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Abstract

The research work of this PhD thesis was done on the study, production and

characterization of two types of metal matrix composites: 1) fiber reinforced metal

matrix composites and, 2) carbon nanomaterials reinforced metal matrix composites.

In fiber reinforced metal matrix composites, a metal or an alloy is reinforced with

continuous or discontinuous fibers in order to improve the specific strength and stiffness

at high temperatures. For example superalloys are the typical materials for the hot parts

of aeronautic engines. They are very important in the aerospace field as they offer high

temperature mechanical strength together with a good resistance to oxidation and

corrosion. But due to high temperatures involved in the service conditions, buckling of

the material may occur. In order to avoid this high temperature buckling phenomena, a

reinforcement of the superalloy could be needed to maintain the mechanical properties.

For this reason it was thought to investigate the possibility of realizing continuous fibers

reinforced metal matrix composites over the superalloys that can further improve the

high temperature properties. Due to its simplicity and viability, electrochemical

deposition was chosen as the production technique to produce this kind of composite

materials. The selected substrate for electrodepositing the nickel matrix composite was

nickel based superalloy Inconel-718, and monofilament continuous silicon carbide fibers

were chosen as reinforcement.

First of all chemical compatibility was studied between the nickel matrix, superalloy and

silicon carbide fibers, both in the uncoated form, and coated with carbon or

carbon/titanium diboride. Both theoretical calculations and experiments were conducted,

suggesting the use of a carbon coating over fibers and a buffer layer of nickel to increase

the interface quality as well as to avoid unwanted reactions between substrate and

silicon carbide fibers. After studying the chemical feasibility of all the related

components, electrodeposition of the composites was performed in order to demonstrate

the practical feasibility of the process. Then final composites were deposited on the dog-

bone shaped specimens of Inconel-718. The produced composites were subjected to

mechanical tests in order to evaluate the mechanical properties at room temperature

and at high temperatures (400 °C and 600 °C). Evaluation of the results shows

improvement in the yield strength of the produced composites with respect to the
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superalloy alone at room temperature. There is a decrease in the yield strength at high

temperatures due to the failure of the interface between the superalloy and the

composite layer but it is demonstrated that if a hot pressing treatment is done, then the

interface strength is retained at high temperature and thus yield strength values will also

increase.

Fracture analysis and EDS analysis were also performed on the fractured surfaces of the

samples with the help of field emission scanning electron microscope in order to study

the fracture mechanisms involved and the composition of the interface after their testing

at high temperatures. The fracture mechanisms in Ni/SiC composite layer was of

debonding and pull out type which is typical characteristic of the fiber reinforced

composites. The superalloy fractures with ductile behavior at room temperature. At

temperatures of 400 °C and 600 °C, the superalloy fails with more ductile character after

extensive amount of plastic deformation before its fracture.

Carbon nanomaterials are widely being used to reinforce the metallic materials in order

to improve their electrical, thermal, corrosion, wear and friction resistance for particular

applications. In this part of the research work, graphene nanoplatelets (GNPs) and

graphene oxide (GO) were chosen as nano reinforcements to produce nickel matrix

nanocomposites with the intention to evaluate their wear and friction behavior. Graphene

nanoplatelets and graphene oxide consist of few layers of graphene and graphene oxide

respectively and their layered structure coupled with the small size of these materials

can be helpful reducing the wear rate of the composites. Crystallite size, hardness and

roughness of the coatings were also studied in order to understand the effect of nano

phases on these properties.

Again the production technique employed consists of electrodeposition of the composites

over a conducting steel substrate. A lot of work has been done in producing metal matrix

composites reinforced with carbon nano fibers, carbon nanotubes and graphene. But

graphene nanoplatelets and graphene oxide are not much evaluated for reinforcing the

metallic matrices especially with the electrodeposition technique. To produce these types

of composites by electrodeposition, a uniform and stable dispersion of the carbon

nanomaterials in the nickel deposition baths is necessary. So particular attention was

given to this aspect and uniform and stable dispersions were obtained by using a suitable
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dispersant, chosen after a wide screening, namely poly sodium styrene sulphonate

(PSS). The dispersing technique employed the ultrasonication of the deposition bath with

the help of an ultrasonic probe. The obtained coatings were strong and well adherent to

the steel substrate, and presented rather well dispersed graphene oxide or graphite

nanoplatelets, even if some agglomerates were still present in samples obtained from

highly concentrated suspensions.

The nanocomposites were characterized in terms of microhardness, crystallite size,

roughness and wear and friction behaviors. The composites with GO show very little

effect on the microhardness whereas Ni/GNP composites show slight increase in the

hardness. The effect on the crystallite size is not significant. Low concentration of the

nano phase gives the composites a good smooth surface with less roughness whereas,

by increasing the concentration of the carbon nanomaterials, the composites produced

presents a rougher surface. Pin-on-disk tests were chosen to evaluate the wear behavior

of the composites. The obtained results demonstrated a significant decrease in the wear

rate, percent mass loss and volume loss of the composites as compared to the pure

nickel one. The worn tracks observations suggest that the nanocomposites were worn by

adhesive wear mechanism.
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Chapter 1 Metal Matrix Composites

1.1 Introduction

The mixture of two or more different type of materials in which all the mixed materials

retain their physical and chemical and physical identities is called composite. The phase

which forms a continuous network and that surrounds the other phases is called matrix

whereas; the discontinuous and dispersed phase is called the reinforcement. The

reinforcements can be of various types, shapes and geometries e.g. fibers, whiskers,

particles etc. The matrix can be metal, polymer or ceramic whereas the reinforcements

are generally ceramic in nature, although in some cases metallic and polymeric

reinforcements are also used. Composite materials can be classified on two bases; the

type of matrix material, and the size, shape and geometry of the reinforcements. The

classification of composites on the basis of matrix material used is shown in Figure 1.1,

while the classification based on the shape and geometry of the reinforcements is shown

in Figure 1.2.

Ceramic Matrix
Composites

Polymer Matrix
Composites

Metal Matrix
composites

Composites

Figure 1.1: Classification of composites on the basis of matrix materials
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Particle reinforced composites
(Particulate composites)

Fiber reinforced composites
(Fibrous composites)

Multi-layered
composites

Laminates

Random
orientation

Preferred
orientation

Bidirectional
reinforcement (woven)

Composites

Random
orientation

Preferred
orientation

HybridsDiscontinuous fibers
composites

Continuous fibers
composites

Single layer
composites

Unidirectional
reinforcement

Figure 1.2: Classification of composites on the basis of reinforcement
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The composite materials in which matrix phase used is a metal or an alloy, they are

called metal matrix composites (MMCs). Metal matrix composites are divided into many

types depending upon the size and shape of the reinforcements. There are following four

main types of MMCs:

1. Particle-reinforced MMCs

2. Short ber- or whisker-reinforced MMCs

3. Continuous ber- or sheet-reinforced MMCs

4. Laminated or layered MMCs

The arrangement of reinforcements in these types is shown in Figure 1.3.

Figure 1.3: Classification of metal Matrix Composites on the basis of reinforcements.

Metal matrix composites have always been attractive for the material scientists and

engineers as a substitute for the pure metallic materials and some traditional pure

ceramics. The main idea behind the preparation of metal matrix composite is to develop

a material that has nearly the same high strength as the ceramics but at the same time

it also has high fracture toughness that comes from the tough matrix of the metal. This

idea has led to the production and development of a new family of the materials named

as metallo-ceramic composites (Breval 1995). Composites with metallic matrices give

many advantages over the traditional materials. Metal matrix composites are capable to

be designed to give the required type of properties for specific applications. For example

they provide good stiffness and strength (Ward-Close & Robertson 1996; Ward et al.
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1996), even good at high temperatures (LLORCA 2002; Tjong & Ma 1997). In addition to

high strength and stiffness, MMCs also give high electrical and thermal conductivity

(Weber et al. 2003; Koráb et al. 2002), improved friction resistance (Ghosh et al. 2013),

wear resistance (Berns 2003) and corrosion resistance (Blackwood et al. 2000; Chen &

Mansfeld 1997; Shimizu et al. 1995).

1.2 Fiber reinforced metal matrix composites (FRMMCs)

There are a lot of possible combinations of matrices and reinforcements that can be used

to produce fiber reinforced metal matrix composites which are discussed in next

sections.

1.2.1 Metallic matrices

There are a lot of metals and their alloys which are being used as matrices in metal

matrix composites. The examples are aluminum and aluminum alloys, nickel and nickel

alloys, copper, zinc, titanium and titanium alloys etc. Properties of some commonly used

metals as the reinforcements in metal matrix composites are shown in the Table 1.1.

Table 1.1: Properties of some common used metallic matrices

Metals and the metallic alloys have good toughness and strength but they lack in the

stiffness especially at higher temperatures. So they are reinforced with the more stiff

ceramic materials in order to increase their stiffness.  Another advantage apart from the
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stiffness improvement is that ceramic reinforcements are low in weight so the specific

weight of the metals is decreased by reinforcing them with these reinforcements.

Apart from the pure metals, the composite materials can also be obtained by using their

alloys as matrices for specific applications. For example aluminum and titanium alloys

which have very low density, good toughness, excellent strength and also good

resistance to corrosion. So they are widely used as matrices to prepare composites for

aerospace and automotive fields.

1.2.2 Fiber reinforcements

Different types of fiber reinforcements are used for making the metal matrix composites.

The fibers used as reinforcements can be continuous long fibers or discontinuous fibers.

The discontinuous fibers have further two types namely; short fibers and whiskers. An

important factor associated with the fiber composites is the aspect ratio of fibers. Aspect

ratio is basically the ratio of length to the diameter of the fibers. So the continuous long

fibers have very high aspect ratio but the discontinuous fibers have relatively small

aspect ratios. The most of the reinforcements are ceramic in nature. Although ceramic

fiber reinforcements are expensive but they are commonly used in making metal matrix

composites because they have very high elastic modulus even at higher temperatures.

Some common continuous and discontinuous fibers being used in metal matrix

composites are shown in the Table 1.2.

Table 1.2: Different materials used as fiber reinforcements
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1.2.3 Silicon carbide fibers

Among the long fibers, silicon carbide fiber is the most common ceramic fiber that is

used for making metal matrix composites. In the silicon carbide fiber, bonding between

Si and C is covalent and due to this strong bonding they are brittle fibers having high

modulus. But there is one problem with SiC fibers which is their higher density that

causes a decrease in their specific properties as compared to the carbon fibers. Silicon

carbide fibers can be produced by the decomposition of a precursor or by chemical vapor

deposition (CVD) on a substrate like tungsten. Properties of the silicon carbide fibers are

given in the Table 1.3.

Table 1.3: Properties of different types of SiC fibers

1.2.4 Role and characteristics of interface

The boundary where the matrix and the reinforcements meet is called the interface. It is

basically a bi-dimensional boundary between the two meeting entities. In composite

materials, the interface is very important because most of the properties e.g. Young’s

modulus and strength of the composites depend upon the type and characteristics of the

interface. In case of load bearing applications, it is the interface who transfers the load

from the matrix to the reinforcements. So it should be strong enough to be capable of

performing this task.

The bonding between the interface and reinforcement can be of following types:

Mechanical bonding
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Chemical bonding

Electrostatic bonding

Reaction or inter-diffusion bonding

A schematic representation of all four types of interface bonding is shown in Figure 1.4.

Figure 1.4: Different types of bonding at the metal-reinforcement interface (Mathews & Rawlings 1999)

Mechanical bonding is the interlocking of the two surfaces at the points of contacts

(Figure 1.4a). If the meeting surfaces are rough, the mechanical bonding will be strong

and hence the stronger is the interface as well. This type of bonding is more strong and

useful when the applied forces act parallel to interface because shear strengths are

considerable in this case.

Electrostatic bonding occurs between the two oppositely charged surfaces. If among the

components of the composite one is charged positively and the other negatively then an

electrostatic interaction occurs between them when they come close to each other. This

attraction causes an interfacial bonding between the surfaces (Figure 1.4b). Electrostatic

bondings are only operative in very small regions as they are of short range type

interactions.
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Chemical bonding is the type of bonding in which a chemical bond is formed between the

surfaces when they are having some chemical groups on them that can react with each

other. If a chemical group X is present on the matrix and another chemical groups R is

present on the fiber, a chemical bond X-R will develop that will cause a chemical bonding

between the matrix and the interface (Figure 1.4c).

