) Carbon

nanotubes (1-D, sp? (sp)), (3) Graphene and its derivatives (2-D, sp®).

Carbon based nano materials includes CNTs, graphene and its derivatives and fullerenes.
The carbon nanomaterials (CNMs) have shown remarkable utility and immense potential
for high performance engineering materials due to its exceptional physical properties at
nanoscale. The CNMs provides an important means for making advanced composite
materials with metals. Out of these the CNTs and graphene have been discussed due to
their incredible scope in preparing nanocomposites and promising substitutes for many

applications.



1.2.1 Graphene

Graphene is a single layer of carbon atoms organized in hexagonal shaped lattice formed
by sp*-bonded carbon atoms that boost outstanding mechanical and electronic properties.
It is considered to be strongest material and widely used as a precursor for the synthesis
of other carbon nano materials. Graphite is oxidized and exfoliated to form graphene
oxide (GO) which is laced with oxygen containing functional groups. Bulk GO, is
cheaper and easier to manufacture than graphene. GO can easily mixed in water or
different organic solvents due to its hydrophilic nature and enhance physical properties of
composite materials.

1.2.2 Carbon nanotubes (CNTS)

CNTs are graphene sheets rolled into a cylindrical nano structure that contains one layer
of graphene is called single walled carbon nanotube (SWCNT) or however when multi-
layer of graphene is rolled in a cylindrical shape is called multi walled carbon nanotubes
(MWCNT). Different types of CNTs are categorized as single walled nanotubes
(SWCNTSs), double walled nanotubes (DWCNT) and multiwall nanotubes (MWCNTS).
The CNTSs are extensively used as reinforcement material in metal matrix composites to
improve its physical properties as well as weight reduction. The characteristic of a CNT
can differ with varying lengths, diameters, chirality and number of walls. These above
parameters play an important role in defining the properties of CNTs. For example,
SWCNT has thermal conductivity upto 6000 Wm™ K™ and MWCNT has upto ~ 3000-
3500 WmK™. In Fig. 1.2 shows dependence of lattice thermal conductivity on diameter
and chirality of SWCNTSs. In this, the dotted line displays the thermal conductivity of
graphene. The inset shows cross sectional view of atomic structure of SWCNT at various
diameters. It is reported that the chirality (3,3) and diameter 4.07 A° have the higher
thermal conductivity of 14353.14 Wm K. While 3578.39 Wm ™K™' is displayed with
chirality (8,8) and diameter 10.85 A°. Compared to graphene, the thermal conductivity of
SWCNT (2,2) and SWCNT (2,1) is significantly lower (Yue et al. 2015).
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Figure 1.2: Lattice thermal conductivity of SWCNTSs at various diameters, (Inset) cross-
sectional view of atomic structure of SWCNT (Zhou et al. 2015)

1.3 Nano Composite

Nanomaterials have brought numerous important developments and support to fill new
technological needs. A number of important milestones have been marked in the field of
the development of nanomaterials such as colloidal crystals (nanocrystals), nanoparticles,
nanorods, nanobelts, nanotubes, nanowires, superlattices, etc. (Patzke et al. 2002). The
unique feature of small size and large specific surface area of nanoparticles as a result
these nano materials exhibit exotic physical and chemical properties that differ from bulk
materials. Because of the enhanced properties of nanomaterials, several researchers have
incorporated nanosized materials in bulk to enhance the physical properties of
engineering materials, and these materials are called nanocomposites. For example,
incorporating of graphene oxide into Ni matrix by electrodeposition technique improved

the tribological properties of nanocomposite.

The discoveries of carbon nanotubes (CNT) and graphene, revolutionized research in the
field of carbon nanomaterials (CNMs) reinforced composites. The carbon nanomaterials
has extraordinary properties like elastic modulus, tensile strength, thermal/electrical
conductivities (as listed in Table 1.1) due to special structural arrangement of carbon
atom and stable at nanoscale (Treacy et al. 1996; Salvetat et al. 1999; Berber et al. 2000).



Table 1.1: Physical properties of CNT and graphene nano materials

Properties CNT Graphene

Density (gcm™) 1.8 2.26
Elastic Modulus (GPa) | ~300-1000 | 1000-2000
Thermal  conductivity | 3000-6000 1-4000
(Wm?K™
Resistivity (Q cm) 107~10°° 0.2x10°

Because of these extraordinary physical properties, researchers have focused on
fabricating nanocomposites with carbon nanomaterials (CNMs) as reinforcement in
polymer/ceramic/metals. The combination of metal/CNMs will result a better physical
property because CNMs has higher thermal, electrical, mechanical and tribological
properties. For example CNT has unique thermal conductivity characteristics such as
thermal conductivity in axial and transverse direction is around 3000 Wm™K™ and 1-2
Wm?K™ respectively. Another example, graphene or graphene oxide has high impact
strength with the combination of metal because the bilayer or few layer of graphene is
much harder than diamond due to its honeycomb structure arrangement of carbon
(Slingerland Janet, 2015; Cellini et al. 2018) Since CNMs shows a wide range of physical
property, it gives benefit to scientists to play around with different combination of
metal/CNMs composite which can be fabricated/prepared using several techniques to
achieve suitable and superior physical property of composite for different engineering
applications.

The MMCs with carbon nanomaterials (CNMs) can be prepared by several techniques as
shown in Fig. 1.3. These techniques are mostly categorized into five groups (1) powder
metallurgy technique, (2) melting and solidification (3) Thermal spray (4)
Electrochemical deposition and (5) Other techniques such as molecular level mixing,
sputtering technique, vapor deposition etc. These techniques are explained in detailed in
the following section.
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Figure 1.3: Flowchart of various processing techniques for preparation of Metal matrix

composites (Ashutosh singh et al., 2017)
1.3.1. Powder technology

Powder technology involves the mixing of metal powders with other CNMs at different
compositions which are then cold/hot compacted and sintered to produce solid dense
metal/CNMs composites. The process begins with planetary ball milling in which the
weighted CNMs and metal powders were mixed using stainless steel balls in a stainless-
steel vial and performed under pure vacuum/inert atmosphere to protect from oxidation.
Milling is performed to establish decrease in the particle size of powders and thus
improve the homogenization of CNMs. By cold or hot pressing, the well-amalgamated
metal and CNMs powders were compressed to green cylindrical compacts at room
temperature using a cylindrical punch die arrangement. Then followed by vacuum or
inert gas sintering (Li et al. 2018; Muxi et al. 2018) at just below the melting point of
metal temperatures or plasma sintering (Cheng et al. 2017; Tian et al. 2016) to
incorporate the particles and enhance the properties of the produced final composite. The
entire process is depicted schematically in Fig. 1.4. Several parameters govern this
process, including time period of milling, milling pressure, grain diameter, compaction
pressure, sintering temperature, and time (Van Trinha et al. 2011; Delavari et. al. 1970).
Dense composites with uniform carbon nanomaterial (CNM) dispersion are produced by

carefully selecting the process parameters.
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powder technology technique
1.3.2 Melting and solidification

Melting and solidification also called as liquid metal infiltration which is another
technique of preparing nanocomposites. Infiltration is a liquid-state fabrication technique,
in which a porous preform (reinforcement such as CNTs or graphene or graphene oxide)
is impregnated in a molten metal, which occupies the pores between the dispersed-phase
inclusions. This process can be divided into several stages, such as (1) placing the
preform in a metal die, (2) supplying molten metal to the die, (3) evacuation of the die

chamber, and (4) pressurizing the melt chamber by an inert gas.

In this technique, the porous medium is first dispersed with reinforcement (CNMs) by

casting method porous preform is prepared. After inserting the preform into the die,
liquid metal is injected into the narrow crevices between the CNMs which are arranged in
the preform to hold them in place. As the liquid enters between the reinforcement during
infiltration, it cools and then solidifies to produce composites as shown in Fig. 1.5 (Zhou
et al. 2007; Yang and Schaller et al. 2004). Metal infiltration consists of injecting the
molten metal through a porous preform under a nitrogen atmosphere in a pressure less
state without any aid of vacuum is called pressure less metal infiltration process. When
an externally pressure is applied to get better bonding between the metal and CNMs, the
process is called pressure infiltration. The pressure less infiltration process is a
spontaneous infiltration of a molten metal into a preform through electromagnetic and
centrifugal forces. This method is primarily used for the preparing the Mg/Al-based
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composites due to their low melting points (650/660°C). This method is expensive
because it uses molten metal, so it difficult for preparing nanocomposites with higher
melting point metal. The variables like interfiber spacing, infiltration pressure, infiltration
casting speed, metal superheat temperature and undesirable interfacial reactions are

governing the evolution of high quality metal/CNMs composites.

Molten metal .
Pressurized gas

DN D%, %%

I !
Preform Metal matrix composite

Figure 1.5: Schematic diagram of metal composites preparation through infiltration
technique

1.3.3 Thermal spraying

Thermal spraying is a one of the coating process to fabricate metal matrix
nanocomposites. In this technique, the metal and CNMs particles mixed together using
ball milling techniques and the pass to the high pressure/temperature gun to sprayed onto
a substrate in the form of micrometer size coatings. Cold or hot spraying constructs the
complete Metal/CNMs structure layer by layer, by the sprayed particles as shown in Fig.
1.6. In the cold spray technique, the sprayed material (metal and CNMs) is converted into
fine powder and particles are accelerated to very high speed by carrier gas forced through
a converging or diverging type nozzle. Upon impact, solid particles with sufficient kinetic
energy deform plastically and bond mechanically on the substrate to form a coating. The
critical velocity desirable to form bonding depends on the material property/type of
CNMs, powder size. However, in case of cold spray technique it is difficult to get

appropriate bonding strength with certain substrates.
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Figure 1.6: Schematic diagram of Metal/CNMs composite preparation through thermal

spray technique

Whereas, in hot thermal spraying technique the electric arc discharge is generally used as
source of energy to melt the metal and CNMs. To create the composite layer, molten
metal (metal and CNMs) is sprayed at high speed onto the substrate using the pressure of
high heat gas. Feed material type, gas composition and flow rate, energy input, torch-
offset distance, and substrate material are all important process variables in hot spray
technique (Fauchais 2004; Burndt et al. 1996). During the hot thermal sprays, CNMs are
exposed to high temperatures and high velocity oxygen flow (HVOF), resulting in the
damage of CNMs structure and losses its valuable physical properties. In both the above
techniques the cost of equipment and skilled labor requirement which is the main

drawback of this technique in produce cost effective metal/CNMs composite.
1.3.4 Electrochemical deposition

Electrochemical deposition has emerged as an efficient technique to produce MMCs
using nanomaterials. This process can be categorized into two groups such as (1)

Electrodeposition (2) Electroless deposition.

In electrodeposition technique, the nanocomposites are produced on conductive substrate
surface by electrochemical reduction of metal ions from an electrolyte as shown in Fig.
1.7 (a). The coating thickness depends on based on the current and the time of
electroplating. This fabrication technique can produce high quality MMCs with a uniform

distribution of CNMs in a metal matrix. For example, Chai et al. (2008) and Wang et al.
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(2017) developed Metal/CNMs composites and reported a three to five times increment
in yield strength of nanocomposites compared to pure metal by using this technique.
They discovered that the bond among the metal and CNMs remained together even after
the tensile experiment. These findings suggest that, the electrodeposition process is
capable of producing nanocomposites with exceptional interfacial bonding properties

caused by atomic level metal ion deposition on substrate in electrolyte solution.
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Figure 1.7: Schematic view of deposition process of (a) electrodeposition and (b)

electroless deposition techniques

Electroless deposition is another important technique for producing metal
nanocomposites. It involves the chemical reduction of metal ions in an aqueous solution
and the subsequent deposition of metal/CNMs without the use of an external electrical
energy source in order to deposit a coating. The schematic view of the electroless
deposition technique has shown in Fig. 1.7 (b). The process involves dipping the
substrate in a water solution containing metal salts, oxidizing agent and reducing agents.
The powerful reducing agents in the deposition bath ex. formaldehyde, sodium
borohydride, sodium hypophosphite, hydrogen peroxide, and ascorbic acid have negative
standard potentials that drive the deposition process. The driving force behind electron
exchange is the standard electrode potential of the metal and reducing agent. Activators
(Ag, Au and Pd nano particles) accelerate the deposition by acting as a catalytic seed on

the substrate surface for the final electroless deposition bath metal. During the activation,
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the Ag/Au/Pd nanoparticles located at the CNTs/GO surface and these particles are the
catalytic nuclei where the metal coating will be deposited (Muench 2021; Garcia-Aguirre
et al. 2015). A homogeneous layer of metal deposited on a catalytic surface by the

reaction of a complex compound and chemical reducing agents.
1.3.5 Other techniques

In addition to the aforementioned well known conventional methods, some other
techniques have emerged which have proven to be beneficial in avoiding agglomerations

and homogeneity in the metal matrix. Some of them are discussed further down.
1.3.5.1 Molecular level mixing

Molecular level mixing process is proposed as a novel fabrication technique for the
production of metal/CNMs composite powders. This method produces composite powder
and then followed by sintering to get the metal/CNMs composites. In this process, the
CNMs are first mixed with an acid solution for functionalization of CNMs by carboxyl
groups. After the acid treatments, the CNMs washed with distilled water by filtering. The
functionalized CNMs are dried at 80°C in vacuum oven for 3-4 hours. The purified
CNMs were dispersed in distilled water by sonication. The CNMs solution is mixed with
metal salt solution and sonicated for 3-4 hours. The CNMs metal anion precursor is then
obtained, after which drying, calcination, and reductions are performed to produce the
composite powder. This fabrication method prevents the agglomerations and enhances
the adhesion between metal and CNMs. Because of these advantages, the properties of
metal/CNMs composites can be improved and observed higher than that of pure metal
(Hwang et al. 2013; Lim et al. 2010).