Inter-diffusion or reaction type bonding occurs when the molecules or atoms of the

matrix and reinforcement diffuse into each other at the interface. Due to this inter-

diffusion, an interfacial layer is developed between the combining surfaces. This

interfacial layer has a certain thickness and it has different characteristics (e.g.

structure, composition and strength) than both of the matrix and reinforcement. The

effect of inter-diffusion becomes greater at higher temperatures.

In addition to the bonding mechanisms, another important consideration is the wetting

of the fibers by the metallic matrices. To have a good interface and good interface

bonding, the wettability has to be good. If we consider the metal in the molten state, the

good wettability is said to be achieved when the liquid metal flows over each and every

bump and dip of the reinforcement surface. Low viscosity metal matrices will have good

wettability which is achieved when free energy of the interface is decreased.

Figure 1.5: A liquid in equilibrium with a solid with contact angel 

The free energy of the interface (J/m2) can be taken equal to the surface tension (N/m).

At equilibrium,

Eq. 1.1

Where  is the contact angle and acts as measure of degree of the wetting of a liquid on

a particular surface. When  =180°, the liquid drop is completely spherical and there is
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no wetting. When contact angle is zero, there is perfect wetting achieved. Between 0°

and 180°, the wettability increases as the  decreases. Generally, it is said that when

>90°, the liquids do not wet the solids.

1.2.5 Mechanical properties of FRMMCs

Among the mechanical properties of the fiber reinforced metal matrix composites,

strength and elastic modulus are more important which is the main purpose of

incorporation of long fibers.

Elastic modulus1.2.5.1

Elastic modulus or Young’s modulus is a very important property to consider in case of

fiber reinforced metal matrix composites. The values of elastic modulus for the MMCs

depend on the individual properties of the matrix material as well as the reinforcement.

The size, shape, distribution and volume fraction of the reinforcement is very important

that have profound effects on the mechanical properties. Also the characteristics of

interface between metal matrix and the reinforcement also dictate the mechanical

properties of metal matrix composites.

Elastic modulus of the composites when the force applied is in longitudinal direction

(Figure 1.6a) can be calculated simply by applying the rule of mixtures by the following

equation:

Eq. 1.2

Where the subscripts E and V stands for the elastic modulus and volume fractions and

subscripts c, f and m stands for the composite, fiber and matrix respectively. The L

subscript used means the load is applied in longitudinal direction.

The Equation 1.2 is applicable only in case of longitudinal loading of the composites. And

it considers the assumptions that the amount of elastic deformation in both the matrix

and the reinforcement is same and also the bonding between them is perfect.
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Figure 1.6: Longitudinal (a) and transfer (b) loading of the FRMMC (Nishida 2013)

If the load applied is in a direction perpendicular to the axis of fibers’ arrangement, then

the elastic modulus of the fiber reinforced composite is calculated by the equation:

Eq. 1.3

Here the subscript ECT means the elastic modulus of composite when it is loaded in

transverse direction (Figure 1.6b). This equation considers that in case of loading of the

composite perpendicular to the axis of fibers, the stress acting on the fibers as well as

the matrix is same.

Strength1.2.5.2

The main goal of producing metal matrix composites is to obtain high strength. The

strength of these composites mainly depend upon the strength and arrangement of the

fiber reinforcement, reaction or bonding nature at the metal/fiber interface and crack

propagation mechanism (Nishida 2013).

If we assume the longitudinal loading and a perfect interface between matrix and

reinforcement with same elastic deformations in the fiber and matrix metal, then the

strength of the metal matrix can be calculated by the following equation:
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Eq. 1.4

Where c represents the composite strength and ff denotes the fiber’s fracture strength.

Also Vf stands for volume fraction of the fibers and ’m is the stress shared by the metal

matrix when the fiber reaches its fracture stress. Normally the fibers reach their fracture

stress before the metallic matrix because of their brittleness. In the Figure 1.7, µ is the

fracture stress of metal matrix and normally ’m < µ

Figure 1.7: Relation between tensile strength ( c) and volume fraction (Vf) of the continuous fiber reinforced metal

Also µ and ’m coincides which each other when the fracture strains in the matrix metal

and the fiber are same i.e ’m = µ .  And also if the fibers’ volume fraction Vf  is smaller

than a value Vmin, in this case there is no fracture in the composite even after the ber

has reached its fracture stress and and has fractured. In this case the composites goes

on deforming by the mechanism of work hardening and composites fails at a stress

higher than the stress calculated by the Equation 1.4. Now the fracture stress of the

composite is given by the equation:

Eq. 1.5



Metal Matrix Composites

12

So for the strength contribution from the fibers to the composite, Vf should be greater

than Vmin. This Vmin can be given by the equation:

Eq. 1.6

And if it is required to get the higher strengths of the composites than the matrix

material, then volume fraction of the fiber Vf should be higher than a critical value of

fiber volume fraction Vcrt as given by the following equation:

Eq. 1.7

High strength is typically a target of composite materials development. However, there

are many factors which in uence the strength of composites, and it is very dif cult to

estimate the strength of a composite precisely. In a ber reinforced composite, the

strength of bers has a distribution and is not uniform. Many factors including ber

arrangement and distribution, chemical reaction products at the ber/matrix interface

and crack propagation after crack formation in uence the strength of a composite.

1.2.6 Applications of FRMMCs

Metal matrix composites reinforced with discontinuous fibers or whiskers and particles

are more commonly used in auto motive industry, aerospace and air craft industry

(Kainer 2006; Nishida 2013; Tjong & Ma 1997; MIRACLE 2005) and automobile industry

(Kainer 2006; Allison & Cole 1993; Davim 2012). But the use of fiber reinforced metal

matrix composites is still limited due to high costs and complication of production

processes. Although fiber reinforced metal matrix composites may not be so appealing in

terms of their high costs and the difficulty of their production but there are some

applications where the use of these composites is advantageous due to their enhanced

mechanical and thermal properties over conventional materials. And below are few

examples of the applications of fiber reinforced metal matrix composites

Space is always a challenge for the engineers and they are trying to get better and

better materials with sufficient strength and stiffness but at the same time of as low
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weight as possible. For space applications, the first metal matrix composites used

successfully was the boron fiber reinforced aluminum matrix composite for the

fabrication of tubular struts and rib truss members to be used in the middle part of

fuselage section. Also the same B/Al composite was applied to prepare the space shuttle

orbiter landing gear drag link. Graphite reinforced aluminum matrix composite (Gr/Al) is

used in making antenna of the Hubble space telescope. The good electrical conductivities

of MMCs make them usable to serve for transferring the electrical signals between

spacecraft and antenna dish (Rawal 2001)

Figure 1.8: Fuselage structure of space shuttle orbiter having B/Al MMC tubes (left) and Hubble telescope antenna
made of Gr/Al MMC (right)

Fibers reinforced nickel, aluminum and copper matrix material systems are also being

potentially applied for the applications in liquid rocket engines as high-stiffness flanges

and ductwork, rotating machinery and turbopump housings (Shelley et al. 2001).

1.2.7 Fabrication of FRMMCs

The fabrication techniques like conventional casting, squeeze casting, powder metallurgy

etc. that are commercially applied for the short fibers or whiskers and particle reinforced

metal matrix composites (Harrigan 1998)  cannot be feasibly applied for the production

of continuous fiber metal matrix composites. The reason is obvious i.e. the length of the

fibers. For making the long fiber composites there are following possibilities:

Drawing of fibers from the pool or bath of liquid matrix metal

Wounding the fibers on a mandral and their binding into sheets of fibers and then

hot pressing between the sheets of matrix material
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Electrodeposition of matrix on the fibers arranged on a substrate

A brief detail of these three techniques follows in the following paragraphs.

The first technique is usually used for small diameter fibers ranging from 10 to 15 µm. It

has been used by 3M in the USA for making continuous Al2O3 fibers reinforced

aluminum wires in which the bundles of alumina fibers are drawn from the liquid bath of

the aluminum metal. This technique is also being commercially used by Nippon Carbon in

Japan for producing silicon carbide fiber reinforced aluminum matrix composite wires.

The second technique is used for large diameter fibers that can range from 100 to 140

µm. In this technique, first of all the fibers are wound on to a large diameter mandral or

drum, usually of one meter diameter, and bounded together with the plasma projection

of the material that is being used as matrix. Organic binder can also be applied to hold

the fibers together but in this case the fiber has to be removed in the later stages. Both

of these binding strategies allow the removal of the fibers from the mandral by cutting

the fiber sheet along the mandrel axis. As a result a sheet of the fibers positioned close

to each other is obtained. This cut sheet of fibers is then placed between the sheets of

matrix metal into a mould and hot pressing is done to obtain the final composites. The

overall process takes place at high temperature that allows the diffusion bonding

between fibers and the matrix material. But off course the temperature is well below the

melting point of the matrix metal. An example for the practical use of this method is the

production of space shuttle tube frames by boron reinforced aluminum matrix

composites (Bunsell & Renard 2005).

Another process that can be used to manufacture the long fiber reinforce metal matrix

composites is the process of electrodeposition that is also used in this particular study to

prepare this type of composites. The advantages of electrodeposition process for the

production of long fiber reinforced composites are that this process is very simple and it

does not require higher temperatures of processing and can be carried out at room

temperature. It will need just the electrolytic bath of the matrix metal and the fibers

arranged onto a substrate. The substrate is then suspended in the deposition bath to

deposit the matrix metal.



Metal Matrix Composites

15

1.2.8 SiC fiber reinforced nickel matrix composites

In this particular study, the nickel metal was chosen as the matrix material. The reason

for choosing this metal was because it was required to increase the properties of

Inconel-718 with fiber reinforced metal matrix composite. So the nickel as the matrix

could be more suitable as it’s the main constituent element of the Inconel nickel super

alloy. Superalloys are widely used at medium and high temperature, where high strength

and creep resistance are needed. They exist with various compositions; however in high

temperature applications nickel superalloys are most often employed. Inconel 718 is the

most frequently used nickel-based alloy, accounting for a high share of the annual

volume production for both cast and wrought nickel-based alloys (Ezugwu et al. 2003).

Due to its superior high temperature mechanical properties, such as high yield and

ultimate tensile stress, resistance to corrosion and oxidation, it has been widely used for

parts in aerospace industry and nuclear reactors (Liao & Shiue 1996)

In aeronautic engines, superalloys can be used from the rear stages of the High Pressure

Compressor (HPC) to the Low Pressure Turbine (LPT). However, since they are metallic

materials, they suffer from a significant stiffness reduction at high temperature

(Fukuhara & Sanpei 1993; Sieborger et al. 2001), so that the use of composites could be

envisaged, in order to increase high temperature stiffness to avoid the buckling

phenomenon. Indeed, metal-matrix composites (MMCs) are very attractive engineering

materials since their properties can be enhanced or tailored through the addition of

selected reinforcement (Chawla & Chawla 2013; Ceschini & Montanari 2011). However,

superalloy based composites were rarely considered in the past (Kandeil et al. 1984; Kao

& Yang 1990), preferring monocrystalline or directional solidified alloys to improve high

temperature behavior (Broomfield et al. 1998; Han et al. 2011; Bürgel et al. 2004). In

this work, we propose a novel approach to the increase of stiffness at high temperature,

by superposing a stiff composite layer produced by electrodeposition over a superalloy

substrate.

Electrodeposition methods have been much studied in the past for the production of

coatings containing reinforcing particles (Garcia et al. 2003; Jung et al. 2009; Srivastava

et al. 2007; Gyftou et al. 2008; Robin et al. 2009; Zhu et al. 2007; Shrestha et al.

2003). The matrix of these composite coatings is often nickel or copper, while the

reinforcement is generally chosen to improve wear or corrosion resistance, even if other
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applications are possible, for instance low attrition surfaces by using fluorinated

polymers particles. No significant modification of the well-known electrodeposition

process is needed for obtaining Ni/SiC composites over the superalloys, since it is

sufficient to suspend the superalloy support in the deposition bath.

The preparation of fiber-reinforced composites by electrodeposition technique is instead

rarely described in literature (Suchentrunk 2004; Chou et al. 1985; ZHU et al. 1997). In

1970 Divecha and co-workers (Divecha & Church 1970) patented a method for the

preparation of such materials, and in the late 70s and early 80s a few works were

performed on this subject (Suchentrunk 2004; Chou et al. 1985). Here mostly copper or

aluminum matrices were considered, with boron fibers as reinforcement, for the

production of pressure vessels for space applications. More recently, copper-carbon or

silicon carbide fiber composites were realized by electrodeposition followed by hot

pressing (Luo et al. 2007; Wan et al. 2000; Tecchio 1997), with the goal of coupling high

mechanical properties with good thermal and/or electrical conductivity. Finally, carbon

nanotubes and carbon nanofibers based composites were also realized (Arai & Endo

2005; Wang et al. 2005; An et al. 2008; Arai 2004; Guo et al. 2008), with copper of

nickel matrices. In this case however the fibers are not continuous and the system is

rather similar to one concerning the deposition of particle-reinforced composite coatings.

The first goal of the present study was to understand the chemical compatibility of

Inconel 718 superalloy with nickel/silicon carbide fibers based composite. Even if

different metals can be easily deposited by electrodeposition, nickel seems the best

choice, both because its deposition is very well known and due to the fact that nickel is

also the main constituent of Inconel alloys. Monofilament, high diameter fibers are

needed for preparing a regular array, in order to improve the deposition of the matrix

around the fiber itself. Due to their exceptional properties at room and high temperature,

silicon carbide fibers were chosen. However, since such composite is designed to work at

high temperature, it was deemed necessary to perform theoretical considerations and

experimental analyses in order to choose the best coating for the silicon carbide fiber,

with the goal of avoiding unwanted high temperature reactions between substrate,

matrix and reinforcement. Once determined the best coating for the composite, a nickel-

matrix composite reinforced with silicon carbide fibers was electrochemically deposited

over a superalloy substrate, in order to show the practical feasibility of the process. After



Metal Matrix Composites

17

that the final composites were prepared on dog-bone shape specimens in order to test

them in mechanical testing machine after the production.

1.3 Carbon nanomaterials reinforced metal matrix composites

Metal matrix composites in which carbon based nanomaterials are used as

reinforcements are called carbon nanomaterials reinforced metal matrix composites.

They can be considered to fall under the category of particles reinforced metal matrix

composites (Figure 1.4).

1.3.1 Carbon nanomaterials

Carbon is very important element in the periodic table that is found in abundance on

earth. Its abundance rank in the earth’s crust is 15 while it ranks at place 4 in the

universe by mass. It is believed to known by man since 2500 BC in the forms of charcoal

and soot. Carbon exhibits the property of allotropy and it has many allotropes out of

which three very basic are graphite, diamond and amorphous carbon.

Most of the modern day carbon nanomaterials are made of crystalline allotrope of

graphite. It consists of many layers of carbon atoms where these atoms are covalently

bonded with each other forming hexagon shape structure. The layers are bound together

by Van der Waals type of attraction. The crystal structure of graphite is shown in the

Figure 1.9.

Figure 1.9: Crystal structure of graphite
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The prominent carbon nanomaterials derived from crystalline graphite include fullerenes,

carbon nanotubes, graphene and graphene oxide.

Fullerenes1.3.1.1

Fullerenes are interesting allotropes of carbon which consists of a molecule made of 60,

70 or more number of carbon atoms. These were discovered in 1985 by Robert Curl and

co-workers (Iijima & Ichihashi 1993) A C60  fullerene forms a cage like structure having

20 hexagonal faces and 12 pentagonal faces. The structure of Fullerene C60 is shown in

Figure 1.10.

Figure 1.10: Structure of fullerene C60 molecule; a) STM Image, b) simulated image and c) Molecular geometry (Muñoz
et al. 2000)

Although fullerene has been discovered in 1985, but its mass production started after

1990 when a mass production method was invented by Krätschmer and Huffman (Thess

et al. 1996). Because of their attractive physical and chemical characteristics, fullerenes

are being widely used in many modern day applications e.g. in medical and biological,

electronic and magnetic applications.

Carbon nanotubes1.3.1.2

Carbon nanotubes are also member of fullerene family structures but with cylindrical

shape instead of buckyball shape. CNTs were discovered by Iijma in 1991 (Bethune

1993). Carbon nanotubes consist of very small diameters of about few nanometers; but

their length can vary from nanometers to several millimeters. These days carbon

nanotubes are manufactured in many types e.g single or double wall carbon nanotubes,

multiwall carbon nanotubes. The structure of carbon nanotubes is shown in Figure 1.11.
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Figure 1.11: Different types of carbon nanotubes

Carbon nanotubes can also be classified on the basis of their chirality as depicted in
Figure 1.12.

Figure 1.12: Classification of CNTs on the basis of chirality (Gupta 2011)

Carbon nanotubes have excellent mechanical properties like modulus of elasticity for

example SWCNTs can reach to a Young’s modulus value of terapascal(Cassell et al.

1999). They also have very good physical properties including thermal and electrical

conductivity. Due to these fascinating properties they are very attractive to the research

community to exploit them for various applications.



Metal Matrix Composites

20

Graphene1.3.1.3

Graphene  is  also  a  crystalline  form  of  carbon  that  is  one  atomic  thick  layer  of  carbon

atoms in two dimensions. Carbon atoms in the graphene structure are tightly packed

into a honeycomb-like crystalline lattice in a two dimensional arrangement. The

graphene serves as the basic building block of other allotropes of carbons and the carbon

nanomaterials e.g. carbon nanotubes, fullerenes etc. because it can be molded by

different ways to form other forms of carbon allotropes. For example by wrapping single

layer of graphene up to zero dimensions, we get the fullerene. In the same way if

graphene two dimensional sheet is rolled, one dimensional carbon nanotubes are

obtained and if a lot of layers of graphene are stacked over one another we get three

dimensional structure of graphite as explained in Figure 1.13 (Novoselov et al. 2004;

Novoselov, Jiang, et al. 2005; Zhang et al. 2005).

Figure 1.13: Scheme representation of graphene wrapping to form 0D fullerenes (left), 1D carbon CNTs (middle) or
stacking to get 3D graphite(right) (Alwarappan & Kumar 2014).

Graphene has got very promising properties explored by various researchers. For

example graphene has Young’s modulus of 1100 GPa (Lee et al. 2008), fracture strength

of 125 GPa (Lee et al. 2008), thermal conductivity of 5000 Wm-1K-1 (Balandin et al.
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2008), charge carrier’s mobility of 200000 cm2 V-1S-1 (Bolotin et al. 2008) and surface

area of 2630 m2g-1 (Stoller et al. 2008)

Graphene is fabricated by numerous methods including mechanical exfoliation,

depositions methods including chemical vapor deposition, plasma enhanced physical

vapor deposition and thermal decomposition, by unzipping multiwall carbon nanotubes or

can be synthesized by electrochemical methods (Tanaka 2014; Torres et al. 2014;

Skákalová & Kaiser 2014; Choi et al. 2010).

Graphene nanoplatelets1.3.1.4

Small stacks of graphene are said to be graphene nanoplatelets (GNPs). GNPs can be

used to replace carbon nanotubes, nano clays, carbon fibers in many applications for

example composite applications. GNPs also have excellent thermal, electrical

characteristics and they impart these characteristics to the materials in which they are

added to form composites. In addition to have good thermal and less permeable

properties, they also have been noticed to improve mechanical properties like strength

and stiffness of the composites as well.

Graphene oxide1.3.1.5

As graphene is considered a single layer of graphite, similarly graphene oxide (GO) can

also be taken as a single layer of graphite oxide (Figure 1.14). Graphite oxide is being

produced since long as its first fabrication is reported to be done about 150 years ago

(Novoselov, Geim, et al. 2005; Geim & Novoselov 2007). Graphene oxide is basically a

compound made up of different varying ratios of carbon, oxygen, and hydrogen. It can

be synthesized by using very strong oxidizers during the process of exfoliation of

graphite or just by mechanical exfoliation of graphite oxide. Graphene oxide can also be

fabricated having more than one layer as was the case for graphene nanoplatelets.

Graphene oxide can be reduced to produce graphene as well.
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Figure 1.14: Structural model of graphene oxide (Wu et al. 2014)

1.3.2 Carbon nanomaterials as reinforcements in composites

Due to exceptional properties of carbon based nanomaterials like carbon nanotubes,

graphene, graphene oxide etc., they have been used to form composite materials in

order to utilize their excellent mechanical, thermal and electrical properties. They are

being used to reinforce polymers, plastics, metals and ceramics for various applications.

For example graphene polymer composites are being prepared to make polymers

conductive and strong (Mukhopadhyay & Rakesh 2013; Mittal 2012; Stankovich et al.

2006). But polymer based composites cannot be used at higher temperature

applications. So in this case composites of graphene with ceramic or metallic matrices

are produced. Graphene composites have been produced along with a lot of ceramics

e.g. Al2O3 (Fan  et  al.  2010;  K.  Wang  et  al.  2011;  He  et  al.  2009),  SnO2 (Zhang et al.

2010; X. Wang et al. 2011; Wang et al. 2010), MnO2(Qian et al. 2011; Yan et al. 2010),

SiO2. (Watcharotone et al. 2007) and TiO2 (Williams et al. 2008; Tang et al. 2010). The

major applications for which these graphene-ceramic composites were prepared include

solar cells (Tang et al. 2010), lithium ion batteries (Zhang et al. 2010; Yang et al. 2010;

Qian et al. 2011; Li et al. 2009; Fukui et al. 2010), super capacitors(Yan et al. 2010) and

in emitters and electronic devices (Zheng et al. 2009).

The metal composites of graphene has been produced with many metals like platinum

(Xu et al. 2008; Li et al. 2009; Si & Samulski 2008), palladium (Xu et al. 2008), cobalt

(Yang et al. 2010), silicon(Chou et al. 2010) and gold (Xu et al. 2008; Hu et al. 2010)

for their intended use in applications like supercapcitors (Si & Samulski 2008),
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biosensors (Zhou et al. 2010; Song et al. 2010), lithium ion batteries (Chou et al. 2010),

electrocatalysts (Hu et al. 2010; Li et al. 2009; Fukui et al. 2010) etc.

Graphene reinforced metal matrix composites can be produced by the techniques

including reduction of graphene oxide (GO) to graphene after chemical mixing with

metals, chemical mixing of graphene with metals or mechanical mixing with metals.

Electrodeposition technique can also be utilized to manufacture these types of

composites by co-deposition of the nano phase along with the metallic ions. In the

present thesis work, the same technique i.e. electrodeposition is used for the production

of the nickel matrix graphene nanoplatelets and graphene oxide composites.

1.4 Electrodeposition of carbon nanomaterials-metal matrix composites

Electrodeposition is nowadays a well-known and low cost technique for the preparation

of metallic coatings on a conductive substrate (Dini 1993). Many metals can be

deposited by this technique, with controlled thickness and properties (Gómez et al.

1995). Recently, composite coatings started to gain interest, due to the possibility to

tailor the behavior of the deposited film by controlling the composition, thus becoming

an interesting alternative to standard deposition methods, like PVD (Rosso et al. 2008).

In particular nickel coatings are industrially modified with silicon carbide or other

ceramics (Gyftou et al. 2008; Srivastava et al. 2007; Robin et al. 2009; Garcia et al.

2003; Sun & Li  2007),  for  improving hardness,  or  fluoropolymers (Ivanov et  al.  2009;

TETERINA & KHALDEEV 1998), for reducing attrition and wear, without modifying

mechanical properties of core material like it happens when using traditional or novel

MMCs  (Chawla  &  Chawla  2013;  Manfredi  et  al.  2009;  Manfredi  et  al.  2010).  Since  the

discovery of carbon nanotubes (Iijima 1991), carbon nanostructures are gaining

significant interest in the field of materials science, as they present very interesting

properties, both mechanical and thermal (Meyyappan 2004; Shima 2011; Balandin

2011; Shokrieh & Rafiee 2010; Pavese et al. 2010; Castellino et al. 2010). In recent

papers, carbon nanotubes or similar carbon nanomaterials have also been used to

modify the properties of electrodeposited nickel coatings (Arai 2004; An et al. 2008;

Khabazian & Sanjabi 2011; Arai & Endo 2005; Guo et al. 2008; Wang et al. 2005). The

composite coating seem to have increased properties with respect to un-modified nickel

coatings  (Guo  et  al.  2008;  Thess  et  al.  1996;  Jeon  et  al.  2008),  and  they  present

interesting hardness (Khabazian & Sanjabi 2011; Carpenter, Shipway, Zhu, et al. 2011)
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and wear properties (Carpenter, Shipway & Zhu 2011). In particular, both Carpenter and

co-workers (Carpenter, Shipway, Zhu, et al. 2011) and Khabazian and Sanjabi

(Khabazian & Sanjabi 2011) demonstrated an increase in hardness with the increase of

nanotubes. In both cases however the increase in hardness was possible only with pre-

treated nanotubes, while untreated nanotubes hardness was not so different than the

pure nickel coating. Functionalization was in both cases obtained by oxidation, in order

to increase polarity of the nanotubes so that they could disperse easily in water.