1.3.5.2. Sputtering technique

Sputtering is a technique of producing thin coatings by the phenomenon of sputtering and
used for developing metal/CNMs composites by depositing metal over CNMs. This
process involves ejecting metal particles from the target and impact energetically onto a

substrate at room temperature in ambient conditions. The entire range from high energy
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ballistic impact to low energy thermalized motion is accessible by changing the
background gas pressure (Tran et al. 2020; Huang et al. 2006). This method is used to
deposit the different metals on CNMs. According to reports, some elements exhibit
strong interactions with the CNMs while others exhibit poor interfacial bonding. The
availability of many process parameters such as sputtering gas, temperature, substrate
material, type of the target material that control sputter deposition make it a complex

process.
1.3.5.3. Sandwich processing

This technique employs the layers of CNMs and metal are organized one on the other and
compacted under high pressure. Wang et al. (2021) have fabricated the Cu/CNT
nanocomposite by sandwich processing method using Cu foil and CNT. Hong et al.
(2017) have prepared the Au/graphene oxide/Ag sandwich structure coating. The process
demonstrates better quality bonding between the matrix and the reinforcement in the
composites. Nevertheless, this method is deemed ineffective due to CNT agglomeration

at grain boundaries.
1.3.5.4. Vapor deposition

This technique can be divided into two types (1) Physical vapor deposition (PVD) and
Chemical vapor deposition (CVD). This method usually employed to obtain composite
coatings or powders. The PVD coating also known as thin film coating, is a process in
which a solid material is vaporized in a vacuum and deposited onto the surface. CVD is a
process in which the substrate is exposed to one or more volatile precursors, which react
or decompose on the surface of the substrate to produce the desired thin film deposit.
This method has been employed for growing CNMs on Si and Al substrates which have
shown improved mechanical properties (Zhang et al. 2007). But these techniques are not

preferable for the synthesis of bulk nano composites.
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1.4 Challenges in preparation of MMCs

The preparation of MMCs using the powder technology, thermal spray, melting and
solidification, sputtering, vapour deposition etc. may damage the carbon nanostructure
materials (CNMs) or agglomerated CNMs in the matrix. Currently, there are a number of
challenges associated with the production of MMCs using CNMs, including achieving a
satisfactory dispersion of CNMs in metal matrix while maintaining a cost effective
processing route. However, overcoming challenges with CNMs wetting and
agglomeration have thus far prevented effective processing of carbon nanotube
composites via cold melting and electrochemical deposition methods. These techniques
are attractive methods for the manufacture of these composites, with better homogenous
reinforcement and very less damage to CNMs structure also ability of preparing net shape
components easily and cheaply. Because of the ability to form a better homogeneous
filler in a matrix, CNMs very much used in recent application to achieve a better choice

than the any other nano materials.
1.5 Outline of the thesis

In the present work, initially, the received carbon nano materials (CNTs and GO) are
subjected to the dispersion using CTAB surfactant. After getting uniform and well
dispersed CNMs solution, metal/CNMs composites are fabricated by electrodeposition
technique. In this thesis, we have prepared two types of nanocomposites i.e., CU/CNT
(Cu Substrate) and Zn/GO (Stainless Steel Substrate). The morphology of Cu/CNT and
Zn/GO samples are characterized using the TEM, and FESEM techniques. However, the
presence of CNMs (CNTs and GO) in the Cu/CNT and Zn/GO composites are confirmed
by XRD and Raman experiments respectively. The Cu/CNT composites have been
characterized by heat rate transfer, tensile, hardness and corrosion. For the Zn/GO
composites, the strain rate, cohesion strength and residual stresses measurements have
been calculated. All the characterizations of both composites were measured and

compared with pure metal coated samples. The thesis has been presented in five chapters
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Chapter 1 introduces an overview of carbon nanomaterials (CNMs) and its properties
with respect to mechanical, electrical and thermal conductivity. This chapter also,
introduces the composite preparation method and the advantage of each method and
challenges to get homogeneous dispersion of CNMs. In each method we focused on
preparation of CNT/GO metal composites.

Chapter 2 gives a detailed review of the published articles which are relevant to the
present study. The literature review presented mainly includes on the characterization of
Cu/CNT and Zn/GO composites and improvement in the physical properties of
composites with respect to the pure metal coatings. Based on the available literature and
research gap, the broad objectives of the present research work were decided.

Chapter 3 describes the methodology which includes material selection, selection of
electrode for electrodeposition, surface treatment of material, dispersion of MWCNTS,
and experimental procedure for the fabrication of Cu/CNT and Zn/GO composites.
Further, characterization techniques for fabricated Cu/CNT and Zn/GO are discussed.
Chapter 4 comprises the results and discussion of characterization studies of fabricated
CU/CNTs (on Cu Substrate) and Zn/GO (on Stainless steel Substrate) nano composites by
reinforcing carbon nanomaterials through TEM, FESEM, XRD and Raman Spectroscopy.
Then the heat transfer rate experiment, tensile, hardness and corrosion properties
measured for Cu/CNT composites. For the Zn/GO composites, the strain rate using split
hopkinson pressure bar (SHPB) equipment, cohesion strength and residual stresses
measurements have been calculated.

Chapter 5 presents the conclusions drawn from the results obtained in this research work
and the future scope of work is also enlisted. The list of references is shown at the end of
the dissertation.
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CHAPTER 2

LITERATURE REVIEW

This study mainly aims to produce and characterize the metal/CNMs nanocomposites
with a family of graphenal materials such as SWCNT, MWCNT and GO. The detailed
literature review of published research articles related to characterization studies of
metal/CNMs nano composites was reported. This chapter presents the earlier work
related to heat transfer rate, tensile, hardness and corrosion using carbon nanomaterials at
room temperature in Cu/CNT composites. Whereas in Zn/GO composites, strain rate,

cohesion strength and residual measurements were reviewed by various investigators.

2.1 Fabrication of Metal/Carbon Nanostructure Composite

The electrochemical methods are more economical and easy in processing and also
produce homogeneous matrix without much damage of CNMs nano structure compare to
other techniques. It means the pristine CNTs and GO will preserve its original properties
by reinforcing in the Cu/CNT and Zn/GO composites. Among the various composite
preparation methods, a simple electrodeposition method is an excellent technique which
is used to deposit the Cu/CNT and Zn/GO composite coatings for the production of metal
matrix nanocomposite coatings. The most important advantage of this electrodeposition
technique is low cost with industrial applicability. Arai et al. (2007) have used surfactant
to disperse the CNTs in the electrolyte, in reduction of the grain size the CNTs plays
important role because of its large surface area. Cu/CNT composite coating obtained
from the electrolyte with moderate CNT concentration 0.12g/L show increment in
mechanical properties than pure Cu coating. Md Ali et al. (2021) prepared
Graphene/Graphene oxide reinforced aluminum composites and observed improvement
in mechanical properties. This improvement in composites is because of the hindrances to
the movement of dislocation caused by Graphene/Graphene oxide present in the metal
matrix. In this electrodeposition technique by using electric current, the metal ions and
positively charged CNMs were deposited on cathode depending on their carrying charge.

The morphology of deposition is very much dependent on current density. It is reported
15



by several researchers that at lower current densities, metal ions (Cu®*/Zn**) and CNMs
both were co-deposited on cathode. As a result smooth and well dispersed CNMs in the
metal matrix were observed because of during deposition process, sufficient nucleation
time is required to form a better surface. Whereas at higher current densities, the large
amount of metals were deposited on the cathode surface with bumpy features and

dendrite morphology.

2.2 Mechanical properties of Metal/Carbon Nano structure Composite

Carbon nano materials (CNMs) improves the mechanical properties, however is has been
extremely difficult to turn this potential into a method for practical structural materials.
This research demonstrates the excellent performance of graphene in preventing the
impact failure and promoting the damage self-healing. In either case, the resulting
mechanical properties will depend strongly on the stress transfer between matrix and
reinforcement. Transfer of the stress strongly depends on the bonding between matrix and
the reinforcement. Sometimes the chemical bond and sometimes only physical van der
Waals bond is observed between the matrix and reinforcement. It is obvious to have
better stress transfer in chemical bonding. Another factor on which stress transfer
depends is the critical reinforcement length (L;), which is necessary for effective transfer
of stress. Critical length of the reinforcement depends on filler diameter d, filler tensile
strength o¢ and on the reinforcement matrix bond strength 1. according to L. = (of d/2 1)
(Wang et al. 2004) (L./d ratio is called aspect ratio). The average length of carbon
nanotube is much higher than the critical length hence the transfer of the load will be
significant and therefore, it is expected to have better mechanical properties in the

composite.

2.3 Mechanical properties of Cu/CNT Composite

2.3.1 Tensile test

The addition of small amount of CNT to metals enhances the strength and stiffness of
metal/CNT composites. Electrochemical deposition method is used in which coating is
deposited from an electrolyte of ions onto a conducting substrate. By this method,

uniform distribution of CNTs in copper matrix can be achieved. Chai et al. (2008)
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prepared the Cu/CNT composites through this method. The reports have shown that the
five times increment in yield strength for Cu/CNT nanocomposites compared to the pure

Cu as shown in Figure 2.1a. They have observed that the bonding between the Cu and
CNTs existed even after the experiment.
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Figure 2.1: (a) A typical tensile stress — strain curve for the as- deposited CNT/Cu nano
composite sample as comparison with that of a pure Cu sample (b) SEM micrographs of

textured fracture morphology in Cu/CNT nano composite

Figure 2.1b shows that the fracture nature of the pure Cu coating and Cu/CNT nano
composite. The composite appear to be significantly different from pure copper. The
fracture surface of the Cu/CNT nano composite is characterized by textured deformation,
while pure copper does not have textured morphology, means no separation between Cu
and CNT can be identified in composite fracture. This means that after deformation, Cu
and CNT still maintain good interfacial bonding.

The results clearly say that electrodeposition technique has the ability to produce nano
composite with excellent interfacial bonding characteristics due to an atomic level
deposition of Cu in aqueous electrolyte. All the available literatures on Cu/CNT
composites have concluded that the addition of CNTs shows a significant improvement
of the tensile properties of the copper. Daoush et al. (2009) have reported that yield
strength of the composite has been increased to 341.2 MPa for 15 vol. % of CNT

addition, which is 2.85 times higher than the unreinforced Cu at the cost of ductility.
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However, the elastic modulus of the composites has improved to the maximum value of
105.9 GPa for 20 vol. % CNT, which is almost double that of the pure Cu. Chai et al.
(2008) prepared Cu/CNT composites and reported high tensile properties by the
electrochemical co-deposition. They have reported the yield and ultimate strength of 420
MPa and 710 MPa respectively in the composites which are 5 times and 3 times more
than that of pure Cu respectively. They also reported that the addition of CNTs lowers the
ductility. However, the ductility values were decreased 2.5% with addition of 5vol%
CNT to Cu matrix which is reported by Daoush et al. (2009). The Cu/CNT (vol.10%)
composites fabricated by Kim et al. showed the increase of the yield strength by 160 %
and an increase of the elastic modulus by almost 100% compared to pure copper (Kim et
al. 2006).

In 2013, Chu et al. synthesized the CNT/Cu composite by powder technology route, and
they observed that the yield strength of Cu/CNT composite with 10 vol% CNTs, is up to
278 MPa which is 65 % of pure copper. This enhancement in the properties was
attributed to the uniform dispersion of the CNT in the copper matrix. Y. Sun et al. (2007)
tested stress-strain curves of pure nickel, MWCNT-reinforced nickel composite
(Ni/MWCNT), as well as SWCNT-reinforced nickel composite (Ni/SWCNT) are
represented in Figure 2.2 (a). The ultimate strengths of the as-deposited pure nickel,
Ni/MWCNT and Ni/SWCNT were found to be 625 MPa, 1715 MPa and 1997 MPa
respectively, which are higher strengths than that of pure nickel. The good reinforcement
of CNTs in metal matrices is attributed to the good interfacial bonding as well as to the
stiffer nature of the matrices (Sun et al. 2007).

A similar comparative study was conducted for the effect of outer diameter (OD) of
CNTs by Sun et al. (2009). The key results are summarized in Figure 2.2 (b). As the OD
decreases, there are more and more strengthening effects from CNTs. A comparison of
tensile properties obtained of the pure copper and Cu/CNT composite are shown in Table
2.1. It is clear that tensile strength properties are good for Cu/CNT composite compared

to pure copper which are obtained from the extensive literature survey.
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Figure 2.2: Tensile Stress-Strain curve of (a) Pure Ni, N/SWCNT and N/YMWCNT

composites (b) pure copper and Cu/CNT composites with outside diameter of CNT

Table 2.1: Tensile properties obtained of the pure copper and Cu/CNT composite

Author Year Mechanical Property
With CNT Without CNT
Kim, K. T. et [ 2007 | Yield strength = 455 MPa| Yield strength = 150MPa
al. Young’s modulus =138GPa Young’s modulus =100GPa
Chai, Getal. | 2008 | Yield strength = 420 MPa Yield strength = 75 MPa
Tensile strength = 710 MPa | Tensile strength = 230 MPa
Y. Sun & Q.| 2009 | with 15 vol.% CNT, Yield strength = 230MPa
Chen Yield strength = 670MPa
Li Y-H.etal. [ 2007 | Yield Strength = 132 GPa Yield Strength = 117 GPa
Tensile Strength = 361 MPa | Tensile Strength = 334 MPa
Daoush,W. 2009 | Yield strength = 350 MPa Yield strength = 120MPa
M.et al. Young's modulus = 105 GPa | Young's modulus = 51.6 GPa

2.3.2 Hardness

Similar to tensile properties, reports on Cu/CNT composites conclude that hardness of the

composites increases up to a critical volume fraction and decreases with the further
increment in CNT. Tu et al. (2001) have concluded that optimum vol. % of CNT in the
Cu matrix composite is 12% at which the hardness of the composite is almost twice that

of the pure Cu. Daoush et al. (2009) have showed Vickers hardness of the Cu/CNT
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composites has increased from 70 VPN for pure Cu to 130 VPN for Cu/20% CNT as
shown in Figure 2.3.

Vickers Hardness(Hv)
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Figure 2.3: Effect of CNT volume fraction on the hardness of Cu/CNT Nano composite

Yang et al. (2008) also synthesized the CNT reinforced Cu composite by
electrochemical-co-deposition and studied the micro-hardness of the composite. A
significant enhancement in micro-hardness (1.18 GPa to 1.6 GPa approximately by 36%)
was observed in the SWNT/Cu composites. A comparison of hardness properties
obtained of the pure copper and Cu/CNT composite are shown in Table 2.2. It is clear
that properties are good for Cu/CNT composite due to good interfacial bonding between
Cu and CNT reinforcement compared to pure copper.