Regarding wear properties, Carpenter and co-workers (Carpenter, Shipway & Zhu 2011)

observed a significant reduction of wear rate for carbon-containing composites.

Recently, graphene has also gained much interest as a strong reinforcing carbon

nanomaterial (Choi et al. 2010; Young et al. 2012). However, the production of

graphene nanoplatelets or graphene oxide electroplated coatings by electrodeposition

has not been widely studied yet. Furthermore the previous studies have exploited the

thermal and electrical properties of the graphene based metal matrix composites but this

study aims to explore the mechanical, wear and friction characteristics of graphene

nanoplatelets and graphene oxide reinforced nickel matrix composites.

After preliminary deposition two types of nickel thick composite coatings were produced

i.e. Ni/GNP and Ni/GO composites. Nickel thick coatings containing both graphite

nanoplatelets (GNPs) and oxidized graphite nanoplatelets or graphene nanoplatelets are

very similar to graphene since they consist of a very limited number of graphene sheets,

oxidized on the surface to make them partially compatible with water-based deposition

solutions. The produced thick coatings were studied in terms of the size of nickel

crystallites, hardness, wear and frictional properties.
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Chapter 2 Technology of Electrodeposition

2.1 Introduction

The phenomenon, through which a metallic coating forms over base materials by

electrochemical reduction of metallic ions in an electrolyte, is called electrodeposition.

The technology based on electrodeposition is known as electroplating. This technology is

vastly being used today not only for this purpose but also for the extraction of metals

from ores or impure materials and in reshaping molds according to the required

dimensions where the former is called electrometallurgy and the latter is known as

electroforming processes.  The phenomenon can also be called electrocrystallization

because in most of the cases the metal, which is deposited through this technique, is

crystalline in nature. This term was introduced by Russian scientist V. Kistiakovski in

twentieth century (D. Gamburg & Zangari 2011).

Figure 2.1: Schematic diagram of electrodeposition process being carried out for Cu.

The process involves the reduction or neutralization of ions from different electrolytes by

the passage of electricity through their solution in water or in the fused form. Metal ions

are reduced from higher oxidation state to lower as given below:
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Eq. 2.1

The schematic of electrodeposition process is shown in Figure 2.1. The process can exist

in two different forms: in one case the z electrons are provided by the power supply

which is usually in the DC form to avoid the polarity disturbances. The other case is the

electroless process where no external source of current is required. These two types of

processes of electrodeposition are called the electrochemical deposition in overall

scenario (PAUNOVIC & MORDECHAY 2006).

The process of electrodeposition is very important in the perspective of production in the

sense that it involves a variety of techniques through which one can produce different

layers of coatings in a versatile manner which otherwise would be impossible to create

and form. But still it should be kept in mind that this is not a simple process to

accomplish as there are various variables that control the thickness, purity, and

uniformity of the layer. In science and engineering this process is one of the most

complex processes to cope with.

Rudzki proposed and an excellent model that explains the metal distribution and the

interrelation of the plating variables. A simplified version of this model is shown in Table

2.1. Whereas the Table 2.2 shows the factors influencing the properties of the deposits.

Basically electrodeposition is a surface phenomenon in which solid state processes occur

in the form of liquid (Dini 1993).

Table 2.1  Metal distribution relationships in electrodeposition (Dini 1993)
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Table 2.2 Interdisciplinary nature of electrodeposition (Dini 1993)

2.2 Formation mechanism of deposited layers

In  the  process  of  metal  electrodeposition,  a  metal  ion  Mn+ present in the aqueous

solution is deposited on the conducting metallic substrate and becomes a part of the

ionic metal lattice. A simple representation of the process at atomic scale can be written

as:

Eq. 2.2

The above reaction also involves transfer of n number of electrons to the cathodic

substrate from an external power source or power supply. These electrons are taken up

by the metallic ions present in the solutions as a result of which they get reduced or

deposited on the substrate.

As the ions in the electrodepositing solution are present in the form of hydrated ions

[M(H2O)x]n+, hence the Equation 2.2 can also be written as:

Eq. 2.3

The ions being deposited at the “kink” site are in the form of ad-ion or ad-atom M and

the final result of overall process represented by the Equation 2.3 is the absorption of M
n+ ad-ions/ad-atoms at kink sites. A schematic representation of the initial and final

states of ions during deposition process is also shown in the Figure 2.2.
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Figure 2.2: States of depositing metallic ions during metal deposition process.

In real world, no surface is perfectly flat and there is always some degree of roughness

present on it. In the case of rough surfaces, the electrodeposition processes proceed

through two types of mechanisms:

Ion transfer through step-edge site mechanism and,

Mechanism of terrace site ion-transfer

2.2.1 Step-edge ion-transfer mechanism

Figure 2.3 illustrates the process of step edge ion transfer which is also known as direct

transfer mechanism. In this mechanism, the ions from the solution are deposited over

different step edge kink sites. As a result of this transfer the M ad-ion (adsorbed ion) is

deposited to the crystal lattice. There are different stages of this process. In the first

stage there is the transfer of the M ad-ion to the kink site with one half of energy with

respect to the one relative to a bond in the bulk. But it must be remembered that in this

position, it still has some water of hydration attached to the ions. Whereas in the other

stage there is a direct transfer to the site other than kink. Here the metal ions find a way

to diffuse until  they reach a kink as shown in Figure 2.3. So it can be assumed that in

step-edge site ions-transfer there can be found two ways. First one the direct diffusion of

the ions to the kink or site edge path or the diffusion over the surface until to reach the

kink or site edge.
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Figure 2.3: Mechanism of step edge ion transfer

2.2.2 Mechanism of terrace ion-transfer

In this process an ion from the solution is transferred to the flat surface or terrace region

of the substrate as shown in the Figure 2.4.

Figure 2.4: Ion transfer mechanism to the terrace and surface sites and deposition at kink site.
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The ions in this state are the adsorbed-ion (adion) state having most of the water of

hydration. The ions are not strongly bound to the crystal lattice at this stage. They try to

seek out the position of lowest energy, hence they are still mobilized due to having

relatively higher energy as compared to the atoms of substrate. Again for these ions the

final position is a kink site. If we consider the two mechanisms step edge and terrace ion

transfer, the current I can be composed of two parts,

Eq. 2.4

In the above Equation 2.4, ise is the step edge and ite is the terrace site current
component (Paunovic & Mordechay 2006).

2.2.3 Mechanisms of growth

To make a coherent deposit there could be possibly two basic methods and mechanisms:

Layer growth mechanism and

Crystallite growth mechanism

 These mechanisms can be well understood by a schematic sketch given in the Figure

2.5.

Figure 2.5: Representation of the layer growth mechanism (a, b) and crystallite growth or nucleation coalescence
mechanism (c)

In the process of layer growth the crystal is enlarged by the formation of new layers like

in onions. This is a step in the growth of a layer which is in coherent with the substrate.

These processes are very important and having a big role in electrodeposition of metals
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There are different growth steps like monoatomic growth steps, poly atomic growth

steps which could be micro and macro in nature (Schlesinger & Paunovic 2010).

In the mechanism of three dimensional crystallites (TDC) formation, the coalescence of

crystals occurs. The overall growth takes place in the following steps:

Nuclei formation and their growth towards TDC

Joining or merging and coalescence of TDCs

Linked network formation

Continuous network formation.

Growth as columnar microstructure2.2.3.1

As show in Figure 2.6, the columnar structure is always perpendicular to the surface.

This structure is composed of fine equiaxed grains near the surface but transform later

to columnar grains on the upper surface of the deposit. The columnar grains are much

coarser as compared to fine grains near the surface and spans to a greater distance

compared to fine grains.

The formation of columnar grain may be considered due to competition between the

adjacent grains which ultimately results in the form of long columns. The grains with

lower surface energy grow faster always than those with high surface energy i.e. the

finer grains. This results in the decrease of higher surface energy grains coalesce and

end up in the coarser grains. So the structure becomes like the finer grains are near the

substrate surface then coarser grains and then the big columnar grains, as we proceed

from substrate towards the coatings (PAUNOVIC & MORDECHAY 2006; Mazor et al.

1988; Sheshadri 1975).

Figure 2.6: A schematic representation of the columnar deposit
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2.3 Electrochemical deposition cell and its components

The current is required to flow through for any kind of electrodeposition. A chamber

which is used to generate energy from chemical reaction or to initiate a chemical

reaction by flow of electricity is known as an electrochemical cell. Commonly used

batteries  in  clocks  and  toys  of  1.5  volts  are  simple  examples  of  electrochemical  cell

where some slurries of different materials are used to initiate chemical reactions which

generate energy.

The electrochemical cell is an essential component of the electrodeposition process. In

principle, an electrodeposition cell is analogous to a galvanic cell but acting in reverse

direction. The main components of an electrochemical deposition cell can be listed as:

1. Electrodes

2. External current source

3. Electrodeposition bath (electrolyte)

4. Additives

An electrode is a term in electrochemistry having various meanings and connotations. An

electrode is the region where any chemical activity either oxidation or reduction takes

places. Depending upon the flow of current either it becomes cathode or anode but

sometimes they can serve both reactions or identities being anode and cathode at a

time. Secondly the electrode together with solution is called a half cell and can be

considered and studied as separately entity performing oxidation or reduction in the cell

or electrochemical reaction (D. Gamburg & Zangari 2011).

To flow the stream of electrons from one electrode to another electrode, there is

required some medium which should be conductive for the electrons or ions in order to

close the circuit and for that reason in electrochemistry electrolytes are being used.

These electrolytes could either be solutions in water or fused salts. Power is supplied in

the direct form and a potential is created between the electrodes. The ions in the

solution are reduced at cathode while oxidation takes places at anode where the anode is

dissolved and eroded with time and conditions. These ions which are dissolved into

solution create a potential which leads to deposition of same amount ion on cathode in

the  form  of  neutralized  atoms.  So  the  dissolution  rate  of  anode  is  always  equal  to

deposition rate of atom over cathode or plating rate on cathode. In some cases the

electrodes are not consumable and these atoms for plating are actually only provided by
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solution or electrolyte so needs be changed continuously to provide a fresh supply of ion

to the system.

Both types of anodes, soluble and non-soluble, are frequently being used in the

electrodeposition processes. Usually for electrodeposition of silver, zinc, nickel, copper

and many others, the anodes are consumables. Chromium, gold and some other

precious metals require non-soluble or insoluble anodes.

For the soluble electrodes there are double duties to play in the process; to provide a

path for the flow of current and to provide the necessary ions in the process so need not

to replenish the solution continuously. The metallic ions from soluble anodes transfer

through solution to the cathode and get again neutralized and create a coating or plating

over there. For nickel and copper usually soluble electrodes are used to create plating

and also to refine these metals from crudes. The purity of anode is very critical in

measuring the rate of dissolution because due to impurities the potential tend to

decrease down that reduces the efficiency of anode. But however usually the efficiency

remains 100% or close to 100% if the anode is pure. At higher anode potentials

sometimes anodic passivation occurs. This results in localized potential decreasing the

efficiency of anodic current.

Also on the surface of soluble anodes, oxygen is sometimes evolved. So it is required to

check out whether the electrodes are working properly when using soluble electrodes (D.

Gamburg & Zangari 2011).

2.4 Parameters of the process and their effect on electrodeposition

As stated in the introduction, electrodeposition is not a simple dip and dunk process. A

lot of parameters influence this process that need to be controlled properly for a good

quality electrodeposit. Some of the important parameters of electrodeposition process

include:

Deposition time and thickness

Current density

Electrode potentials

Bath composition and conductivity

Bath additives or surfactants

Bath temperature
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Substrate surfaces

Bath pH

Bath stirring

Hydrogen and oxygen evolutions on the electrodes

Current and metal distribution

In the next sub-sections, each of these parameters and their effect on the

electrodeposition is described briefly.

2.4.1 Deposition time and thickness (Faraday’s law)

Generalized reaction of metal deposition is as follow in electrochemical process.

Eq. 2.5

Where L is a molecule, an ion, or radical which is tightly bound to the metal ion M. this

makes a complex species (MxLy)z  and play a role in  charge movement process.  These

intermediate compounds are usually referred as electroactive species. Equation 2.5

indicates the various variables where n is the amount of electrons transferred in

depositing atom on the cathode and this quantity is always positive. z can be negative or

positive or zero and is the electric charge of electroactive species. The hydrated metal

ion discharge becomes a simple ion discharge when n becomes equal to z. This reaction

can be written in the following way:

Eq. 2.6

Electrostatic interaction is indicated by dots. But usually n z as n is a different entity

and should not be confused with z.

The quantity of deposition of a metal can be calculated if we know the total number of

electrons transferred from the external source towards the cathode. From Equation 2.5

we can deduce that ne number of electrons is needed to deposit one atom of a metal. By

considering Avogadro’s law, we can say that one mole of the metal can be deposited by

supplying NAne = nF coulombs of electricity. Where NA is the Avogadro’s number (6.022

x 1023 mol-1) and F is the Faraday’s constant (F = 96485 C mol-1). Now the quantity of a
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deposited mass is determined by using the Equation 2.7 which is known as Faraday’s

Law.

Eq. 2.7

Here m is the mass of deposited metal in grams and Q the charge passed and A is the

atomic weight of the metal deposited.

The Equation 2.7 is very important in calculating and measuring the amount of metal

deposited in the process of electrolysis. Hence thickness and weight of metal could be

easily found. Hence the amount of electricity used in the process of electrodeposition is

quite useful to have information about various important aspects including mass and the

volume of the deposited metal.

Equation 2.7 gives only the mass of the electrodeposited coating. If one is interested to

calculate the thickness of the coating, it can be calculated through the following

equation:

Eq. 2.8

Where: T = thickness in micrometers,  = density in grams per cubic centimeter, S =

surface area of the plated part in square centimeters. 10000 is a constant for the

conversion of centimeters to micrometers.

By combining the equations 2.7 and 2.8, we have the following equation for plated

thickness calculation.

Eq. 2.9

The process of electrodeposition occurs at the interface of solution and electrode so this

interface greatly influences the structure and properties of electrodeposited coatings.

The mass of the element, expressed in grams, transported from the solution and

deposited on the electrode by one coulomb of electricity is called the mass

electrochemical equivalent. It is denoted by Km and expressed in g/C. If the deposited

metal is expressed in volume instead of the mass, the electrochemical equivalent is

called volume electrochemical equivalent which is denoted by Kv and is expressed in
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cm3/C. Mass and volume electrochemical equivalents (Km,  Kv) of some common metals

are given in the Table 2.3 (D. Gamburg & Zangari 2011).

Table 2.3: Volume and mass electrochemical equivalents of some common metals

2.4.2 Current density

Current density is very important entity in measuring the rate of electrodeposition of

metal. This is measured from the applied current value (obtained from the ammeter

reading) divided by the surface area S of the cathode surface immersed in the

electrodeposition solution. It can be expressed in A m-2 or A dm-2 and the deposition rate

is expressed in mol cm-2 s-1. The rate of deposition of metal increases with an increase in

the current density up to a certain duration of time.

The accurate measurement of the current density is closely related to the precise

measurement of surface area S. And the accurate surface area measurement depends on
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the roughness of the surfaces. If the surfaces are perfectly smooth then the geometrical

surface area Sg is considered equal to the real or true surface area St. But if the

substrate surfaces are rough, then the true surface area St is greater than the

geometrical surface area. In this case a roughness coefficient Kr is introduced which is

the ratio of true surface area to the geometrical surface area i.e. Kr= St/Sg. For highly

polished surfaces Kr has  a  value  between  2-3.  Since Kr>1, then a term real current

density ir is used which is given by ir=iapp/Kr. Where, iapp is the apparent current density

measured by considering the geometrical surface area of the substrates.

Current density is commonly considered as uniform throughout the entire surface of the

substrates. But sometimes the heterogeneous surfaces become segregated based on the

different energy potentials at different sites and as a result the electrochemical

processes occur preferably on high energy sites (also called the active growth sites) first

and then on the others. Due to this reason, current density is not uniform during the

start of the electrodeposition process but it generally become uniform across the surface

as the deposition proceeds (D. Gamburg & Zangari 2011).

2.4.3 Electrode potential

The potential difference between the electrolyte solution and the electrode bulk material

is called the electrode potential. It can be represented by the symbol . Current density

and the electrode potential both are the physical variables that are very important in

controlling the electrochemical processes occurring on the electrodes. But there is one

problem that this potential difference cannot be measured directly because the there is

no fixed value of potential assigned to the electrolytic solution. To overcome this

problem reference electrodes having a constant and stable potential are used. Different

types of standard electrodes exist for the measurement of this kind of potential for

example SHE (Standard Hydrogen Electrode). The potential of SHE can be denoted by

the symbol E and it is normally taken as zero at any temperature. The practical

measurement of SHE is also little complicated so usually in the labs other kinds of

reference electrodes are used as an alternative for instance calomel or silver/silver

chloride electrode. The reference potentials for various types of standard electrodes are

given the

Table 2.4 (D. Gamburg & Zangari 2011).
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Table 2.4: Types and potentials of different Reference Electrodes

During the electrodeposition process, current density or the potential values can change

a little as the deposition proceeds. These changes occur due to the surface roughness

and morphological characteristics of the electrodes, change in composition and pH of the

electrolytic solution with the passage of time. There are two conditions possible:

a) if the potential is fixed (i.e E=constant) and current density i changes with the time,

this condition is called potentiostatic process,

b) if the current does not change (i.e i=constant) but the potential E varies with the

time, this condition is called galvanostatic process.

Equilibrium potential and overpotential2.4.3.1

The potential of the electrode at which current density I is zero and the electrode

process is in thermodynamic equilibrium, is called the equilibrium potential of the

process. It can be denoted by Eeq and can be described and calculated from the well

known Nernst equation:

Eq. 2.10

Where;

f = F/RT= 11604/T (V-1);

R = 8.3145 J/mol K (gas constant) and,

T = the absolute temperature

E0 = standard potential for this process observed under standard conditions (T=298 K,

and 1 atmospheric pressure).
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For depositing a metal with a specific rate, it is necessary to shift the electrode potential

from equilibrium to the negative (cathodic) direction. The shift of the potential value

towards negative direction causes an increase in the reduction process of the metals to

be deposited on the electrode. Whereas if the potential is shifted towards the positive

direction, the anodic or oxidation process will be enhanced. This change or shift in the

value of the equilibrium potential of the electrode towards positive or negative direction

is termed as the overpotential and it is represented by :

Eq. 2.11

The overpotential is an important quantity that can be employed to have information

about the rate of the deposition process as well as the structure and properties of the

depositing metal. Higher the values of overpotential, finer and denser are the deposits.

In electrodeposition processes, the values of overpotential can be in the range of few mV

to 2V.

The relationship and dependence of current density I and the potential E is shown in the

Figure 2.7. a and c are the anodic and cathodic potentials respectively. These

particular type of curves are called voltammograms or polarization curves (D. Gamburg

& Zangari 2011).

Figure 2.7: A voltammogram for the electrochemical deposition process 1) without electrolyte stirring and, 2) with
stirring.
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2.4.4 Composition and conductivity of deposition baths

The metals can be deposited from their respective aqueous solutions or the molten salts.

Actually, these metallic salts are dissociated into positively charged cations and

negatively charged anions in the solution. When an external current is applied, these

charged particles move towards the cathodes of the opposite polarity and get deposited

on it. For examples the copper sulphate acidic solutions employed for Cu deposition

contain salt’s constituents dissociated in Cu2+ cations and SO4
2- anions. The Cu2+ cations,

on passage of electricity, are converted to purer plated copper on cathode and the anode

is dissolved into the salt. Similarly, acetic acid solutions used for the deposition of Ni

contain Ni(CHH3COO)+ ions which deposit Ni to the cathode.

For electrodeposition, both one component and multicomponent solutions can be

employed but one component solutions have problems of poor quality deposits. That’s

why one component solutions are not commonly used. Some additional elements, known

as supporting electrolytes, are added to the electrolytic solutions according to the

requirement of the specific purpose to achieve. But these supporting electrolytes are not

involved in the electrode processes and are only present in the solution to improve the

quality of deposition.

In addition to the bath composition, electrical conductivity of the deposition baths must

be controlled and monitored as it also plays an important role in the process of

deposition. Also this conductivity can be used to determine the deposition voltage and

the degree of uniform distribution of the metals. The electrolyte conductivity is highly

dependent on their composition and can be directly related with the concentration of ions

and their ability to freely move in the solution. Less the concentration and mobility of the

conducting ions, less is the electrical conductivity of that solution. Electrical conductivity

of the depositing solution is given by the following equation as:

Eq. 2.12

Where i represents the conductivities of the ions with respect to their percentage

quantities present in the solution. But, the sum of conductivities of the individual

concentrations is not equal to the overall conductivity of the solution. This is because of

the mutual interactions of all different types of ions present in the solution and also due
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to their interaction with the water molecules. Hence for the commercial processes, the

actual conductivity of the solutions should be measured instead of calculated from its

components’ conductivities.

The electric conductivity is always desired to be the higher possible, without

compromising the quality of the deposits, because the higher conductivity results in

lower energy loss in the form heat and agitations and also the required thicknesses are

obtained in shorter times. The conductivity is usually increased by adding alkalis or acids

in the deposition bath. Gas bubbles and the small non-conducting particles present in the

electrolytes also affect their conductivities.

2.4.5 Bath additives

Various additives are commonly used in the electrodeposition process. The primary effect

of these additives is to decrease the surface tension and to facilitate the mobility of ions.

The surface tension is detrimental as it keeps the hydrogen bubbles intact to the

different areas of the cathode and prohibits these areas to be plated. Hence non

uniformities are created over the surface of the plated region called pitting. There are

different additives being used today for the process of electrodeposition which are very

specific  in  nature to some specific  kind of  element.  One specific  class of  additives may

not be useful for the other materials and may be in some cases even detrimental.

Additives not only facilitate but also effect on the final surface finish and initial adherence

of the plating materials to the surface of the coated substrate. These materials are called

‘brighteners’ due to the ability to form very fine surface finish which do not require

further treatment. Other agents are called ‘levelers’ which actually smooth the final

surface of the plated deposits. Beside these, there are some additives which are used to

suppress dendrites, enhance current efficiency, anode activation for dissolution etc. Also

the additives reduce or inhibit the deposition by increasing the over potential ( ) values.

This effect is shown Figure 2.8.

The concentrations of additives are usually kept between 10-4 and 10-2 moles per liter.

But in some cases even very low concentrations are enough for the process to proceed

(D. Gamburg & Zangari 2011).
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Figure 2.8: General current-potential characteristics: 1 without inhibition, 2 with inhibition. i2/i1 is the inhibition extent,
 is the additional overpotential at i = const.

2.4.6 Temperature of the bath

The temperature of the electrolytes is another important characteristic that has

noticeable effect on the electrodeposition. Actually the temperature affects the electrical

conductivity of the solutions by changing the mobility of the ions and as a result it affects

the deposition rates and thickness as well as the deposition quality. Normally a 1 °C

increase in the temperature of the electrolyte increases its conductivity up to 2%.

Usually the operating temperature is between 15 and 70 °C. But sometimes,

temperature may approach 99 °C. Higher temperature provide various advantages over

lower temperatures like decreased anodic passivation, enhanced solubility of additives

and electrolyte, improved electric conductivity.