Table.2.2: The Hardness of CNT/Cu composite by different group of researchers

Author Year Mechanical Property
With CNT Without CNT
M. Zhou et al. 2018 With 12 vol.% CNT, Microhardness=113 HV
Microhardness=155 HV

Li, H. et al. 2009 Hardness = 3.5 GPa Hardness =2.8 GPa

Kim, K. T. etal. 2006 with 10 vol.% CNT, Hardness =0.8 GPa
Hardness=1.1 GPa

Daoush, W. M.etal. | 2009 hardness =1.5 GPa Hardness =0.7 GPa

Yang, Y. L. etal. 2008 with 10 vol.% CNT, Hardness =1.18 GPa.
hardness =1.61 GPa
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2.3.3 Corrosion study

Corrosion is known as one of the most significant reasons of degradation in industrial
parts and therefore the methods of reducing corrosion and wear costs are being greatly
investigated. Under this aspect, the focus is now shifting from synthesis to manufacture
of advanced coatings having improved properties. To their exceptional electrical,
thermal, and mechanical characteristics, carbon nanotubes (CNTSs) also represent an
extremely inactive for corrosion behavior. Therefore, addition of CNTs to composites has
been indicated to improve corrosion resistance based on the chemically inert nature of
CNTs, or by changing the protection mechanism to cation transport as in the case of
conducting polymers. This chapter reviews on exploitation of CNTs as an alternative to
enhance the efficiency of anticorrosion coatings with emphasis in the development of Cu/
CNTs composites.

Chen et al. reported that the weight loss data, resulting from immersion for 240 h in 3.5
wt.% NaCl solution for three samples uncoated, pure nickel coated and CNTs-nickel
coated plain carbon steel substrate as shown in Figure 2.4. It is interesting to notice that
the presence of CNTs significantly decreased the corrosion rate for CNTs-Ni coated
carbon steel. The corrosion resistance for the CNTs—Ni coating was seven times and three
times as compared to the plain carbon and pure Ni coated samples, respectively (Chen et
al. 2005).
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Figure 2.4: Variation of the corrosion rate (mass loss) with immersion time in 3.5wt%

NaCl solution
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Radhakrishnan et al. carried out salt spray corrosion on the Cu/CNT composite for 48
hrs. From this corrosion rate greatly decreases while increasing the volume % of CNT
due to its corrosion resistive property. Corrosion résistance rate improved from
0.87gm/hr to 0.05gm/hr by adding 2vol% of CNT to Cu matrix (Radhakrishnan et al.
2016). In Mg/CNT and AI/CNT composites also the corrosion rate improved (Senthil
Saravanan 2011; Endo et al. 2008). This improvement of corrosion rate is mainly because

of two reasons.

1. By the addition of CNTs to the metal matrix, the composite exhibit water
repellent property because the CNTs are hydrophobic in nature.
2. CNTs can slow down the formation of oxide layer and leads to improvement in

corrosion resistance.

The corrosion properties of different metal/CNT composites are compared with pure

metal and are shown in Table 2.3.

Table 2.3: Summary of studies on corrosion properties that used CNT

Author Year Mechanical Property
With CNT Without CNT
Senthil Saranan | 2011 2% CNT in AA4032 leor [MA/cM?] =0.399
et al. alloy
leorr [MA/CM?] =0.045
Radhakrishnan | 2016 Cu with 2% CNT, Corrosion rate (gm) =
et al. Corrosion rate = 0.05. 0.87
X.Chen et al. 2005 Ni with 2% CNT, Corrosion
Corrosion velocity=0.12
velocity=0.12

2.3.4 Thermal conductivity

Tuning of thermal conductivity has become an important parameter especially in state of
the art engineering application. Carbon nano tubes (CNTSs) is having unique nature of
thermal conductivity, it is one of the material which shows extremely high thermal

conductivity along the axial direction (3000W m™K™) (Cho et.al. 2010), and extremely
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bad thermal conductivity along the transverse direction (1-2 W m™K™). Therefore several
scientists try to prepare metal/CNT composites with different process to enhance the
thermal conductivity of composite. Many different processes do not give a high thermal
conductive composite because of random alignment of CNTs and cluster formation of
CNT or inhomogeneous distribution of CNT in the composite matrix (Chu et al. 2010) as
shown Fig.2.5. Other researchers also reported when composite were prepared by powder
technology route and other methods no change or almost negligible enhancement in
thermal conductivity compared with pure metal (Kim et al. 2009;Gardea and Lagoudas
2014). Therefore, proper selection of process is an important factor to prepare high
thermal conductive composites which can be used in heat exchangers or heat sink

devices.
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Figure 2.5: Relative density and Thermal conductivity of CNT/Cu composites verses

CNT volume fraction

G. Chai and Q. Chen prepared the Cu/CNT composites by electrodeposition technique
and measure thermal conductivity by measuring the temperatures at hot end and cold end
as shown in set up Fig. 2.6(a). They reported that the thermal conductivity of pure Cu is
339 W/m-K; As the CNT concentration in the electrolyte increases from 50 mgL™ to 250
mgL™, the thermal conductivity also increased from 441 W/m-K to 651 W/m-K as shown
in Fig. 2.6(b). The reason attributed to (1) Good interfacial bond between Cu and CNT,

and (2) The low interfacial thermal resistance from both electrons (Cu) and phonons
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(CNT) allowing high thermal conduction in Cu/CNT composite. A comparison study of

thermal properties of the pure metal and metal/CNT composites are shown in Table 2.4.
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Figure 2.6: (a) Schematic diagram of the thermal conductivity measurement setup and an
optical image of the Pt heater (inset) (b) Thermal conductivity (W/m-K) of CNT-Cu

composites Vs. concentration of CNT (mgL™) in electrolyte

Table 2.4: Summary of studies on Thermal conductivity that used CNT

Author Year Thermal conductivity (Wm™'K™)
With CNT Without CNT
K.Chu et.al. 2010 Cu+5 vol% CNT=325 Pure Cu =331
(Powder tech. route) Cu+10 vol% CNT=320
Cu+15 vol% CNT=242
C.Kimetal. 2009 Cu+Ni coated SWCNT=147 Pure Cu =402
((Powder tech. route) Cu (83%)+Ni(17%)=150
Frank Gardia et al. 2014 At 0.6% CNT, The neat epoxy =0.297
(Powder tech. route) The prestine XD CNT =5.5%
Oxidized XD CNT=4.3%
Fluorinated XD CNT=2.5%
Susumu Avrai et al. 2006 Ni-0.7Wt.% MWCNT =109 Pure Ni =90
(Eletrodeposition) Ni coating =60

2.4 Mechanical properties of Zn/GO composite

2.4.1 Cohesion strength

The cohesive mechanical strength of the coating-substrate system is characterized by the

critical load L¢;, defined as the minimum load at which the first damage occurs. The

adhesion strength of coatings is characterized by Lc,, defined as the load at which the

coating removed completely. The cohesive strength (Lci) values of coatings were
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measured using traction force vs. scratch length graph and also matched in the
micrograph with that particular length of scratch. The adhesion strength (Lcz) was
measured by subtracting the total thickness of the coating from profilometer depth curve
and matched particular scratch length with normal load. For TaxOy coating on Titanium
alloy substrate samples as shown in Fig.2.7, when the scratch length is 0.65mm,
continuous perforation and peeling of the TayOy coating occurs. The critical load Lc; is
5.42N which means that the binding strength of coating is 5.42N. While, ZnO- TaxOy
coatings have a binding strength of 41.58N at a scratch length of 4.99mm (Ding et al.
2019). In this study, the ZnO act as a good binding material which enhances the adhesion

strength of TaxOy coating to Ti alloy.
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Figure 2.7: Friction force and load force as a function of scratch length for (a) TaxOy (b)

ZnO- TaxOy coatings on Ti alloy along with Scratch starting position

The adhesion between the coating and substrate mainly depends on (i) friction (ii) coating
— substrate properties (iii) coating thickness. H. Ollendorf and D. Schneider examined
adhesion by ion plating deposition using different pre sputtering times on TiN films and
recommended maximum time of 15 min for the ion plating process to get the good
adhesion (Ollendorf and Schneider 1999). During the scratch test, the stresses
demonstrated as a combination of (i) an indentation stress field, (ii) a frictional stress
field and (iii) the residual (internal) stresses present in the coating (Sarangi et al. 2020;
Ding et al. 2019) .
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Zhang et al. (2020) successfully fabricated Ni/Graphene oxide nano composites using
ultrasonic assisted electrodeposition technique. The results demonstrated that tribological
properties of the composites were improved gradually with an increase in ultrasonic
power. Additionally, the increased concentration of GO reduces the coefficient of friction
of the composite coatings from 0.45 to 0.3 as shown in Fig. 2.8. When GO concentration
increases from 0.1g/L to 0.3g/L, It is seen that the coefficient of friction decreases and the
width of the wear track becomes narrower, which indicates the increase of wear
resistance of the Ni/GO composite coatings. Mai et al. and Sun et al. also believed that
the lubricating and transfer films can be adhered on the contact surface, and therefore
lead to a decrease of coefficient of friction (Mai et al. 2018; Sun et al. 2015; Sarangi et al.
2020). The surfactant (CTAB, SDS), coating thickness and temperature contribute
significantly to the roughness of the coatings by impact on the tribological behavior of
the composite coating (Choi et al. 2022).
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Figure 2.8: The friction coefficient of the nickel/GO composite coatings under the
different concentrations of GO (0.1 ~0.4 g/L))

A detailed understanding of the tribological and adhesive properties is necessary to
predict the behavior of the coatings in real applications. To meet this demand, Frictional
behavior and interfacial adhesion of Zn/GO coating on stainless steel substrate were
investigated by scratch testing. The critical load Lc determined by scratch tests is widely
regarded as representative of the strength of the film and substrate (Randall et al. 2001;

Randall et al. 2000). However, not all failures depend on the adhesion of the film to the
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substrate but the mechanical properties of the coating and substrate, such as hardness and
Young’s modulus, surface roughness, friction between the sliding tip and the coated
surface, coating thickness, and internal stress in the coating, will also play an important
role (Bull et al. 1997; Ollendorf and Schneider 1999).

Laugier (M. T. Laugier 1984) then suggested that spallation of a coating during the
scratch test could be represented using an energy balance approach whereby the energy
2Esurface required to create the new surfaces formed by spallation of the coating must be
less than the release of elastic energy if the coating is assumed to relax totally when
detached

2Esurface = Eapplied + Einternal. 1)

Where Eappiied and Einermar are the stored elastic energies associated with the scratch test
and the coating internal stress which might be tensile or more usually compressive in
nature. Several scientists (Burnett et al. 1987; Je et al. 1986; Lin et al. 1996) reported that
stored internal energy mechanism play an important role to detach the coating under the

indenter.

2.4.2 Impact strength

Graphene has attracted great interest from both scientific and engineering fields in
strengthening materials. The ballistic impact simulation was carried out using Molecular
Dynamics (MD) simulation on Cu/monolayer graphene/Cu film by Yong-Chao et al.
(2021) as shown in Fig. 2.9. The monolayer graphene film was created on copper (001)
plane and the lattice mismatching was kept around 0.09%. The armchair and zigzag

direction of graphene is beside the x and y- axes of Cu (001) plane.
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Figure 2.9: (a) Penetration process of the composite and the pure Cu sample at different
times at 3 km/s. (b) Final penetration morphology at 100 ps of 4 km/s and (c) 5 km/s.
Atoms are colored by structure types. The spall length is defined by the distance of
graphene and lower Cu matrix surface. A, B, C, and D corresponds to the beginning,

maximum, recover and final states of the spall length, respectively

Cu/graphene/Cu sandwich structure and Cu film were tested with ballistic impact of
bullet at velocities of 3 km/s, 4km/s and 5km/s. Recrystallization process starts in the
composite at a velocity 3 km/s, within 100 ps. However, when the incident velocity
increases to 4 km/s (see Fig.2.9b), where the graphene layer has been destroyed, the
composite sample still shows certain recrystallization which is found to dominate the
recovery of structure to original layered structure. When the incident velocity increased
to 5 km/s (see Fig.2.9c), the bullet penetrated completely into the pure Cu sample but not
in the composite. This demonstrates the excellent performance of graphene in preventing
the bullet penetration and promoting the damage self-healing (Wu et al. 2021). Long et
al. conducted MD simulations to investigate shock response of Cu/graphene nano layered

composites. Under parallel or normal shock loading, several phenomena are observed in
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Cu/graphene nano layered composites, including deformation and spall damage of Cu,
delamination of the nano-laminates, and wrinkling, fracture and perforation of graphene
(Long et al. 2016).