On the other hand, there are some disadvantages which may include the evaporation of

the electrolyte, corrosion of newly formed surface of the plating, etc.. Additives’

evaporation also promotes the formation of coarse grains of the deposited metal. But the

lower temperatures also come up with some disadvantages like higher electrolytic

resistance to the flow of electricity hence higher energy loss, non-uniform layer thickness

and composition of the metal deposited. The precise control of the temperature is
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required especially at lab scale but, at industrial scale a variation up to a few degrees

(±3 °C) are acceptable. The temperature is also important in rate control of the process

as only 1 °C rise results in 10% increase in the rate of process that can result an

enhancement in the mass transfer rate up to 2% (D. Gamburg & Zangari 2011).

2.4.7 Substrate surface

The surface finish and cleanliness is also very important to consider in the

electrodeposition as it strongly influences the adherence of the plating material to the

substrate. If the surface is contaminated, the coating is not uniform because in some

areas the current density is higher and in some areas it is lower. But if the substrates is

well cleaned and free of oxides and has almost the same crystal structure at the surface

as that of the deposited material, even then the influence of substrate may propagate

up to 10 µm of thickness. If the surface is smooth and is well polished mechanically, it

has small effect on the coating growth and the developing coating is almost uniform and

smooth (D. Gamburg & Zangari 2011).

2.4.8 pH of the bath

The pH of the electrolyte is quite important in the perspective of evolution of hydrogen

gas and hydroxide activities over the electrodes in the cells. The pH indicates the overall

activities of the electrolytic species and is important to control for establishing a well-

balanced equilibria.

Different solutions and compounds are used to control the pH of the bath which includes

acids, alkalis etc. The pH must be stable to get uniform results for the plating throughout

the process. There are various standard tables available to control the pH of different

materials during electrolytic process.  Different buffers can also be used to maintain the

pH constant at various desired levels (D. Gamburg & Zangari 2011).

2.4.9 Stirring of the bath

The agitation of the deposition bath has its effect in increasing the metallic ions

transportation towards the substrate but it has no significant effect on the properties of

the final deposit. It also limits the thickness of the diffusion layer.

The electrodeposition bath can be stirred by utilizing various available techniques

including:
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Mechanical magnetic stirring

Stirring by compressed air

Stirring by ultrasounds (using probe sonicators or bath sonicators)

2.4.10Hydrogen evolution and embrittlement

During the process of electrodeposition, hydrogen gas is evolved usually along with the

electrodes due to hydrolysis of water and acids. This evolution brings up with various

problems to the metal deposited and to the electrodes. It causes not only the loss of

energy but also loss of some mechanical properties of the deposit. Tafel equation (Eq.

2.13) is used to estimate the rate of hydrogen evolution on the electrode:

Eq. 2.13

Here E is the electrode potential, a and b are constants which can be found in tables in

literature or standard books and i represents the rate of hydrogen evolution.

b is  known  as  Tafel  slope  which  is  almost  0.12  V  per  decade  for  metals  mostly  while

values of a may be different depending on different situations. The Equation 2.13 can be

effectively used to calculate the rate of hydrogen evolution for almost all electrolytic

cells. Initially the evolution is higher for the low Tafel coefficients a and mostly observed

in Zn/Fe couples. This evolution of hydrogen on the surface is harmful for the quality of

deposit being developed on the cathode as H2 evolution causes porosity in the coatings

and also cause embrittlement (D. Gamburg & Zangari 2011).

2.4.11Current and metal distribution

The distribution of current on the substrate surface is also important during the

electrochemical deposition process. It should be controlled and uniform during the whole

process as the non-uniformity results in segregated regions of current density. Due to

this segregation effect, some regions have more thickness of the coating whereas the

other may have less thickness resulting an overall non uniform coating of the metal.

The current distribution can be categorized in microdistribution and macrodistribution.

Both type of type of distributions may occur at same time but with different values.

Microdistribution is caused by the microscopic surface roughness of the electrode surface
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while macrodistribution represents the overall current distribution on the whole

electrode. Both effects can be explained by the sketches as shown in Figure 2.9

(microdistribution) and Figure 2.10 (macrodistribution).

Figure 2.9: Cross section of a rough surface and corresponding current distribution in the adjacent solution
(microdistribution)

Figure 2.10: Current distribution on the overall electrode surface (macrodistribution)

The two types of current distributions (CD) i.e. microdistribution and macrodistribution

can widely differ at the same time and even in the same regions. As an example, in a

certain electrode area, macroscopic distribution of current may be same, while the

microscopic distribution may be different at the same place due to the presence of micro

scale ridges and valleys. Usually current distribution is higher on the ridges and as a
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result it causes a preferential and faster growth of the coating in that area as compared

to the others (D. Gamburg & Zangari 2011).

2.5 Structure and properties of electrodeposits

The properties and structure of the electrodeposited layer depend on the composition,

properties and structure of the deposition bath. In addition, the quality of deposit also

depends upon the current density, electrode potentials, pH, temperature of the bath as

well which are discussed in the previous section (D. Gamburg & Zangari 2011).

As in the case of other materials, the structure of electrodeposited metals consists of

grains. The size and shape of the grains determine and characterize the structure of the

deposit. There are four possible structures that are described below:

 1. Columnar grains structure: these structures are developed under conditions of low

current density depositions. These are ductile and possess low hardness and low

strength.

2. Fine grains structure. If the size of the grains in the range of 10-100 nm, the structure

is said to be fine grained structure. They are obtained when the deposition is done on

high current density values. The fine grained deposits are characterized as brittle and

hard structures. Although in some cases rather ductile structures are also possible to be

obtained

3. Fibrous Structure: These types of structures have intermediate nature and properties

between fine grained and columnar grained structures.

4. Banded Structure: If the grain size is extremely small, less than 10 nm, they give a

banded type structure. They have very poor ductility but very good hardness and

strength.

Some authors propose another classification of the electrodeposited structures. The

columnar and fibrous grain structure is common in both classifications.

 1. Columnar Grain Structure. This kind of grain structure is developed due to the

preferred growth of the electrodeposits in some directions and it is obtained in compact

and dense thin films. Some randomly oriented grains are also obtained but their number

is less than the others.
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 2. Equiaxed Grain Structure: Equiaxed grains are grown in comparatively bigger size

than the columnar grains.

3. Dendritic Structure. This type of structure is developed as a result of mass transport-

controlled growth. All the grown crystals are not of same size and they vary in their

shape as well.

4. Nodular Grain Structure. Their name is because of nodular type of appearance. These

structures are also often termed as “cauliflower type.”

5. Fibrous. These types of structures also develop due to the oriented growth of grains

that do not grow uniformly on the whole surface of the substrate.

A schematic summary presentation of four of these grain types is given in Figure 2.11.

Figure 2.11: Different types of grain structures exhibited by electrodeposited materials

The variables of the electroplating process i.e. metal-ion concentration, additives,

temperature, agitation, and polarization have profound effects on the grain structure of

electrodeposits. A schematic representation is shown in Figure 2.12. (PAUNOVIC &

MORDECHAY 2006)
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Figure 2.12: Effect of operating conditions on the microstructure of electrodeposits

2.6 Electrodeposition of alloys

Alloys are materials which are made to enhance the various desired properties of the

metals which otherwise are sometimes impossible to exhibit by pure metals. These

properties include strength, ductility, corrosion resistance, modulus of elasticity, wear

resistance, solderability, hardness etc. In the same way higher magnetic susceptibility

can also be obtained by the alloying methods. And in some situations the purpose of the

coating is the same i.e. to enhance the properties of the materials in a similar way as is

done by the pure metal depositions.

Alloy deposits can be made through electrodeposition by changing the composition of the

electrolyte of the cells. The desired metal solutions are added according to required alloy

composition depending upon their oxidation and reduction potentials.  The incorporation

of the codeposit metal is made by acquiring its concentration which is determined by

Faraday’s Law and this is directly proportional to the current density.

This alloying is difficult in case of coatings but not impossible. Different salts of

electrolytes are used to obtain a situation where different ions of the required metals are

produced and codeposited during the electrodeposition process.  Some alloys are easy to

deposit like Ag–Ni alloys and Ag–Co alloys. There are also some metals e.g. V, W, Nb,

Zr, Ti etc. that cannot be deposited from their aqueous solutions. Thus they are

deposited from their molten salts (Djoki 2014).
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According to the definition, the electrodeposition of alloys is a codeposition process

where two or more different metals are deposited at same time to obtain an alloyed

layer of the coating. For this to accomplish, the ions of the desired alloy constituents

should be present at the same time to make a coating over the cathode. The deposition

potential should be equal or somewhat near to each other of all the constituent metals.

Figure 2.13: Polarization curves for the deposition of alloys

Figure 2.13 shows the typical polarization curves (deposition potentials) for the alloy

deposition of two metals (A and B) as a function of current density of the both metals.

From these curves, it is deduced that if the potentials of the metals A and B are V1 and

V2 respectively, it is possible to deposit metals with ratio j3/j4 (Paunovic & Mordechay

2006).

2.7 Electrodeposition of composites

Initially it was considered that if there are some insoluble entities in the electrolyte

solution and they get deposit in the coating along with the main coating element, they

cause adverse effects on the properties of the final coatings. Due to this reason, great

care has been taken to avoid the incorporation of unnecessary particles for example

anode debris or anode mud, dust from air, impurities for the depositing solution etc. But

later it was realized that there could be some benefits of incorporation of these particles
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and substances if they are intentionally added and if properties and the effects of these

entities in the depositing coating are well understood. By this idea, it became possible to

deposit composite materials using electro or electroless deposition techniques with the

same purpose i.e. to get the superior properties of the composite than the individual

elements. Only the composites based on the metals (i.e. metal matrix composites) can

be prepared by this technique, which are able to be electrodeposited.

In the process of composite electroplating, the particles deliberately added to the

deposition bath should be inert so that they don’t react with and don’t dissolve in the

electrolytes. For example, silicon carbide (SiC) particles are added in the nickel-

phosphorus deposition bath. Silicon carbide particles are co-deposited along with the

nickel-phosphorus on the cathode when an external power supply is applied. A

micrograph of SiC/Ni-P composite is shown in the Figure 2.14. By using electrodeposition

technique, second phase particles of many types e.g. metallic particles, plastics and

ceramic particles etc. can be codeposited to obtain various types of metal matrix

composites. These composites have higher properties as compared to purer depositing

metals in many ways like in strength hardness, wear and corrosion resistance properties

etc. (Hovestad & Janssen 2005)

Figure 2.14: Cross-section of SiC particles and nickel-phosphorous composite coating on aluminum substrate
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Another example of the composite electrodeposition is the deposition of Zn/GO
composites. A schematic representation of the electrodeposition process for the
composite deposition is shown in the Figure 2.15.

Figure 2.15: Schematic representation of electrochemical codeposition of Zn/Graphene oxide composites. (Hilder et al.
2012)

Although composites can easily be deposited by electrodeposition technique, an

important consideration needing attention during this process is the uniform dispersion

of the second phase particles in the deposition bath. Stable dispersions can be achieved

by adding some additives or surfactants that aid the uniform distribution of the particles

in the bath. In addition, certain dispersing techniques e.g. mechanical stirring or ultra-

sonication is also done to further stabilize the suspensions and even the dispersion can

be continued during process of deposition so that the suspended particles remain well

dispersed and in the bath as long as the deposition process proceeds.

2.8 Applications

In the past electrodeposition was intended to deposit a thick layer of polycrystalline

metals over the cathode substrates. These layers were produced to protect or act as

sacrificing elements during corrosion process for the main metal. Sometimes the layers
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used to be deposited for decorative purposes, and sometimes even to enhance

mechanical properties as well. However, with the development of the electrodeposition

techniques and with the possibility of complex control over current density, electrolytic

composition has made it possible to control the thickness and quality to such a level that

we can produce electrodeposits having very high and advanced properties. So these

days electrodeposition process is widely being used in depositing the magnetic thin film

heads, in semiconductor and microelectronics technologies. Also these deposition

processes are being extensively used in medical industry where different tools are coated

according to required surface finish and according to required antibacterial properties.

And in recent research, it is revealed that electrodeposition is also viable in nano-

sciences and nano-technologies (Paunovic & Mordechay 2006).

For example in semiconductor industry, the copper interconnects on the chips are

deposited by the electrodeposition technique replacing the previous technology of

vacuum-based deposition techniques used for depositing aluminum or aluminum alloy

(Al+Cu) conductors on the chips. In fact, there are various steps involved in the

preparation of Cu-interconnects on chips which are shown in the Figure 2.16.