The compressive impact tests can performed at dynamic compressive loading by varying
pressure and temperature for producing loadings at various rates through SHPB (Split
Hopkinson pressure bars) tests to study the impact compressive damage evolution in
composites. Experiments shows the how strain rate has a strong effect on the compressive
strength. Some theoretical prediction of the compressive strength was also made based on
the failure mechanism and test data. Some researchers have performed SHPB tests on
carbon-fiber-reinforced particles (CFRP) composites and confirmed that the compression
strength of samples is strongly dependent on strain rate. Fig. 2.10 (a) shows that as the
volume fraction of CFRP increases, the compressive strength increases, however the
Young’s modulus of the composite shows no substantial difference under impact loading
(Fig.2.10 (b)) (James Lankford 1991;Yuan et al. 1998).
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Figure 2.10: (a) Strength Vs. Fiber volume fraction (b) Stress-strain curves of GFRP and

matrix under impact loading (strain rate ~ 10s™)

As well as the compression strength is also strongly dependent on temperature as per the
literature survey. Skiba et al. 2020 prepared AlSi-PE abradable coatings by thermal spray

which can be used in aircraft engines to enhance the overall efficiency by reducing the
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clearance between rotating blades and the casing. They measured dynamic compression
of coatings on a SHPB at strain rates >103 s™ from RT to 360°C. The temperature of
coatings were measured by inserting two thermocouples at mid sample thickness and at
surface each as shown in Fig. 2.11(a). They have reported that flow stresses decreased
rapidly with increasing temperature and at 360 °C, the flow stress was >75% lower than
value at room temperature as shown in Fig. 2.11 (b). This trend is observed similarly in
the previous literature (Li et al. 2021; Tripathi et al. 2020).
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Figure 2.11: (a) Setup of specimen heating from the two thermocouples located in the
specimen (b) Compressive Stress-strain curves of an AlSi-PE abradable from room

temperature to 360 °C for a strain rate of 1200 s *

2.4.3 Residual stress

The internal stresses during adhesion are the most significance function in materials as it
can either boost or degrade performance. Few authors have investigated the origin of the
residual stresses in coating and reported that the deposition process and material can play
an important role in the residual stress (Oladijo et al. 2012). Stewart et al. worked with
WC-17Co coatings which are deposited on steel substrate, and reported a tensile residual
stresses of 219 MPa and standard error in the mean of 12 MPa (Stewart et al. 1998). Pina
et al. prepared cermets by thermal spray technique with spray materials Inconel, Al,O3,
WC-12%Co on ceramic substrate and measured residual stresses using X-Ray Diffraction

method. The results show that stresses calculated are compressive due to the relative
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magnitude of the thermal expansion coefficients of the coating and substrate materials
(Pina et al. 2003). Compressive stress coatings have been shown to provide better wear
and scratch resistance, whereas tensile stress coatings perform poorly therefore,
compressive stresses are usually the desired residual stresses compared to tensile stresses.
Pejryd et al. reported the residual stress for a WC-Co coating which were prepared by
plasma spray are of compressive in nature. The coated samples with compressive residual
stresses in the substrate had longer substrate fatigue life (Pejryd et al. 1995). Oladijo et
al.(2012) prepared composites by thermal spray technique with WC-17%Co on different
metal substrates (Brass, Aluminium and Super-invar). They observed compressive
stresses on as sprayed coating on brass and aluminium, whereas tensile stress was found
on super-invar (alloy of iron and nickel) as shown in Fig. 2.12. The tensile stresses in
super-invar might be due to its low thermal coefficient expansion. However, compressive
stresses are beneficial, but excessive stresses can cause problems like buckling, which

can lead to delamination.
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Fig. 2.12: Residual stresses of WC-Co coating on different substrates
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2.5 Research Gap

Presently available metal nano composites with CNMs reinforcement were fabricated
with complex and expensive methods. Also, getting the homogeneous mixture of CNMs
and metal matrix is became a big challenge which is the main parameter to get improved
properties in composites compared to pure metal coatings.

In current existing Cu/CNT and Zn/GO nano composites, it is difficult to achieve
homogeneous distribution of CNMs in the metal matrix by the other techniques like
powder technology, thermal spray, sputtering and even using molecular mixing method.
To get the nanocomposites with improved properties, there are many challenges involved
such as (1) homogeneous dispersion of CNTs/GO (2) chemical and structural stability of
CNTs/GO (3) interfacial bond strength between CNT/GO and metal matrix (4) uniform

coating on the Cu/stainless steel substrate.

To get the good interfacial bond strength between CNT/GO and metal matrix, the
chemical structural stability of CNTs/GO and selection of fabrication technique are
important. The preparation of Cu/CNT and Zn/GO nano composites with improvement in
the thermal and mechanical properties is generally preferred nano composites for
engineering applications which are currently unavailable in literature. Among the various
fabrication techniques studied thus far, the electrodeposition technique appears to be the
best method in which the metal ions (Cu®*/Zn*") were trapped in between co-deposited
CNT/GO uniformly.

Although several studies were conducted on the Cu/CNT composites, no work was
carried out on the unidirectional heat transfer rate analysis. Also, the impact strength of
Zn/GO coatings which were measured by SHPB experiments, were not explored. In
addition, the cohesion strength and residual stress of Zn/GO coatings and their correlation

with elevated temperature analysis were not done by any other researchers.
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2.6 Objectives

The main objectives of the present investigation are to fabricate and characterize
metal/carbon nano structure composites (Cu/CNT and Zn/GO) using electrodeposition
technique to enhance the material properties such as tensile strength, hardness, thermal
conductivity, corrosion resistance, strain rate, cohesion strength. The specific objectives

based on the research gap of the work were decided as follows:

= Detailed study of tensile strength, hardness, corrosion of Cu/CNT composites at
various concentration of CNT and comparison study with pure Cu coating.

= Heat transfer rate of Cu/CNT composites with different diameter (SWCNT (6
nm), MWCNT1 (16 nm), and MWCNT?2 (170 nm)) and different concentrations.

= Effect of temperature on the cohesion strength of Zn/GO nanocomposites
deposited on SS304 stainless steel.

= Effect of temperature and pressure on strain rate of Zn/GO nano composites using

SHPB experiments.
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CHAPTER 3

METHODOLOGY

In this study, the nano composites were prepared by reinforcing CNMs into metal
substrate by electrodeposition technique. The quality of nano composites were prepared
by this technique characterized by several techniques such as TEM, FESEM, XRD and
Raman. The enhanced physical property such as heat transfer rate, tensile, hardness,

corrosion, and impact strength were measured.

3.1 Materials

For preparation of electrolyte, analytical grade chemicals were used for Cu/CNT and
Zn/GO coatings. Copper (1) sulphate pentahydrate (CuSO4.5H,0) with 99% purity and
Sulfuric acid, N-Cetyl-N,N,N-Trymethyl Ammonium Bromide GR (CETRIMIDE)
Ci19H4:BrN (CTAB), MWCNT1 (OD: 6nm-13nm) and MWCNT2 (OD: 110nm-170nm)
Sigma-Aldrich (Code: 698849 and 659258) have >95% purity. The SWCNT (OD:
1.4nm-2.2nm) received from PLATONIC of purity >85%. The GO (water dispersed)
received from Graphenea have >95% purity (Code: GOSD19039). The electrolyte bath
was prepared for Cu/CNT composites by Copper sulfate (CuSQ,), Sulfuric acid (H2SO,),
and for Zn/GO composites by Zinc sulfate (ZnSO,4.7H,0), Sodium sulfate (Na,SO,) and
Sodium chloride (NaCl).

3.2 Electrodeposition Technique

For dispersion of CNTs in 10 ml of De-ionized (DI) water, CNTs and CTAB well
dispersed in 1:5 of weight ratio and homogenized using probe sonicator. The uniform
dispersion of CNTs obtained with CTAB and good suspension is the key factor for
homogeneous CNT distribution (Hui Li et al. 2017). The electrolyte bath was prepared by
copper sulfate (CuSO45H,0, 0.70M) and sulfuric acid (H,SO4 0.86M) dissolved in DI
water until to reach pH of ~1. A magnetic stirrer was used for 15-20 minutes to get the
uniform solution and further added dispersed CNT into Cu electrolyte and again

sonicated for a few minutes. The DC power supply (KEYSIGHT Model No.N6761A)
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was used to prepare composites using the electrodeposition technique. The MWCNT
along with the Cu ions were electrodeposited on the Cu pipe/Cu fin/plate (cathode) in a
copper electrolyte between two anodes for 60 min to get the coating uniformly
throughout the surface of the Cu pipe as shown in Fig.3.1. A protective Cu coating of 5-

10 um was prepared on Cu/CNT coating surface to protect erosion of CNT from the

surface, and the final coating of ~75um thickness was obtained.

Stainless Steel

(Anode)

Stainless Steel

Positively charged CNTs

"WCNT coating

‘u coating

Cu hollow pipe

Cu/CNT coating
Cu coating

Cu fin

Figure 3.1: The schematic diagram of electrodeposition technique setup and the cross

sectional view of Cu fins and Cu pipe samples

Table 3.1: Deposition parameters of CuU/CNT composites

Sample Bath Concentration Deposition
Composition Parameters
Tensile, Hardness and Corrosion study Current density: 20-
25 mAcm’™,
c CuSO, 200 %/L Deposition time: 30
u H280, _1 85 g/l _1 min for tensile,
Cu + concentration of 150 mgL ", 300 mgL"and | nardness and
Cu/MWCNT2 MWCNT2+CTAB 450 mgL*concentration of | orrosion
CNT,CNT: CTABis 1.5 experiments, 60
Heat transfer rate study minutes for thermal
Cu + concentration of | 300 mgL Tconcentration of | EXPeriments,
CU/CNT SWCNT / MWCNT1/ CNT, pH:1,
(Cu fins) MWCNT2+CTAB CNT: CTAB s 1:5. | Stirring speed: 200
rpm,
Cu + concentration of | 150 mgL™, 300 mgL", 450 'Ipemperature ‘RT
Cu/MWCNT2 MWCNT2+CTAB mgL™, 600 mgL™, and 750
(Cu pipe) mgL* concentration of
CNT, CNT: CTAB is 1:5
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Fig. 3.1 shows the cross sectional view of the Cu fins/pipe samples for heat transfer rate
experiment. However for tensile, hardness and corrosion rectangular Cu plate of
thickness 1mm was prepared. Table 3.1 listed all the required deposition parameters and
conditions to prepare the Cu/CNT composites. Stainless steel plate was used as the anode
and the current density was adjusted in the range of 20-30 mA/cm? through hull cell
method.

The pure Zn coating and Zn/GO composite coatings were prepared using
electrodeposition technique by varying the concentration of GO and coating time on
SS304 stainless steel samples. The DC power supply (KEYSIGHT Model No.N6761A,
U.S) was used to prepare composites. The GO along with the Zn** ions were co-
electrodeposited on the SS304 stainless steel (cathode) in an electrolyte bath. Fig. 3.2
shows the schematic diagram of electrodeposition to prepare Zn/GO nanocomposites
along with the cross sectional view of the plate and cylindrical samples. Table 3.2 listed
the deposition parameters to prepare the Zn/GO nano composites. Pure Zn plate (>99.9%)
was used as the anode and the current density was adjusted in the range of 10-15 mA/cm?

which is optimized through the hull cell method.
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Figure 3.2: Schematic diagram of setup of electrodeposition technique along with the

cross sectional view of samples
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Table 3.2: Composition and Deposition parameters of Zn/GO composites

Sample | Bath Composition Concentration Operating Parameters
ZnS0,.7H,0 180 g/L Current density: 10-15
Zn Na,SO, 30 g/L mAcm?,
Deposition time: 10min,
NaCl 1ol 20min & 30min.
Zn + concentration 4mgL™, 8 mgL™, 20 pH : 5,
Zn/GO of GO+CTAB mgL™" and 40 mgL™* Stirring speed: 200 rpm,
concentration of GO, Temp. : RT, 100°C,

GO:CTABis1:1&1:2. ZOOOC, 3000(:, 350°C

3.3 Characterization of Cu/CNT Composites

3.3.1 Microstructural Study

The surface topography and the morphology of CNTs and Cu/CNT composites were
studied by transmission electron microscope (TEM: JEOL-2100, Japan), scanning
electron microscope (SEM: JEOL model JSM 6380 system) and field emission scanning
electron microscope (FESEM: 7610FPLUS, JEOL, Japan).

3.3.2 X-Ray Diffraction

XRD is used to investigate the pure Cu coating, CUUMWCNT2 composites for CNT
concentrations of 150 mgL™?, 300 mgL™ and 450 mgL™. XRD (JEOL X-ray
diffractometer, DX-GE-2 P, Japan) was performed with Cu-Ka radiation of 0.154 nm
wavelength and scanning rate at 2° per min. The basic law involved in the diffraction

method of structural analysis is the Bragg’s law as following equation (2)

2dsinf = nA, (@)

where, ‘n’ is the order of diffraction.
‘A’ is the wavelength of the X-rays.
‘d’ is the spacing between consecutive parallel planes

‘0’ is the angle of incidence.
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3.3.3 Tensile test

In order to test the tensile strength of the Cu/CNT composites, Dog-bone shape samples
were prepared according to ASTM standard E8-EM using the water jet machine. Figure
3.3(a) shows the dimensions of tensile test samples in millimeter and Figure 3.3 (b)
shows the prepared tensile test samples. The Cu/CNT composites strength, Young's
modulus, and ductility can be determined from the results of a tensile test. The data
collected during a tensile test includes load or force as a function of length change (Al).
These data are then subsequently converted into stress and strain. The stress-strain curve
is analyzed further to the extract properties of materials, such as yield strength, Tensile

strength etc.
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Figure 3.3: (a) ASTM standard (E8-EM) Tensile Sample
dimensions, mm. (b) Prepared tensile test samples

3.3.4 Micro Hardness

The hardness of materials is usually determined by indentation. It consists in quantifying
the resistance of a surface to the penetration of an indenter. Several methods have been
developed to measure hardness and the main ones are Rockwell, Brinell, Vickers and
Knoop hardness test. Each method differs from the others by a specific geometry and size
of the indenter, has by its specific equation, and presents also specific load conditions. In
the present study the hardness of Cu/CNT composites has been calculated by Vickers

hardness method using following equation (3)

H=1.854F/d?, (3)
where, d = Average diagonal length in mm, F = force used in gf.
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3.3.5 Corrosion study

Electrochemical corrosion behavior of pure Cu coating and Cu/CNT coating studied
using biologic series SP-150 potentiostat with three-electrode system. The saturated
calomel electrode (SCE) is used as a reference electrode, a platinum electrode as a
counter electrode, Cu/CNT composite coating (exposed area of 1.0 cm?) as a working
electrode with the electrolyte 3.5 wt% NaCl.

3.3.6 Thermal experiments

The heat transfer rate experiments were conducted on copper fins coated with
SWCNT, MWCNT1, and MWCNT?2 at 300 mgL™ concentration in natural (without
fan) and forced (with fan) convection. The heat transfer rates were compared with
copper fins with copper coating of the same thickness, as shown in Figure 3.4 (a). The
CUu/CNT composite with the best thermal conductivity was chosen and measured at
different concentrations of CNTs (150 mgL™, 300 mgL™, 450 mgL™, 600 mgL™ and
750 mgL™, respectively) in natural and forced convection. To measure the heat
transfer rate, we made two identical acrylic boxes (7cmx7cmx5cm) and cover with an
equal amount of insulator to prevent heat loss. Hot water baths of around 80°C were
poured into both acrylic boxes, which were then immediately coated with CNTs and
only Cu pipes were inserted. After that, the insulator-covered lid was properly placed
on the boxes to prevent heat loss. The heat transfer rate measurement system was
designed so that heat can pass from inside to outside through the specimen in an axial
direction, then heat transferred in a transverse direction after reaching the top side, as
shown by the arrows in the schematic diagram in Figure 3.4(b). Heat transfer rate data
was collected using the KEITHLY 2700 MULTIMETER instrument (accuracy of
0.001°C). The heat transfer measurement system is depicted in Figure 3.4(b) with
schematic diagrams in both the transverse and axial directions. The heat transfer rates
of the specimens were measured to a precision of 0.1°C using a k-type thermocouple
sensor probe. Small fans were also arranged to observe the heat transfer rate in forced

convection.
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Figure 3.4: Schematic diagrams of setup of the Heat transfer using (a) Cu fins (b) Cu

pipe in axial & transverse direction along with original images

The amount of heat transferred per unit of time in a material is called the rate of heat

flow, and it is usually measured in watts (joules per second). The flow of thermal

energy caused by thermal non-equilibrium is known as heat. The equation of heat

flow is given by Fourier's Law of heat conduction is expressed by

Rate of heat flow = - (heat transfer coefficient) x (area of the body) x (variation of the

temperature) / (length of the material).

The formula can be written for the rate of heat flow as:

Q_
At

Where, Q = net heat transfer (joules J), At =

AT
Ax '

(4)

time taken, AT = difference in

temperature between the cold and hot sides, 4x = thickness of the material

conducting heat (distance between hot and cold sides), k =thermal conductivity,

and A = surface area of the surface emitting heat.
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The total heat transferred per unit time is calculated using the basic overall heat

transfer equation which is given by

q=UAAT ©)

Q
T (6)

q =
where, U = overall heat transfer coefficient (Jm?s*°C?), AT = mean temperature

difference, g= heat transfer rate and t= duration of heat transfer.

The peltier generated heat was transferred through the specimen, and equation (5)
and (6) were used to calculate the rate of heat transfer (q) through the specimen.

3.4 Characterization of Zn/GO Composites

The pure Zn and Zn/GO coated on a stainless steel substrate of 1cmx1cm dimension were
characterized using FESEM along with EDS (GEMINI 300, Carl Zeiss, and Germany).
XRD (Empyrean 3rd Gen, Malvern PANalytical, Netherlands) studies have been done to
know the phases present in the coatings with Co-Ka radiation of 0.1789 nm wavelength
and at 2°/min scanning rate. The quality of the obtained GO and carbon structure of
Zn/GO coatings were characterized by Raman spectroscopy using Confocal Raman
Microscope (Compact Raman Spectrometer, Renishaw, UK) at 532 nm wavelength. The
Zn/GO coated samples were prepared at various coating timings of 10 min., 20 min. and
30 min. and measured the coating thickness by Digimatic Micrometer (Mitutoyo

Corporation).

3.4.1 Scratch tests

Adhesion measurements were performed using the Universal Scratch Testing equipment
by applying an incremental load from 2N to 30N on the coating surface. Scratch test was
carried out by utilizing the sophisticated model scratch tester (TR- 101, DUCOM,
Netherlands) with a 200-um diamond tip. Progressive load mode of the scratch test was
performed on the surface of the coating with a loading range from 2N to 30N with the

scratch velocity 0.1mm/sec. The scratch tests have been done on Zn/GO coatings as a
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function of GO concentration, coating time, temperature and also observed at the
different surfactant ratio with the GO. Temperature dependent (RT, 100°C, 200°C, 300°C
& 350°C) scratch test experiments were performed on Zn/GO coated samples which
measure temperature dependent adhesion capacity. During the scratch measurement, the
coefficient of friction, frictional force, penetration and scratch length values were
recorded to determine the scratch-resistant behavior of the coatings. Interfacial adhesion
was characterized using the critical normal load at the point when both an abrupt change
in normal displacement and also match with crack initiation in the coating observed in the
microscope. Moreover, microscope which is attached to the equipment was used to

observe and collect the images of the scratched surfaces.
3.4.2 Impact tests

All the samples for SHPB experiment were obtained from the SS304 steel rod by
precision cutter accurately after that polished cross sectional surfaces with emery paper.
Impact measurements were performed using the SHPB by varying the pressure and
temperature on SS304 stainless steel cylindrical samples by utilizing the SHPB impact
testing machine (Artis Technologies and Services, Bangalore). The dynamic compressive
load was applied on uncoated and coated samples by the SHPB apparatus by holding the
sample between the incident bar and transmission bar. The striker bar comes from the
pressure chamber and hits the incident bar with a certain velocity which mainly depends
on the pressure as shown in Figure 3.5.

The SHPB experiments were conducted at a various pressure (2 bar, 2.5 bar, 3 bar, 3.5
bar and 4 bar) and temperatures (RT, 100°C, 200°C, and 300°C) on uncoated and Zn/GO
coated of stainless steel samples. Three experiments were performed at each condition of
pressure and temperature, and an average value of three samples was considered as the

final result.
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Figure 3.5: Schematic arrangement of SHPB experiment setup
The incident strain (e7), reflected strain (&), strain rate (€), and stress (o) in the specimen
are calculated using the following equations based on the waves propagation which were

detected by strain gauges (Acharya et al. 2019; Tasdemirci et al. 2010).
2C, t

Eengg = = Jo g.dt (7)
A
Oengg = Eo A_(S)ET (8)
, 2C,
€= - Tgr )
&) + &(t) = & (0), (10)

where C, is the Elastic wave velocity in the bar, As and L are the cross-sectional area
(113.14x10° m?) and height of the specimen (5x10°m), E, and A, are the Young’s
modulus and cross-sectional area of the bar respectively. &(t) = Time dependent
transmitted strain, &(t) = Time dependent reflected strain, &(t) = Time dependent incident
strain.

The elastic wave velocity (C,) can be calculated by using following formula

E= (Co)zxpmaterial (11)

Where, E is the Young’s modulus (205x10° Pa), and pmaterial iS density (8000 kgm™) of
pure SS304 stainless steel
The true strain (eqye) and true stress (gsyress) are calculated by following equations
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Erue = —In €engyg (12)

Otrue = 0-engg(]- - gengg) (13)
The microstructures of the samples before and after various dynamic pressure and

elevated temperature tests were examined by the FESEM. The uncoated samples were
polished (emery paper and an automatic polishing machine) and then etched (electro
chemical etchant with 10% oxalic acid) for micrographic observation. The Zn/GO coated
samples directly after the impact tests were observed under the microscope.

3.4.3 Residual stresses

The diffraction collection was done using the XRD equipment (Empyrean 3rd Gen,
Malvern PANalytical, Netherlands). Residual stress measurements were performed in
psi-geometry, which means that the sample was tilted around an axis parallel to the plane
of the diffractometer on the Zn/GO coatings by using XRD with Co-Ka radiation. The
Pearson VII method in stress plus software was used to analyze the residual stresses in
coatings. Due to the high Zn phase in composite coatings, the residual stress
measurements were focused on only the Zn Bragg peak. The lattice plane (201) (26
=105°) was selected to observe the variation of diffraction angle for the selected plane at
different tilt angles . The displacement of 20 peak was reflected the change of (201)
lattice plane spacing d. The relations of the 20 and sin®¥ in different Zn/GO composite
coatings were deduced at 20 =105° (namely, the increasing value of the sin®¥ was 0, 0.1,
0.2, 0.3, 0.4, 0.5). Once the d-spacing and sin¥ values were obtained from the XRD at
different angle, its slope was solved by the least-two-multiplicative method, The elastic
constants S1= -2.778x10°® MPa, 1/252= 1.204x10° MPa and Poisson’s ratio = 0.30 were
used to convert strain into stress measurements (Randall et al. 2000; Mathabatha et al.
2016) and then the residual stress was solved by the following equation (14)

Oy = —. (14)
Where, m = slope of d-spacing vs. sin®¥, E = Youngs modulus, v = poissions ratio,

do= initial d- spacing.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Cu/CNT nano composites
4.1.1 TEM and FESEM micrographs

TEM micrographs of MWCNT1 and MWCNT2 and FESEM micrographs of SWCNT
were observed after probe sonication with 1:5 ratio of surfactant and confirmed that no
agglomeration in the CNTs and also presence of minimal metallic impurities which is
shown in Figure 4.1. Using ImageJ software the diameters of SWCNT, MWCNT1 and
MWCNT2 were measured at different places of along the length of CNT. The average
diameter of SWCNT, MWCNT1 and MWCNT2 were measured as 6.06nm, 163.3nm, and
17.85nm respectively.

Figure 4.1: (a) FESEM image of SWCNT, TEM micrographs of (b)) MWCNT1 and (c)
MWCNT2

4.1.2 SEM Micrographs

Scanning electron microscopy (SEM) images of Cu/CNT composite are shown in Figure
4.2. In this, the MWCNTSs are deposited by electro deposition technique along with the
copper on copper plate with 1cmxlcm dimensions. The SEM image shows the
morphology of Cu/MWCNT2 composites for 150 mgL™, 300 mgL™?, 450 mgL™, 600

mgL™?, 750 mgL™ concentrations. The increasing the concentration of MWCNT2 from
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150 mgL™ and 750 mgL™* more MWCNT2 were deposited at the constant area. A group
of MWCNTSs can form a randomly oriented depending on concentration of MWCNT.

Figure 4.2: SEM images of Cu/MWCNT?2 (a) 150 mgL?, (b) 300 mgL™, (c) 450 mgL™,
(d) 600 mgL™?, and (e) 750 mgL™

The Cu/CNT composites were prepared at 300 mgL™ concentration, same deposition
parameters and same area of 1cmxlcm. The FESEM images of pure Cu, Cu/SWCNT,
Cu/MWCNT1 and Cu/MWCNT2 were shown in Figure 4.3 (a-d). The spherical copper
deposits incorporating MWCNTSs were observed as per literature (Arai et al. 2007). The
homogeneous deposition obtained throughout the sample and most of the CNTSs in the

matrix were observed along the lateral direction.

The EDS analysis has been carried out in order to validate the presence and to reveal the
distribution of CNTs in samples. The EDS of Cu/SWCNT, Cu/MWCNT1 and
Cu/MWCNT?2 coatings have been studied by using FESEM equipped with EDS analyzer.
SEM-EDS scan region of Cu/SWCNT, Cu/MWCNT1 and Cu/MWCNT2 coatings
surface was smooth and distributed evenly with CNTs. The area of coatings 2mmx2mm

selected at 5 various places of sample and performed EDS. The average mass fractions
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(wt.%) and atomic fractions (at.%) of chemical elements on the coating surface were
shown individually in Table 4.1. At the same deposition parameters, the Weight% of C
have been observed for Cu/SWCNT, Cu/MWCNT1 and Cu/MWCNT?2 coatings as 8.4%,
7.58% and 7.06% respectively. The Cu/SWCNT has highest percentage/number of
SWCNT in comparison with MWCNT1 and MWCNT2.

Figure 4.3: The FESEM micrographs of (a) Pure Cu, (b) Cu/SWCNT, (c)
Cu/MWCNT1 and (d) Cu/MWCNT?2 at 300 mgL™* concentration at same deposition
parameters
The reason attributed to lighter in weight CNTs deposited more in number. Because at
the same current density all the CNTs experience equal amount of electromotive force as
a result lighter weight of CNTs or smaller diameter CNTs will deposit more on Cu
surface as EDS suggest. The rate of incorporation into the metal deposit is influenced by
particle size. According to the findings, as the nanoparticle size becomes smaller, more

can be incorporated into a metal deposit per unit volume (Low et al. 2006).
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Table 4.1: FESEM-EDS data of (a) Cu/SWCNT, (b) Cu/MWCNT1 and (c)
Cu/MWCNT2 nanocomposites

Elements | Cu/SWCNT Cu/MWCNT1 | Cu/MWCNT?2
Wt% | At.% | Wt.% | At.% | Wt.% | At.%

C 8.4 29.5 758 | 26.72 | 7.06 | 27.52

@) 476 | 1214 | 6.04 | 1498 | 1.76 5.18

Cu 86.26 | 57.58 | 854 | 57.14 | 91.06 | 67.12

S 0.6 0.78 0.98 1.16 0.14 0.18

Figure 4.4 shows the cross sectional micrographs of CuUMWCNTL1 coating which is

observed through FESEM. From the micrograph, coating thickness observed as

75.78u for 60min coating time. Also CNTs were present between the Cu crystals

randomly in different direction. Most of the CNTs observed axial direction to the in

plane of the surface and very few were in out of plane in axial direction to the

surface as shown in Figure 4.4(b). Most of CNTs deposit axially to the plane and

very few deposit perpendicularly to the plane because of the low electromotive force

acting on the cross section of the CNTs due low surface area, as illustrated in the

schematic view of Figure 4.4(c).

Less electro motive
force CNT deposits

Zout of plane axial

direction

More electro motive
force CNT deposits
in plane axial
direction

Figure 4.4: FESEM images of cross section view of CUUMWCNT1 coating (a)

coating thickness (b) CNTs alignment in Cu matrix (¢) Schematic view of CNT

deposition

48



4.1.3 XRD

The pure Cu coating and Cu/MWCNT composites using MWCNT2 were
characterized by XRD. From Figure 4.5, the XRD patterns confirmed the existence
of MWCNT in the Cu matrix. For pure Cu coating, the peaks were observed at 20
about 43.51°, 50.38°, 73.98° and 89.9°; it matches with the JCPDS file no. 01-071-
4610. Further, extra peaks were noticed on the reinforcements of MWCNT at 20
values of 26.66° corresponding to (002) plane of carbon which matches with the
JCPDS file no. 00-041-1487. From the XRD pattern in the Figure 4.5, it is also
observed that the Cu (111) plane is slightly shifted towards higher angle due to
MWCNT concentration increased in the matrix (Das et al. 2015; Karolina et al.
2018).
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Figure 4.5: Representative XRD profiles of Cu and CuUMWCNT2 composite
4.1.4 Tensile Test

The MWCNT deposited along with Cu onto dog bone sample using an electrodeposition
technique in an electrolyte bath. The testing was performed at a strain rate of 0.2mm/min.
Figure 4.6 shows stress-strain curve of tensile tests at room temperature for Cu/CNTSs
composite. It can be seen that for the composites, the tensile strength increases with an
increase in the volume fraction of CNTs. The ultimate strength and Yield strength of pure
copper and Cu/MWCNT composites was mentioned in Table 4.2. The tensile strength of
pure Cu is about 270 MPa. The observed strain is 22%, 27%, 28% and 30% for pure Cu,
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and Cu/MWCNT composites at 150 mgL™?, 300 mgL™ and 450 mgL™ concentrations of
CNT respectively. As the amount of CNTSs in electrolyte increases, the resultant tensile
strength is increased 8%, 13% and 25% for 150 mgL™, 300 mgL™ and 450 mgL™,
respectively. The reason for the increase in strength is due to the CNT has much higher
tensile strength compared to Cu, also due to better interfacial bonding between Cu-CNT
and deposited Cu atom on Cu substrate. Even after tensile test measurement, there is no
peeling of the deposited material (Cu/CNT coating) from the Cu substrate which
confirms that a better Cu deposited on Cu substrate, which means the loading was evenly

distributed between the substrate and composite.