The first step is the deposition of dielectric on the smooth substrate of a silicon wafer.

Then in the second step, it is patterned using photolithography and a dielectric-RIE

(reactive ion etching) process. Then a Cu seed layer is deposited using PVD and CVD

processes. Then Cu is electrodeposited into the holes, trenches and recesses. The excess

Cu is removed by chemical and mechanical polishing (CMP) technique. And as the final

step Cu line is patterned and deposited (SCHLESINGER & PAUNOVIC 2010).
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Figure 2.16: Different steps involved in the electrodeposition of Cu interconnects on silicon wafers.
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Chapter 3 Materials and Methods

This chapter briefly describes all types of materials and methods that were used during

the  whole  research  work.   As  the  work  was  done  on  two  types  of  metal  matrix

composites i.e. fibers reinforced and carbon nanomaterials reinforced composites, so the

materials and methods used for each type of composite are described step by step.

3.1 Materials

3.1.1 Metal matrices

The nickel metal was used as the metallic matrix for both types of composites i.e. fiber

reinforced composites and carbon nanomaterials reinforced composites. The method

employed to produce the composites was electrodeposition. In case of fiber reinforced

composites, 99.98% pure Ni anodes of size 20 x 5 x 1 cm obtained from Coventia Srl.

were used for the deposition of nickel metal. Whereas for carbon nanomaterials’

reinforced  composites;  99.98%  pure  Ni  plates  of  size  10  x  2.5  x  1  cm  were  used  as

anodes. The anodes used along with their respective XRD scans are shown in the Figure

3.1 and Figure 3.2 respectively

Figure 3.1: Nickel Anodes used for electrodeposition of Nickel



Materials and Methods

55

Figure 3.2: XRD pattern of Ni anodes used for electrodepostion

3.1.2 Reinforcements

For fiber reinforced metal matrix composites, monofilament silicon carbide (SiC) fibers

(SIGMA  1140+,  tungsten  core,  C  coated,  diameter  106  m)  were  used  as

reinforcements. Whereas, graphene nanoplatelets (GNPs) and graphene oxide (GO) were

used as nano reinforcements in the carbon nanomaterials reinforced metal matrix

composites. The specifications of the each of these carbon nanomaterials are given in

Table  3.1  and  Table  3.2  while  the  XRD  scans  are  shown  in  Figure  3.3.  Also  SEM

micrographs of the carbon nanomaterials used are shown in Figure 3.4.

Table 3.1: Specifications of GNPs and CNTs
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Table 3.2: Specifications of Single Layer, 2-4 Layers and 4-8 Layers Graphene Oxide (GO)

Figure 3.3: XRD patterns of GNPs, SLG and, 2-4LGO
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Figure 3.4: SEM images of used carbon nanomaterials:  a),b)  2-4LGO and; c),d) GNPs grade4

3.1.3 Surfactants or dispersing agents

For deposition of a uniform composite layer over the substrate, it is important that the

carbon nanomaterials should be properly dispersed in the deposition bath. And this

dispersion should be stable for a sufficient period of time that is needed for depositing

the required thickness of the composite. Some dispersing agents or surfactants can be

applied to achieve this goal. Surfactants are the chemical species that modify the surface

properties of particles and as a result of which the nature of the interactions between

particles is also changed. The word surfactant is basically a short and composite form of

the terms SURFace – ACTive – AgeNT. Surfactants can serve a lot of purposes for

example they can be used as dispersants, flocculants, deflocculants, flattening agents,

wetting agents etc.

 In this research work a surfactant was needed as a dispersing agent. Many surfactants

were tried to choose the most suitable one for the required purpose. sodium dodecyl

sulphate  (SDS),  poly  acrylic  acid  (PAA)  with  mean  molecular  weight  MW  5100,  poly

sodium nephthalene sulphonate (PSNS), poly sodium styrene sulphonate (PSS). All of

these chemicals were purchased from Sigma Aldrich company. The chemical formulas of

these surfactants are shown in Figure 3.5.  Of all the tried surfactants, poly sodium

styrene sulphonate was found relatively more useful and effective in dispersing the
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carbon nanomaterials for longer periods of time due to its acidic nature and a pka value

comparable with the acidic nature of the deposition baths.

Figure 3.5: Different types of surfactants used

3.1.4 Conducting substrates

Substrates were used as cathodes to deposit composite layers on them. In case of fiber

reinforced composites, Inconel 718 was used as cathode whereas; 42CrMo4 steel was

used as cathode for depositing carbon nanomaterials reinforced composites on it. The

chemical compositions for the both substrates are given in Table 3.3 and the XRD scans

are shown in Figure 3.6.

Table 3.3: Chemical compositions of Inconel-718 and 42CrMo4-Steel
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Figure 3.6: XRD of Inconel-718 and 42CrMo4 Steel Substrates

3.1.5 Deposition baths

The composites were deposited from electrolytic solutions on to the conducting

substrates.  The solutions used for the electrochemical deposition of nickel were Watt’s

bath (NiSO4 + NiCl2 + H3BO3) and Wood’s bath (NiCl2 + HCl) purchased from Coventia

Srl. In case of fiber reinforced composite depositions, no additives were used in the

deposition bath. Whereas in case of carbon nanomaterials reinforced composites, various

surfactant additives were used in order to well disperse the nano particles in the bath so

to ensure their uniform codeposition.  The composition details of the deposition baths

utilized in this work are shown in the Table 3.4.

Table 3.4: Compositions of Deposition Baths
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3.2 Methods

3.2.1 Electrodeposition of fiber reinforced composites

The SiC long fiber reinforced Ni metal matrix composites were prepared by

electrodeposition of nickel on a superalloy substrate over which the silicon carbide fibers

had previously been positioned. All the composites specimens were obtained by means

of a switching rectifier AF00 by Giussani S.r.l. The set up for electrodepositing the fiber

reinforced composites is shown in the Figure 3.7.

Figure 3.7: Setup for electrodeposition of Ni/SiC composites over Inconel-718

The process involved various steps (Figure 3.8). The first step was polishing and

electrochemical pre-cleaning with a solution containing sodium hydroxide and

complexing agents and surfactants, in order to obtain clean surfaces for the subsequent

deposition steps. A current density of 2 A/dm2 for  5  minutes  at  298  K  (25  °C)  was

applied to the solution, where two steel plates acted as cathodes and the superalloy as

anode. Electrical contact was achieved by conducting clips.
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Polishing and electrochemical
cleaning of the Substrate

Rinsing in distilled water

Arrangement of SiC fibers on the
Substrtate

Wood's layer depostion

Watt's layer depostion

Figure 3.8: Experimental steps in the preparation of Ni/SiC composites

The second step was the arrangement of the fibers on the cleaned superalloy. The fibers

were uniaxially positioned on a 180 x 20 x 2 mm superalloy Inconel 718 substrate and

fixed at both ends by an epoxy resin. The substrate surface had been polished over 80-

grit sandpaper, and the fibers were arranged manually on both sides of the support,

creating a parallel array of roughly equidistant fibers, the mean distance between fibers

ranging from 300 to 650 m, corresponding to samples with a mean value between 30

and 40 fibers/cm.  The samples after arrangement of the SiC fibers on them are shown

in Figure 3.9 while after electrodeposition in Figure 3.10.
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Figure 3.9: Inconel 718 substrates after arrangement of SiC fibers on them

The third step was the nickel deposition. In the first attempts, the support with the fibers

was placed in a Watts’ solution and electrically connected with two nickel plates and the

switching rectifier. The deposition parameters, in particular temperature and current

density, were optimized in order to find the best compromise between deposition rate

and homogeneity of nickel deposit.

All the subsequent samples were realized at room temperature i.e. at 298 K (25 °C) and

2 A/dm2. Since the fiber diameter is 106 m, the deposition time was set to 5 hours, to

be sure that complete coating of fibers and substrate was attained.

Figure 3.10: Inconel 718 substrates after deposition of Ni/SiC composites on them
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Figure 3.11: Typical sections of the Ni/SiC composite layers on Inconel 718: (a) sample with 40 fibers/cm/side (b) sample
with 30 fibers/cm/side

To improve the quality of the interface between superalloy and nickel, an additional step

was envisaged, i.e. the pre-deposition of nickel by means of a Wood’s bath. This solution

is quite aggressive, and it proved able to provide a better contact surface between

superalloy and deposited nickel. The procedure consisted in placing the cleaned

superalloy in a Wood’s solution at T=298K (25 °C) for 5 minutes, with a current density

of  4  A/dm2. After that, the samples were immersed in the Watts’ solution and the

deposition  proceeded  for  5  hours  at  298K  (25  °C)  and  a  current  density  of  2  A/dm2.

Microstructures of the produced composites are shown in Figure 3.11.

3.2.2 Electrodeposition of carbon nanomaterials reinforced composites

The experimental steps involved in the preparation of carbon nanomaterials reinforced

metal matrix composites are shown in Figure 3.12. First step in the preparation of

nanocomposites was the preparation of stable suspensions of the nanomaterials (GNPs,

GO) in the nickel deposition baths. This stability was achieved by adding suitable

surfactants and dispersing the baths by a number of techniques. At first, the composition

baths were dispersed by using ultrasonic agitation for 30 minutes with a probe (Sonics

VCX750) and then the baths were left overnight on magnetic stirrer for 12 hours at 200

rpm. After 12 hours magnetic stirring the, the baths were again probe ultra sonicated for

15 minutes before starting the deposition process.
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Polishing and electrochemical
cleaning of the Substrate

Rinsing in distilled water

Co-deposition of the
nano-composite

Ultrasonic dispersion of carbon
nano materials in the deposition bath

Magnetic Stirring

Figure 3.12: Experimental sequence for the codeposition of nano-composites

To ensure the homogeneity of the baths, gentle magnetic stirring at 100 rpm was done

during the deposition process too. The 42CrMo4 steel radial substrates of 24mm

diameter were electrochemically cleaned in a sodium hydroxide solution for 5 minutes,

by utilizing a three electrode cell where substrate to be cleaned acted as anode and two

mild steel  plates of  size 10x5x.01 cm acted as cathodes.  This  electrochemical  cleaning

was done at current density of 2 A/dm2 followed by rinsing and 5 minutes bath

ultrasonication in an acetone solution. After cleaning in acetone solution the substrates

were rinsed again before starting the final deposition step. Again, a three electrode cell

was used for the codeposition of nano-materials and metal matrices, where substrate

were made to act as cathode for deposition on them and pure Ni plates acted as anodes.

The co-deposition was carried out at room temperature using a current density of 2

A/dm2 for 5 hours. The approximate thickness of the co-deposited composite coatings

was about 100 µm. The electrochemical depositions for producing the codeposited nano

composites  were  done  by  means  of  a  switching  rectifier  AF00  by  Giussian  S.r.l.  The

deposition was realized at 25 °C with a controlled pH in the range between 3 and 4.

The deposition set up utilized for metal matrix nano composites is shown in the Figure

3.13.
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Figure 3.13: The electrodeposition set up utilized for production of nickel matrix nanocomposites

Samples of nanocomposites coatings deposited on steel substrates are shown in Figure

3.14.

Figure 3.14: Picture of Ni-coated (left) and uncoated (right) samples

3.3 Techniques used for characterizing the electrodeposited composites

Ni/SiC composites deposited on the Inconel 718 were characterized by optical

microscopy, scanning electron microscopy, Mechanical Testing at room temperature as

well as at higher temperatures. Before that, the chemical feasibility of Ni/SiC composite

with the Inconel 718 substrate was studied by using the Differential Thermal Analysis
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(DTA) and X-ray diffraction (XRD) techniques. The change in microhardness of the

superalloy at different temperatures was also recorded using Vickers microhardness

tester.

In case of CNT, GNP and GO reinforced nickel matrix composites, the morphology of the

samples was studied by using Reichert-Jung MeF3 optical microscope (Leica

Microsystems S.P.A, Austria) and Hitachi S4000 scanning electron microscope. The

microhardness was tested using a LEICA VMHT hardness tester. The wear properties

were studied by using a pin on disk apparatus, by using a pin of Co-cemented WC, with

3 mm radius. Surface roughness profiles were also measured by using as surface

profilometer HOMMEL TESTER T1000.

The details of each of these facilities used in characterization of all the electrodeposited

composites are given below.