Table 4.2: Tensile Strength values of pure Cu and different concentrations of
Cu/MWCNT nano composites

Sample Yield Strength | Tensile Strength Strain
(MPa) (MPa)

Pure Cu 222 276 22%
Cu/MWCNT 247 294 27%
(150 mgL™)

Cu/MWCNT 262 312 28%
(300 mgL™)
Cu/MWCNT 286 344 30%
(450 mgL™)
450
e CNT 450mgL."
400 CNT 300mgL”
e CNT 150mgL”
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Figure 4.6: Stress strain curve of pure Cu and different concentrations of CU/MWCNT

composites at 150 mgL™, 300 mgL™ and 450 mgL™
50



4.1.5 Micro Hardness Test

Micro hardness (HV) of Cu/CNT composites was measured using a (Micro Hardness
Tester (FM-800)) micro HV indenter with a load of 500 gf for a dwelling time of 10s.
Ten indentations on different parts of each sample were measured and their averaged
hardness values were calculated. The hardness obtained for pure Cu is 118.68 HV,
whereas for CW/UMWCNT composites are 24%, 36% and 47% higher than pure copper for
150 mgL™, 300 mgL™ and 450 mgL™, respectively which are given in Figure 4.7 and
Table 4.3. This indicates that the CNT coating yielded a relatively harder surface than Cu
substrate because of MWCNT has hardness value around 25GPa. However in case of
powder technology route, it is noted that by fabricating CU/MWCNT the composite yield
only 32% of hardness due to presence of micro voids and agglomerates in the composite
(Darabi et al. 2020). Whereas in our study, it is observed that by altering the coating
fabrication process and parameter it yields a dense CNT coating with a high degree of
uniformity and distribution in Cu matrix which results in a relatively much harder

coating.
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Figure 4.7: The Microhardness values variation with content of MWCNT in electrolyte
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Table 4.3: Hardness values of pure Cu and different concentrations of CWUMWCNT

composites
S. No. Hardness (HV) Increment

Pure Cu coating 118 NA
Cu/MWCNT 146 24 %

(150 mgL™)

Cu/MWCNT 162 36 %

(300 mgL™)

Cu/MWCNT 174 47 %
(450 mgL™)

4.1.6 Corrosion study

4.1.6.1 AC-impedance measurements

The corrosion resistance of pure Cu and Cu/MWCNTSs composite coating was calculated
by AC-impedance measurements. Electrochemical impedance parameters were fitted
using Z-fit analysis in EC lab software and experimental data were fitted with electrical
circuits called “equivalent circuits”. This circuit represents various components that relate
to electrochemical, chemical or physical reactions with the metal and environments.
Nyquist plots were obtained in the 3.5 wt. % NaCl solution for pure copper and
Cu/MWCNT are shown in Fig. 4.8(a). Similarly, Bode Plots in the form of modulus of
impedance and phase angle with respect to frequency are shown in Fig. 4.8(b). The
impedance parameters were obtained by best fitting all the experimental data using an
equivalent circuit which is shown in Fig.4.6 and the impedance kinetics such as solution
resistance (Rs), film resistance (Ri), charge transfer resistance (R;), constant phase

elements (Q1 and Q2), values of the exponent ‘n’ recorded as shown in Table 4.4.

Nyquist plots shown in Fig. 4.8(a), clearly indicates a significant variation of semicircle
radius for pure copper and composites by using a various amount of CNT as
reinforcements such as 150 mgL™, 300 mgL™ and 450 mgL™. The larger capacitive loop
was produced by Cu/MWCNT coating and pure Cu shows smaller capacitive loop. Fig.

4.8b shows the Bode plots which is good representation of electrochemical impedance
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behavior as it indicates directly modulus of impedance and phase angle with given

frequency ranges. A higher modulus of impedance indicates the stability of passivity and

shift of phase angle towards -90° to 90° indicates the uniform formation of passive film.

Modulus of impedance decreases as concentration of MWCNT decreases from 450 mgL™

to 150 mgL™ at lower frequency. Total coating resistance or polarization resistance

(Rp=R1+Ry) calculated by fitting electric circuit (as shown in Fig.4.9) and are shown in

Table 4.4, clearly indicates that the higher amount of reinforcement of CNT (450 mgL™)

in Copper has shown that a significant increment with respect to lower CNT

concentration (150 mgL™ and 300 mgL™) and without CNT. The obtained results are

found be better for good passivation and resistance to corrosion by increasing the CNT in

the matrix of copper.
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Figure 4.8: (a) Nyquist plots (b) log (Freg/Hz) vs. log Z/ohm Bode plot of a pure copper
coating and Cu/CNT samples in 3.5wt%NaCl solution

Table 4.4: Electrochemical AC impedance studies of pure Cu and Cu/MWCNT

Sample Ro/ | R: | Q1x10° n | Ro Q,x10° Ny Rp=
Qcm? | Qem? | SY/Qem™ Qcm? | SY/Qem? R:+ Ry

Pure Cu 6.379 | 27.83 4.43 0.62 | 3268 3.65 0.66 3333

Cu/MWCNTL | 5.324 | 50.9 5.24 0.54 | 3827 4.04 0.78 3900

Cu/MWCNT2 | 5.874 | 11.48 7.09 0.42 | 5010 5.36 0.86 5000

Cu/MWCNT3 | 5.563 | 8.402 3.38 0.44 | 8962 8.93 0.89 9000
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Figure 4.9: Equivalent circuits for curve fitting of Pure Cu and Cu/CNT composites

4.1.6.2 Tafel polarization studies

Electrochemical corrosion plots of Cu/CNTs in the solution of 3.5 wt.% NaCl solution
are shown in Fig 4.10. Corrosion kinetics parameters such as corrosion potential (Ecorr),
corrosion current density (icor) and corrosion rates were calculated using Tafel slope of
the curves for pure copper and MWCNT composite coatings are tabulated in Table 4.5.
Ecor OF CU/CNT composites have shown a positive shift towards noble potentials as
compared pure copper coating indicating that a spontaneous passive film formation the
surface of composite as compared to pure copper. Corrosion current density (icor
decreased for CU/MWCNTS coatings compare to that of pure copper coating (Table 4.4).
This is due to the presence of uniformly distributed MWCNTSs on the Cu matrix.

log I(mA)
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A—Cu
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Figure 4.10: Tafel polarisation plots of pure Cu and Cu/MWCNT coatings
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It was also observed from these corrosion results that corrosion rate for pure Cu is 0.07
mmpy (mm/year), however, Cu/MWCNT (450 mgL™) composites has 0.02 mmpy which
is significantly lower values suggesting that Cu-MWCNTSs nano-composite coating had
higher corrosion resistance than the pure Cu coating. A resistance against to the corrosion
and high passivity is due to the presence of uniformly distributed MWCNTSs on the Cu
matrix. It decreases the grain size of copper coating that suppressed the active surface
area of CUUMWCNTSs nano-composite coatings. Also, the presence of cracks and ultra-
micro holes could be filled by addition of CNT in to the matrix of pure copper
(Ramaliangam et al, 2017).

Table 4.5: Corrosion current density and corrosion potential of pure Cu and Cu-

MWCNTSs composite coating obtained from Tafel Polarization studies in 3.5%NacCl

Solution
Material Amount of Ecorr(V) | leorr(RA em™) Corrosion
MWCNT(mg/L) VS. rate/mmpy
SCE
Pure Cu coating 0 -0.340 3.24 0.07
Cu/MWCNT1 150 -0.268 2.30 0.04
Cu/MWCNT?2 350 -0.253 2.29 0.03
Cu/MWCNT3 450 -0.190 1.09 0.02

4.1.7 Heat transfer rate experiments

4.1.7.1 Experiments using Cu fins

Heat transfer characteristics of prepared samples are tested for natural (without fan) as
well as forced convection (with fan). The experiments are carried out on pure copper fins,
and copper fins with coating of SWCNT, MWCNT1 and MWCNT2 at 300 mgL™
concentration with and without fan. Among all these samples the MWCNT2 shows
highest cooling rates of 21.46°C/hr and 28.83°C/hr for natural and forced convection,
respectively as shown in Fig.4.11. The heat transfer rates for all the samples are shown in

Table 4.6. Due to larger diameter, the number of MWCNT?2 deposition is less compared
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to smaller diameter CNTs at same operating conditions as observed in EDS results (Table
4.1) as well as SEM images (Fig.4.3 b-d). This can also be observed in SEM images
(Fig.4.3b-d). Due tothe higher thermal resistance between tangled CNT-CNT in
transverse direction, the results showed less heat transfer for Cu/MWCNT1 and
CUu/SWCNT as explained with detailed mechanism in Fig.4.11.
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Figure 4.11: The cooling rate curves of Cu, SWCNT, MWCNT1 and MWCNT 2 coated

on copper pipe (a) without fan and (b) with fan

Table 4.6: The heat transfer rate values of Cu, SWCNT, MWCNT 1 and MWCNT2

composites
Sample Type | Cooling rate (°C/hr) | Cooling rate (°C/hr)
Natural convection Forced convection
Pure Cu 12.6 14.4
SWCNT 15.94 20.37
MWCNT 1 16.23 21.96
MWCNT 2 21.46 28.83

In aligned CNTSs, some researchers reported a high CNT-CNT contact thermal interface
resistance. They observed that as the CNT density increases, the intercalation structure's

heat transfer efficiency decreases due to the extensive CNT-CNT contact (Ji et al. 2016;
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Marconnet et al. 2011). Also due to the large diameter and less amount of CNTs
deposited on the matrix, MWCNT2 shows a higher heat transfer rate compared to
SWCNT and MWCNT1. Hence, MWCNT?2 is chosen for further study of varying
concentration of CNT from 150 mgL™ to 750 mgL™ to comprehend the heat transfer

behavior in axial as well as in transverse direction.
4.1.7.2 Experiments using Cu Pipe

The heat transfer rates are measured for CU/MWCNT2 composite, prepared at different
CNT concentrations as mentioned in Table 3.1. These experiments are carried out with
and without fan, and values are compared with pure copper coating. The heat transfer rate
graphs of CWUMWCNT2 composites with pure copper plotted as shown in Fig.4.12 same
is presented in the form of ratio Qcnt/Qcy in Fig. 4.13. The Qent/Qcy Values at 450 mgL'1
are observed to be maximum compared to all other concentrations considered in the study
for natural as well as forced convection. At low concentration (150 mgL™ and 300 mgL"
1y, the composites show less conductivity due to lack of conductive network of CNTs
(Fig.4.14a). As the CNT concentration increases to from 150 mgL™ to 450 mgL™ the
Qcnt/Qcy value increases from 1.12 to 1.41 in natural convection and 1.18 to 1.47 in
forced convection, by increasing the concentration of CNT in Cu matrix. However, from
450 mgL'1 to 750 mgL'l the Qcnt/Qcy value decreases from 1.41 to 1.08 in natural
convection and 1.47 to 1.17 in forced convection. This shows the optimum number of
CNT or better CNT network is required for achieving a high heat transfer in above
prepared sample. As shown in Fig. 4.14b the optimum number of the CNTs on sample is
deposited in axial direction which results in better electrons and phonons contribution in
high thermal conduction (Fig.4.14b). As heating wall thickness can influence the heat
transfer (Magrini et al. 1975), at same thickness of coating (76 um), the Edward et al.
reported that CNT-Cu composite achieved higher heat transfer rate by 1.24 times of pure
Cu coating (using cold spray process), where as in present study we have achieved up to
1.41 and 1.47 times of pure Cu for natural and forced convection respectively (Edward et
al. 2013). At 600 mgL'1 and 750 mgL'1 concentration of CNT, the Qcnt/Qcy Values are
less compared to 450 mgL™. As the number of CNTs deposited at higher concentration,
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are more, the resistance between CNT-CNT gets increased and CNT starts working as an

insulator which is depicted in Fig.4.11c (Aliyu and Srivastava 2021).
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Figure 4.12: The heat transfer rate curves of Cu/MWCNT?2 at different concentrations of
(a) 150 mgL™, (b) 300 mgL™, (c) 450 mgL™, (d) 600 mgL™ and (e) 750 mgL™ coated on

copper pipe without fan and with fan
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Figure 4.13: The Qcnt/Qcy Values of CU/MWCNT2 coatings at various

concentrations of CNT in natural and forced convection
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Figure 4.14: Schematic diagram of Cu/MWCNT?2 composite at () 150 mgL™, (b) 450
mgL* concentrations of CNT (c) 750 mgL™*, CNT-CNT contact region and its thermal

conduction mechanism

The CNTs act as an insulator across its transverse direction, so the heat transfer
would be through the Cu atoms in the transverse direction of the CNTs (Fig.4.11c). The
fundamental theory of energy transport states that a material's total thermal conductivity
is determined by the energy carrier’s electrons and phonons. Electrons dominate the
energy transmission through copper, while phonons are dominant in CNTs. As a result,
the total thermal conductivity of Cu/MWCNT2 composites enhances due to the effect of
both electrons and phonons energy carriers. Because of the uniform dispersion of CNTs
and the good interfacial bonding between Cu and CNTSs, both electrons (Cu) and phonons
(CNT) can contribute to the thermal conduction mechanism of a Cu/MWCNT2
composite (G. Chai and Q. Chen 2010; Mandal and Mondal 2018). The incredible effects
of phonon conduction in the fabricated nanocomposites at 450 mgL™ concentration could
be attributed to the optimum number of CNTs align in the preferential direction (axial
direction) of MWCNT, resulting in higher thermal conductivity (Mandal and Mondal
2018; Darabi et al. 2020).

59



4.2 Zn/GO nano composites

4.2.1 FESEM Micrographs

FESEM micrographs of pure Zn coating and Zn/GO composites are shown in Fig.
4.15. FESEM micrographs corresponding to Fig. 4.15a display the surface
morphology of pure Zn coating as fibrous morphology which is similar to that
reported by Rekha and Srivastava (2019). The FESEM micrograph of the Zn/GO
nanocomposites (Fig. 4.15b) reveals the uniformly dispersed GO across the Zn
matrix and no agglomeration of GO is observed in the matrix (Azar et al. 2020). The
homogeneous deposition of the sample has created a uniform, compact, and crack-
free morphology. The incorporation of GO into the Zn matrix alters the fibrous
morphology of Zn coating (Fig. 4.15a) to a laminate structured morphology (Fig.
4.15b).

Figure 4.15: FESEM micrographs of (a) Pure Zn and (b) Zn/GO nanocomposites of
4 mgL™* GO with 1:2 of GO:CTAB

The EDS analysis was carried out to determine chemical composition of Zn/GO
composites. Fig. 4.16 shows the EDS spectrum of Zn/GO composite at 4 mgL™ GO
concentration in the electrolyte. The EDS was performed on 27um thickness of
Zn/GO coating on stainless steel substrate. The mass fractions of chemical elements
on the coating (wt. %) are as follows: Zn 70.27, C 2.41, O 13.45, S 3.89, and others
9.99; and an atomic fraction (at. %): Zn 40.69, C 7.60, O 31.81, S 4.59, and others

15.41 as shown in Fig. 4.16 (a). The Zn concentration is the highest, followed by O
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and other ones. The area of the coating selected as 16 pm? as shown in Fig. 4.16 (b)

micrograph of coating.
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4.2.2 XRD
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The XRD patterns obtained for pure GO coating and Zn/GO nanocomposites with

various GO concentrations are illustrated in Fig. 4.17. The diffraction peak of GO was
observed at 10.54° corresponds to (001) as shown in Fig. 4.17(a) which is consistent with

literature (Rekha and Srivastava 2019; Zhang et al. 2020).
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Figure 4.17: X-Ray Diffraction profiles of (a) pure GO (b) pure Zn coating and Zn/GO
nanocomposites at various concentrations of GO and 1:2 of GO:CTAB
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Fig. 4.17 (b) shows the XRD of Zn/GO composite where, the diffraction peaks indexed to
(002), (100), (101), (102), (110), (112) and (201) planes matched well with the phase of
Zn (JCPDS File Ref. Code: 00-004-0831). There is a significant displacement of (101)
peaks (as shown in Fig. 4.18), indicating that the presence of a reinforcement in the
coating promotes a distortion of its lattice parameters. The shifting of diffraction peak
towards to lower angles is due to internal stress caused by reinforcement of small sized
carbon structure into Zn matrix. However, graphene oxide diffraction peak was not
noticed in Zn/GO composite diffraction profile. Absence of GO characteristic peak in the
diffraction pattern of nanocomposite is caused by low amount of embedded graphene
sheets. Hence, to confirm about the presence of GO in nanocomposite, Raman

spectroscopy test was carried out on the Zn/GO nanocomposites.
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Fig. 4.18: The diffraction peak shift of Zn/GO composite at various concentrations of GO

4.2.3 Raman spectroscopy

Raman spectroscopy provides the information about carbon products based on the
inelastic scattering of a molecule irradiated by a monochromatic light source. Fig. 4.19
shows Raman spectra of GO and Zn/GO composites in the range of 100-3000 cm™. The
D band and G band in the spectra (Fig. 4.16) represent the disorder bands and the
tangential bands, respectively (Johra et al. 2014). The D vibration band which is formed
by j-point phonons of Aiy symmetry, and the G vibration band formed from the first-
order scattering of E,q phonons by sp? carbon atoms. In general, the D-band and G-band
for pure GO can be seen at 1350 cm™ and 1580cm™ respectively, whereas in our study it

is observed at 1344.7 cm™ and 1602.6 cm™. The reason for the shift of D-band and G-
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band attributed to (1) phonon confinement caused by the defects (5—7—7—5 and 5-8-5
defect structure) (2) functional groups (3) structural distortions (4) changes in the laser
frequency (Kudin et al. 2008). The D-band and G-band of Zn/GO composites were
noticed at 1340.2 cm™ and 1588.4 cm™ respectively. The shifts in G-bands and D-bands
in the nanocomposite are due to ionization energies of the metals as well as charge
transfer energies between metal particles and graphene oxide. Also, suggested that the
GO functionalization altered the structural vibrations of the Zn/GO composites (Xu et al.
2011; Tian et al. 2012; Kabiri et al. 2017). Small peaks in Zn/GO composite spectra at
460 cm™, 638 cm™, and 1000 cm™ are corresponding to ZnO present in the coating at
small quantity due to the oxidation of Zn (Gultekin and Akbulut et al. 2016; Li et al.
2020).

Zn/GO coating, D Band 16026
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Intensity
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Figure 4.19: Raman spectra of (a) pure GO and (b) Zn/GO composite coatings

A broad 2D band was observed at 2716.8 cm™ for pure GO which is shifted to the lower
wavenumber of 2676.8 cm™ for Zn/GO coating. Depending on the presence of oxygen-
containing functional groups, the location of the 2D band is shifted (Johra et al. 2014;
Hidayah et al. 2017). The broadening of the 2D band is attributed to the number of layers
with defects in the graphene oxide. The presence of GO signature in the Raman spectra of
Zn/GO nanocomposite is strongly confirmed that composite contains a significant
amount of graphene oxide which was not visible in case of XRD analysis. The Ip/lg for
GO and Zn/GO composite is 0.89 and 1.27, respectively. In the case of Zn/GO composite
In/lc >1, the reason is attributed to defect structure in GO and the addition of oxygen-
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containing functional groups during electrodeposition process (Hidayah et al. 2017; Azar
et al. 2020).

4.2 .4 Scratch test results

The scratch tests have been performed at different test conditions as mentioned in section
3. The given scratch length was 5 mm, as displayed in Fig. 4.20. Fig. 4.20 (a &b) shows
the plot of traction force and normal load with the scratch length for the Zn/GO
nanocomposite with ratio of GO: CTAB::1:1 and at 4 mgL™ GO concentration for a
coating time of 10 min. The abrupt change in the graph occurred during the early stage of
the test. The typical macrograph at 4X magnification of total length of the scratch is
presented in Fig.4.20 (c). The cohesive strength (Lci) of Zn/GO nanocomposites was
measured using traction force vs. scratch length graph and also matched in the
micrograph with that particular length of scratch as shown in Fig. 4.20 (c). The coating

failure starts with cracks in coating during scratch track which is shown in Fig.4.20 (d).
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Figure 4.20:(a) Frictional force during progressive scratch on Zn/GO nanocomposite of 4
mgL'1 GO with 10 min coating time (b) inset in (a) showing area of no flaking and
chipping (c¢) Macrograph of 5 mm length of scratch (d) Optical image of coating cracks in
the scratch track at 200X
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The cohesive strength (Lc) values for pure Zn coated on the stainless steel substrate were
calculated as 2.216 N, 2.619 N, and 2.662 N for 10 min, 20 min, and 30 min,
respectively. The Lc values for all Zn/GO nanocomposites with different GO
concentrations, time, and the ratio of surfactant are measured as mentioned in above

procedure and listed in Table 4.7.

The relationship between Lc values and coating time of pure Zn coating and various
Zn/GO composites are depicted in Fig. 4.21. Compared to the 1:1 ratio, the 1:2 ratio of
GO: CTAB Zn/GO nanocomposite shows higher Lc values. The higher quantity of
CTAB allows it to counter more effectively the attractive interactions between graphene
nanosheets and make them stable in aqueous conditions (Nazari et al. 2019). Out of all
the 1:2 ratio of GO:CTAB Zn/GO nanocomposites, 30 min coated composites have the
higher L¢ values. Valli reported that critical load Lc is strongly dependent and increases
with an increase in coating thickness from 2 um to 15 um by scratch test (Valli 1986).
The experiments were also designed to observe Lc values with respect to temperature and
residual stresses for the Zn/GO nanocomposite sample coated for 30 min with a 1:2 ratio
of GO:CTAB.

- Pure Zn (a) - Pure Zn (b)
| 4 mgr! ||___ELroy
5 [ 8 meL! 51l 8 meL”!
-1
] -20 mgL.l 4 -20 mgL‘I
il B 40 mgL 4_-40 mgL”'
~ ] (g 1
Z 3 Z s
3 ] J;, .
24 24
14 14
0
10 min 20 min 30 min 10 min 20 min 30 min

Figure 4.21: L values of Pure Zn and Zn/GO composites of GO concentration of 4 mgL’
1 8 mgL™, 20 mgL™ and 40 mgL™ with (a) 1:1 (b) 1:2 ratio of GO:CTAB
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Table 4.7: The critical load (L¢;) values for Zn/GO composites with different GO

concentration, time and ratio of surfactant

Sample No. | GO | GO:CTAB | Time (min.) Lca
1 10 2.599
2 1:1 20 2.928
3 30 3.704
4 4 10 3.213
5 1:2 20 3.225
6 30 3.436
7 10 3.053
8 11 20 3.161
9 8 30 3.391

10 10 3.21
11 1:2 20 3.833
12 30 3.611
13 10 3.225
14 1:1 20 3.467
15 30 3.653
20
16 10 3.483
17 1:2 20 3.885
18 30 4.177
19 10 3.331
20 1:1 20 3.472
21 30 4.056
40
22 10 3.401
23 1:2 20 3.635
24 30 4.54

Figure 4.22 summarizes the results of the effect of temperature on L¢ for 30 min coating
time with 1:2 ratio of GO: CTAB, for 40mgL™ of Zn/GO nanocomposites. The scratch
tests conducted for these samples are mentioned in section 3. Table 4.8 shows the Lc
values at different temperatures for Zn/GO composites. It must be noticed that the Lc

values decreased with increasing temperature, gradually from RT to 350°C. The coating
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properties were affected by temperatures and the coating remained intact until the
indenter can break it away and reveal the substrate, as observed for samples at more than
300°C temperature (Jaume et al. 2014). However, Zn matrix softening is unlikely to be
the sole determinant of failure load. Maledi et al. (2017) confirmed that as the
temperature is increased, the residual stresses decreased in Zn coatings. It is expected that
changes in the residual stress at the elevated temperature along with softening of the

matrix together decide L¢ values.
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Figure 4.22: The critical load (Lc) values for Zn/GO composites with different GO
concentration and 1:2 ratio of GO and CTAB at RT, 100°C, 200°C , 300°C & 350°C

Table 4.8: The L¢ values for Zn/GO composites with different GO concentration and 1:2

ratio of GO and CTAB
GO _ Cohesion strength (L¢)
(Coneentration) T 100°C [ 200°C [ 300°C | 350°C
40 mgL™ 454 | 3.725 | 3.614 | 3.568 | 3.329
20 mgL™ 4177 | 3.738 | 3.653 | 3.265 | 3.019
8 mgL™ 3.611 | 3.416 | 3.061 | 2.755 | 2.659
4 mgL"t 3.436 | 2.971 | 2.767 | 2.685 | 2.561

67



Fig. 4.23 shows the relation between coefficient of friction and graphene concentration.
With the increase in the GO concentration, the friction coefficients of almost all
composites increase in the initial run-in period due to the lack of proper contact between
the tip and coating surface. As the proper contact is achieved between the tip and coating
surface a steady-state regime from 0.1 to 0.3 is observed for all Zn/GO coated samples.
The coefficient of friction between the above ranges is considered as a smooth surface.
This is because of presence of GO in the matrix which act as a lubricating agent (Sarangi
et al. 2020). The introduction of alloy elements in the Ni-B, TisAlN, and Ti6Al4V
matrix promotes an increase in adhesive strength by providing strong resistance to
cracking and spallation under scratch testing (Masseoud et al. 2021; Ding et al. 2019;
Artur et al. 2021). The driving forces for coating film damage in the scratch test can be a
combination of elastic-plastic indentation stresses, frictional stresses, and residual

internal stresses (Viktor P. Astakhov).
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Figure 4.23: Curves of coefficient of friction with an increase of Scratch length for
Zn/GO composites of increasing GO concentration with 1:1 & 1:2 ratio of GO:CTAB of

coating time of 30 minutes
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The coefficient of friction (COF) variation has been observed with respect to coating time
and temperature at 40 mgL*concentration of GO as shown in Fig. 4.24. In case of
GO:CTAB ratio, the coefficient of friction increasing linearly with coating time at both
1:1 and 1:2 of GO:CTAB. In these two cases, the 1:2 of GO:CTAB shows higher
coefficient of friction compared to 1:1 of GO:CTAB (Fig. 4.24 a). This means the 1:2 of
GO:CTAB composites surface have higher roughness due to higher GO present in the
matrix compare to 1:1 of GO:CTAB composites for the same time of coatings. From Fig.
4.24 4, it is concluded that 12 min of coating with 4OmgL'1 GO (1:2 of GO:CTAB ratio)

in the electrolyte will provide better scratch resistance with good surface finish.

The experimental results shown in Fig. 4.24 b indicate that temperature has a significant
impact on the tribological behavior of the composite coating. For the same 1:2 ratio of
GO:CTAB, 40mgL™ Zn/GO composites, the coefficient of friction shows a decreasing
trend with increasing temperature. There is a sudden decrement observed in the COF upto
200°C whereas after 200°C COF remain nearly stable. This is because after 200°C, COF
maintains stable because of the poor adhesion of GO in the Zn matrix after Zn reaches to
half of its melting point. On the other side from RT to 200°C the reduction in the COF is
due to overall temperature effect on the coated effect.
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Figure 4.24: Coefficient of Friction variation with (a) coating time and (b) temperature at
40 mgL™ concentration of GO
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4.2.5 Impact strength

4.2.5.1 Deformation under varying pressure

The impact tests have been performed at test conditions as mentioned in section 3.4.2.
The dynamic compressive loading was applied by varying pressure of 2 bar, 2.5 bar, 3
bar, 3.5 bar, and 4 bar for producing loadings at various rates through SHPB tests. The
impact tests were carried out on uncoated stainless steel 304 and Zn/GO coated stainless
steel 304 samples. The compressive stress and toughness of the material were examined
due to the presence of GO coating on the stainless steel. The samples are positioned in
between the incident bar and transmitter bar, the striker bar is propelled by high-pressure
gas gun and hits the incident bar. Grease is applied on the cross-sectional surface of the
incident and transmitter bars to minimize the friction between sample and bars during the
strike. The deformation history of the specimen is extracted from the produced signals in
the strain gages which are mounted on the incident and transmission bars. Three tests
were performed at each pressure condition; the final result was the average value of three
samples.

Coating on stainless steel selected at 40 mgL™ concentration of GO because it has shown
good adhesion strength as per section 4.2.4. Figure 4.25 represents the averaged true
stress-true strain curves of deformed pure stainless steel (Fig. 4.25 a) and Zn/GO coated
samples (Fig. 4.25 b). It is observed from the graph that true stress-true strain curves
significantly depend on pressure. Obtained true stress-true strain plots shows that at the
same pressure impact, the Zn/GO coated stainless steel observed high maximum
compression stress and high toughness compared to uncoated stainless steel samples.
This is a good depiction of the stainless steel's high strength, i.e. resistance to indentation,
due to the presence of GO in coating layer. The maximum stress values were calculated
by taking average of three impact test at each pressure value of uncoated and Zn/GO
composites samples from engineering stress and engineering strain were shown in Table
4.9. As the pressure increases from 2 bar to 4 bar the maximum compression stress of
uncoated stainless steel and Zn/GO nano composites are increased by 721 MPa to 1121
MPa and 887 MPa to 1242 MPa respectively. Zn/GO composite shows that 10.7%

increase in compressive strength at 4bar in comparison with uncoated sample. However,
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in case of strain at constant thickness of GO coating on steel shows a significant increase
in coated steel sample. The overall percent increase in strain for Zn/GO coated steel
sample from 2bar (strain value: 20.7%) to 4 bar (strain value: 29.1%) pressure is 40.5%.
This phenomenon was explained by Chen et al. (2021) that the strain in plastic
deformation region strongly dependent on thickness of the coating. In our case we have
performed the SHPB test at constant thickness which shows the increase in a strain as

increase of impact pressure.
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Figure 4.25: True stress-true strain plots obtained from uncoated and Zn/GO coated
stainless steel samples at various pressures
The toughness is measured using stress-strain curve for all the uncoated and Zn/GO
coated samples and reported in the Table 4.9. A significant change is observed in
toughness from 2 bar to 4 bar pressure in both uncoated and Zn/GO coated conditions.
From 2 bar to 4 bar pressure, almost 212% increase in toughness observed for uncoated
samples. In the case of Zn/GO coated samples from 2 bar to 4 bar pressure, 105%
increase in toughness observed. At the pressure 4bar, the Zn/GO coated samples have
shown 22.9% higher toughness compared to uncoated samples due to the presence of GO
in the coating. Higher toughness values observed for Zn/GO coatings samples for all
pressures compared to uncoated samples. From the result, It is clearly understand that the
presence of GO in the Zn matrix makes the coating tougher because of its unique

structure. The bi-layered GO structure is stronger than diamond on impact which is
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proved by Cellini et al. 2018. In our study due to the presences of few bi-layered GO and
few layered GO flakes in the coating which makes composite stronger and tougher.
Because of this reason, considerable improvement in maximum stress and toughness

observed under impact loading in Zn/GO composite.

Table 4.9: The maximum stress and toughness values for uncoated and Zn/GO coated

samples under various pressures

Pressure Pure SS samples Zn/GO coated
Maximum stress Toughness | Maximum stress [ Toughness
(MPa) (MJIm™®) (MPa) (MJIm™®)
2bar 721 50 887 94
2.5bar 924 77 945 110
3bar 975 110 1046 143
3.5bar 1021 121 1203 166
4bar 1121 157 1242 193

Strain rate is the rate of deformation caused by strain in a material with respect to time.

The strain rates are extremely dependent on the tensile strength and toughness properties
of materials (Janjia Cui et al. 2019). The strain rates were calculated by using the

equation 7, 8 & 9 as discussed in experimental techniques section 3.4.1 and plotted with
respect to time as shown in Fig. 4.26. For the impact at gun pressure of 4bar, the
observed strain rate values for uncoated samples are in the range of 1700-5200 s™.
Whereas for Zn/GO coated samples at 4bar pressure, the strain rate values are in the
range of 1800-5700 s™. The increased strain rates in the Zn/GO coated samples compared
to pure stainless steel are due to interfacial bonding properties of hard coating layer of
Zn/GO on the stainless steel substrate. As the stress increases the strain rate also
increases in the composites which is good accordance with the literature (Hui et al. 2021;
Yuan J et al. 1998). The higher strain rates are also having significant effect on
microstructural changes in the both uncoated and Zn/GO coated samples under impact
loading.
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Figure 4.26: Strain rate vs. time plots obtained from (a) uncoated and (b) Zn/GO coated

stainless steel samples at various pressures

4.2.5.2 Deformation under varying temperature

The dynamic compressive loading was applied by the varying temperature of 100°C,
200°C, and 300°C respectively at various pressures (2bar, 3bar & 4bar) through SHPB
tests. These tests were carried out on Zn/GO coated and uncoated stainless steel samples
and results were compared with samples that tested at room temperature (RT). The true
stress-true strain plots to observe the variations of maximum stresses and toughness along
with the temperature were presented at 2bar, 3bar, and 4bar in Fig.4.27 (a), (b) and (c)
respectively. At constant pressure, from 100°C to 300°C, the maximum stress and
toughness decreased compared to the RT as shown in Fig.4.28 and Fig.4.29. All the
maximum stress and toughness values of Zn/GO coated samples were compared with the
uncoated stainless steel samples which were listed in Table 4.10.

Based on the experimental results, the maximum stress and toughness of uncoated as well
as Zn/GO coated stainless steel samples declines by increasing the temperature from RT
to 300°C as shown in Fig. 4.27. As pressure increases from 2 bar to 4 bar, for Zn/GO
coated sample the maximum stress decreased by 25%, 28% and 32% from RT to 300°C.
Whereas, in case of uncoated and Zn/GO coated samples it is observed that the maximum
stress and toughness value shows significant change from RT to 100°C. However there is

no significant change is observed in all the samples when temperature raise from 100°C
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to 300°C. Which shows that the presence of GO in the Zn matrix does not give

any

benefit on impact compressive stress and toughness value at elevated temperature.
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Figure 4.27: The true stress-true strain plots of Zn/GO coated samples at gun pressure of

(a) 2bar (b) 3bar and (c) 4bar respectively by varying the temperature

4.2.5.3 Microstructural study of the Zn/GO coating after impact

Post-impact tests analysis were performed by FESEM in order to understand the

mechanism of the Zn/GO coating effect on strength of the stainless steel under impact

loading. Visual inspection and optical microstructures confirms that no cracks in the

Zn/GO coating as shown in Fig. 4.28. It was observed after the impact at surface level

which indicates the coating on the stainless steel is having good adhesion with the

substrate. Fig. 4.29 shows the FESEM micrographs of transverse cross section of pure
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stainless steel and Zn/GO coated stainless samples before and after impact loading of
4bar pressure. Fig. 4.29a shows the pure stainless steel cross sectional micrograph before
impact loading which is taken as reference to compare changes with impact loading

samples.

Table 4.10: The maximum stress values of Zn/GO coated and uncoated stain less steel

samples
Pressure | Temperature Uncoated Zn/GO coated
Maximum |Toughness| Maximum Toughness
Stress (MPa) | (MJm?®) | Stress (MPa) (MJIm™®)

RT 721 50 887 94

2bar 100°C 658 80 669 83
200°C 662 83 662 84

300°C 663 84 657 84

RT 975 110 1046 143

3bar 100°C 755 115 754 116
200°C 755 116 746 115

300°C 747 115 745 114

RT 1121 157 1242 193

4bar 100°C 855 140 840 156
200°C 830 153 833 156

300°C 827 155 833 158

Figure 4.28: The (a) visual picture and (b) microstructure of Zn/GO coating on stainless
steel after SHPB experiment
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Fig. 4.29 (a) shows a good clear grain boundary without any twin formation, whereas
under impact loading clear grain boundary and large number of twins were observed and
spacing between the twins was 260 nm as shown in Fig.4.29(b). In case of Zn/GO coated
sample less number of twins with twin spacing 170 nm was observed as shown in
Fig.4.29(c). As can be seen in Fig. 4.29(d), there were significantly fewer twins observed
at 300°C and 4bar pressure than at RT.

Figure 4.29: The FESEM microstructures of (a) unimpacted (b) impacted stainless steel
(c) Zn/GO coated stainless steel (d) at 300°C samples after the impact pressure of 4bar

4.2 .6 Residual stresses

The residual stresses in the pure Zn coating and Zn/GO nanocomposites were examined
through sin®y method. The residual stresses are calculated for the Zn phase because it
acts as a matrix in the coating. The residual stress experiments have been done at 5

different points in each sample and analyzed through stress plus software to get the
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accurate average value of residual stress in the sample. Table 4.11 shows the residual
stress values of Zn/GO nanocomposites with 1:2 ratio of GO:CTAB at different
concentrations of GO, coated for 30 min. In all samples, the observed residual stresses
are compressive in nature. As reported by Oladijo et al. (2012), the compressive stresses
are beneficial compared to tensile stresses, but excessive compressive stresses can cause
problems like buckling, which can lead to coating delamination. Compressive stresses in
the coatings have been shown to provide better wear (Mathabatha et al. 2017), coating
adhesion, and mechanical properties (Oladijo et al. 2018).

Table 4.11 presents values of the residual stresses of Zn/GO nanocomposites. It is
observed that as the concentration of GO increases the residual stresses decreased and
were found least for 40 mgL™ GO of Zn/GO nanocomposite. Also, Shokrieh et al.
concluded that the amount of residual stress depends on the concentration of graphene in
carbon epoxy composites (Shokrieh and Kondori 2020). The addition of graphene in the
matrix contributes to the release of residual stress; as reported in Ti6AI4V and
carbon/epoxy laminated composites (Shokrieh and Kondori 2020; ZhouFan et al. 2019).
Jalal et al.(2022) and Anna Goral et al. (2017) concluded that the incorporation of Al,O3
nanoparticles reduced the level of residual stresses in the Ni film. The residual stresses in
4 mgL™? concentration of GO of Zn/GO nanocomposites are observed to be low
compared to the trend. This low value in residual stresses could also be caused by the
following reasons.
1. The kinetic impact behavior of the Zn?* ions and GO platelets in the electrolyte
changes depending on its composition.
2. A slight difference in the surface roughness of the substrate during deposition
plays main role in nucleation; coating growth and entrapment GO into the

coating. All contributes to residual stresses.
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Table 4.11: Residual stress values of Zn/GO composites coatings at various GO

concentrations

Sample | GO concentration Average residual stress
No. (mgL™) ((ru2 + r22)/2) (MPa)
1 Pure SS304 steel -340.7
2 Pure Zn -32.14
3 4 -13.52
4 8 -20.24
5 20 -15.54
6 40 -11.48

The critical load data observed in the scratch test is associated with the residual stress
values for the Zn/GO nanocomposites. It is observed that Lc; values decrease for the
coating with higher residual stress. The pure Zn coating which is observed to have higher
residual stress values exhibits low adhesive and cohesion strength. Similarly, Zn/GO
nanocomposites with GO concentration of 40 mgL™ have less residual stress and higher
adhesion and cohesion strength. Laugier et al. (1984) analyzed the scratch adhesion
process from the fracture mechanics perspective and associated the critical load in the
scratch test with the development of critical stored elastic energy necessary to overcome
the formation of a free surface. By this, we can confirm that the compressive stresses
developed prior to the indenter would be expected to increase compressive stresses and

result in coating failure at lower critical loads (White et al. 1993).
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CHAPTER S

CONCLUSIONS AND SCOPE OF FUTURE WORK

5.1 CONCLUSIONS

In this study we have focused on preparation of metal/carbon nanomaterial composites by

electrodeposition technique. We have prepared two types of metal/ CNMs composites

namely, Cu/CNT and Zn/GO composites. The composite physical property was evaluated

by several test methods. The conclusion for individual metal/CNMs is discussed below

() Cu/CNT Composites

1.

2.

Good quality Cu/CNT composites were prepared successfully using
electrodeposition technique. This composite shows remarkable tensile strength,
hardness and corrosion resistance. After the tensile test, the Cu/CNT coating still
intact with the substrate means that the bonding of Cu atom with substrate as well
as CNT with Cu atom is extremely good. This signifies that load transfer among
the Cu matrix and CNT is good.

We demonstrated that electrodeposited Cu/CNT composite is capable of
achieving good heat transfer rate. In the electrochemical bath CNTs which is
axially aligned with the electrode have better chance to deposit along the axis of

electrode. As a result better heat transfer rate was achieved.

(b) Zn/GO Composites

1.

High quality 2Zn/GO nanocomposites prepared successfully using
electrodeposition technique and high adhesion strength achieved with 1:2 ratio of
GO and CTAB recorded at 1g concentration of GO because of the alignment and
distribution of GO in the Zn matrix.

The Zn/GO composite impact test experiments reported that compression stress
and toughness values are strongly dependent on pressure and temperature. It
shows that 10.7% increase in compressive strength at 4bar in comparison with

uncoated sample and no significant change observed at higher temperatures. The
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post-impact microstructures confirmed that the Zn/GO coating layer has strong

interface bonding with the steel surface.

5.2 SCOPE OF FUTURE WORK

Experimental investigations can be carried out on Cu/CNT or GO by electroless
deposition to improve heat transfer rate in the nanocomposites. Because the
electroless deposition also includes atomic level deposition on the substrate which
can give homogeneity good interfacial bonding between CNMs and metal.

In this study the Zn/GO nanocomposites prepared by multi-layer graphene oxide
and observed impact resistance by increasing the pressure from 2 bar to 4 bar.
There is a future scope by using bi-layer of graphene which can give better impact
resistance than multi-layer GO. The reason attributed to bi-layer graphene is more
stronger than diamond on impact which is proven by several scientists.

Further study includes changing the different surfactant with at various
concentrations can improve the dispersion of CNMs in the electrolyte and

expected in better physical properties of nanocomposites.
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