3.3.1 Optical microscopy

Microscopy is a characterization tool used by the metallurgists, physicists, biologists and

many other scientists to study micro details of the objects under investigation. The value

of microscopic examination in the study of materials has been firmly established and

there are a lot of microscopic techniques developed by the scientists for this purpose of

studying the microscopic level details of the materials (Philips 1971; McLaughlin 1975;

Gifkins 1970; McLaughlin 1977; Zieler  1972).  Among these,  optical  microscopy is  very

simple and commonly used microscopic examination technique. Although optical

microscopy does not give field depth analysis and also it lacks the resolution than the

electron microscopy has but it is still very important technique for the metallurgists and

other scientists. There are a few possible modes in the optical microscope that can be

utilized depending upon the details of the specimen that are to be observed. For example

for opaque samples bright field mode is preferred and for other details the observer can

chose others illumination procedures. But in all cases, the sample must be well prepared

and polished because if the sample is not well prepared then even the most powerful

technique will not be able to reveal the required details in the microstructure (Voort

1999).
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Optical microscopes are based on the principle of wave nature of light and they can be

very simple consisting of one lens or they can have two or more than two lenses when

they are called compound microscopes (Rochow & Rochow 1995).

The imaging principal for both types is explained in the following Figure 3.15.

Figure 3.15: Light path in the simple microscope(left) and in the compound microscope(right) (Rochow & Rochow 1995).

The proper illumination of the microscope is important. This can be obtained by using

condenser lenzes. The resolution of the condenser lens is also as important as that of the

objective. In the Figure 3.16 are shown different types of illuminations e.g bright field,

dark field etc while Figure 3.17 shows the micrographs taken from optical microscope.
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Figure 3.16: Main types of illuminations in an optical microscope (Osterberg 1950; Rochow & Rochow 1995)

Figure 3.17: Micrographs of aluminum nitride electronic substrate in brightfield (left) and darkfield(right) modes (C.

Zipperian 2011)

The resolving power of a microscope is the minimum distance (d) between two points of

an object at which both points can be seen clearly separated and distinguished from
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each other.  Mathematically, this can be represented by the following equation (Rochow

& Rochow 1995):

Eq. 3.1

Where; =  wavelength of light, N.A= the numerical aperture of lenses.

And the numerical aperture can be given by the equation:

Eq. 3.2

Where n indicates the refractive index and is the half the included angle of the lens.

Smaller the wavelength and larger the refractive index of the lens, better is the

resolution of the optical microscope. 200 nm is an approximate theoretical limit of the

optical microscope resolution (Yang et al. 2013).

It is possible to generate a micrograph of the specimens being observed under optical

microscope by capturing the image by simple light sensitive cameras. These days the

digital images can directly be seen on computer screens without needing an eyepiece.

This has become possible by development in CMOS (complementary metal–oxide–

semiconductors) and CCD (charged-coupled devices).

3.3.2 Stereo microscopy

Stereo microscopy also utilizes optical light just like in case of optical microscopes. But,

in contrast to conventional optical microscopes, stereo microscopes enable to analyze,

view  and  record  the  objects  in  more  than  one  dimension  i.e.  it  is  possible  to  see  the

sample details in two or three dimensions. There are two separate optical paths in the

stereomicroscope consisting of two objectives and two eyepieces. This arrangement

cause two separate viewing angles on both eyes. With the help of this arrangement, the

sample under observation can be visualized three dimensionally.

There are two main kinds of stereomicroscopes;

1. Binobjective-binocular stereomicroscope

2. Common main objective(CMO) binocular stereomicroscope
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The 1st type i.e. binobjective-binocular stereomicroscope is a classical in the field of

microscopy (Chamot & Mason 1958; Schlueter & Gumpertz 1976; McLaughlin 1975). It

basically consists of two compound microscopes that are mounted on a single stand in

such a way that each compound set is at slightly different angles from each other and

the stereo effects can be further enhanced by placing a pair of prisms.

The second type of stereomicroscope i.e. CMO binocular stereomicroscope, contrary to

the first type, consists of only one central objective. But similar to the binobjective

binocular stereomicroscope, it also has two numbers of eyepieces. Due to CMO, image

planes don’t tilt toward each other and they are parallel to the plane of the object.

Both types of the stereo microscopes are shown in the Figure 3.18.

Figure 3.18: Binobjective-binocular stereomicroscope (left) and CMO binocular stereomicroscope (right) (Rochow &
Rochow 1995)

The method of determining resolution power of the stereomicroscope is similar to that of

the simple optical microscope i.e. it depends upon and is calculated from the numerical

aperture and the illumination wavelength. Mathematically, it can be given by the

Rayleigh criterion as:

Eq. 3.3
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Where; d = the smallest possible resolvable distance, =the wavelength of light, n=

refractive index of medium between the specimen and the objective, and =one-half of

the angular aperture of the objective.

As in case of optical microscopes, CCD cameras can be coupled with stereo microscopes

as well to record the structures on a computer connected with the system.

3.3.3 Scanning electron microscopy

Scanning electron microscopes have become very important in the field of

characterization of materials. A scanning electron microscope (SEM) is a type of

microscope that utilizes a focused beam of electrons to generate high resolution details

of the objects under examination. Due to very short wavelength of bombarding electron

beams, scanning electron microscopes have very high resolving powers, more depth of

field and improved contrast than the optical microscopes. (Rochow & Rochow 1995)

The schematic setup for a scanning electron microscope labelled with important parts is

shown in the Figure 3.19

Figure 3.19: Schematic Setup of Scanning Electron Microscope (Luth 1995)
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There can be listed several steps to state the imaging process of a scanning electron

microscope as given below:

1. A flux of free electrons is created in an electron gun. Electron gun consists of W

filament cathode that generates these electrons by thermionic emission process.

2. The electron flux generated by the electron gun is accelerated down in an optical

column with the help of high voltage potentials created at the anode.

3. Condenser lenses convert this flux of electrons into a beam of electrons

4. The current of this beam of electrons can be regulated by the condenser lenses

and beam regulation aperture.

5. A stigmator is used to remove the ellipticity of the electrons beam

6. A final condensing lens fixes the beam of electrons onto a probe spot.

7. The electron beam bombards on the surface of the sample and as a result of which

following types of signals are produced:

Secondary electrons (SE): These are low energy electrons that are emitted from the

neaer surface of the sample. These electrons can be collected in a secondary electron

detector to get a topographic information of the sample.

Back scattered electrons (BSE): These are actually the bombarded electrons which are

scattered back from the inner part of the sample little below the surface. They are higher

density electrons than the secondary electrons. As these electrons come almost from the

bulk of the sample so they contain information about the density depending upon the

average atomic mass and we can say that the image also has information about the

compositions of the chemical components of the sample.

X-rays: X-rays are also generated from the sample that can be resolved on the basis of

their wavelengths or energies. The characteristic waves resolved on the basis of energy

are collected in the Energy Dispersive X-ray (EDX) Analyzer for composition analysis.

Whereas, it is also possible to resolve X-rays by diffraction phenomenon through a

regular and periodic solid and can be collected in a gas filled counter called Wavelength

Dispersive Spectrometer (WDS).

In addition to the secondary electrons, back scattered electrons and X-rays, light

photons or heat is also generated as a result of the electrons beam bombardment on the
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sample under observation. Generally the secondary electrons come from top few

nanometers of the volume of the sample. Whereas the back scattered electrons come

from  top  40%  of  the  volume  and  X-rays  are  emitted  from  the  entire  region  of

bombardment.

Volume and mechanism of electron matter interactions in scanning electron microscopy

is shown in the Figure 3.20.

Figure 3.20: Volume and mechanism of electron matter interactions in scanning electron microscopy

3.3.4 X-ray diffraction

X-rays are electromagnetic waves that have 0.01-10 nm wavelength range and have

energies in  the range of  about 100 eV to 10 MeV. These electromagnetic  waves travel

with the velocity of light and can behave just like particles according to the quantum

theory. X-rays were discovered in 1985 by a German physicist Roentgen.

X-rays are produced in an X-ray tube that consists of a tungsten filament. Electrons are

generated by the W-filament by thermionic emission and they are made to strike on the

anode material by applying voltage. As a result of electrons bombardment on the target

metal X-rays are produced that are passed through the windows W to get out of the X-

ray tube (Figure 3.21).
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Figure 3.21: Schematic of an X-ray tube for the production of X-rays (Graef & E. McHenry 2007)

The X-ray tube contains filament F, target metal T and windows W through which X-rays

come out of the tube.

In the Figure 3.22 is shown a schematic representation of the spectrum of X-rays

produced from molybdenum target as a function of the applied voltage. There are two

types of signals. One is the white signals while the others are characteristic radiations K

and Kß. In X-ray diffraction analysis of materials we want only the characteristic portion

of  the  X-ray  spectrum  so  we  need  to  get  rid  of  the  white  portion.  This  is  done  by

applying filters. Generally the filter material selected is of 1 atomic number (Z) less than

the atomic number of the anode material used for the generation of the X-rays. A

Schematic of copper radiation before and after passing through a nickel filter is shown in

the Figure 3.23.
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Figure 3.22: Typical X-ray spectrum of molybdenum as a function of applied voltage (Cullity 1956)7

Table 3.5: Characteristic radiations of some commonly used anodes and filters used for them
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Figure 3.23: Schematic of copper radiation before (left) and after (right) passing through a nickel filter. dashed line
shows the mas absorption coefficient of nickel (Cullity 1956)

When X-rays are incident on the materials, there are four main possible types of

processes that can occur as the outcome (Figure 3.24). Some X-rays pass through the

incident material (transmittance), some cause ejection of the electrons (photoelectric

effect), some portion of them cause X-ray fluorescence while the others are scattered in

various directions coherently or incoherently. The coherently scattered X-rays are used

in the standard X-ray diffractometric technique for the analysis of materials nature and

composition.

Figure 3.24: Interaction of X-rays with materials
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The X-ray tubes are installed in the X-ray diffractometer equipment used to carry out the

diffraction analysis of materials. A monochromatic beam of K  radiations are struck on

the samples after passing through the collimator and antiscatter slit. After the

impingement on the sample, X-rays are scattered in various directions and they enter

into an X-ray counter normally placed at the same angle as that of incident X-ray beam.

The main components of an X-ray spectrometer are shown in the Figure 3.25. They

include an X-ray source F, sample holder S and detector G, Rowland circle passing

through points F (target focal spot), S (center point of diffractometer), and G (the focal

point of the diffracted beam), the divergent slits DS and the scattering slits SS, the

receiving slit RS. (Waseda et al. 2011)

Figure 3.25: Schematic of a typical diffractometer (Waseda et al. 2011)

Elastically scattered X-rays from a crystal lattice can cancel each other (destructive

interference) in some directions or can add up (constructive interference) in the other

directions before entering to the counter. Bragg’s law explains these diffractions as:

Eq. 3.4

The Equation 3.4 is a well know Bragg’s equation where d is interplaner distance,  is the

incidence angle,  is the wavelength, of the incident X-rays and n is an integer.
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Figure 3.26: Interference of X-rays scattered by crystals

We get I-2  data when X-ray source S is fixed and sample platform and counter rare is

rotated at speeds of and 2  separately. In this condition the diffractometer is called -

2  type diffractometer. Whereas if the sample platform is fixed but X-ray source and the

X-ray counter both rotate with a same speed of , then  we  obtain I-  data. In this

arrangement, the diffractometer is called  type diffractometer. In this research -

type scans were done by using a Philips diffractometer between 20 and 80 ° (2 ). The

Cu K  radiations with wavelength ( ) 0.1504 nm were used. The generator voltage and

generator current were set to 40 kV and 20 mA respectively. Whereas 0.08°/min was set

as the speed of scanning and the step size used was 0.02° respectively.

The diffraction patters obtained from the diffractometry can be used and analyzed to

have a lot of useful information about the samples. From angular position (2 ) of the

diffraction pattern peaks, we can have the knowledge about crystal system, spatial group

symmetry, unit cell and the phases present. From the intensity I of  the  peaks  give

information about content of the unit cell, point symmetry, quantitative composition of

the mixture as well as the preferred orientation or texture. Whereas from profile and

width peak analysis of the diffraction patterns, we can have an idea about crystallite size

(ranging from 1-100 nm), defects, residual stresses and texture.

For crystallite size measurement from XRD patterns, an equation developed by Scherrer

is used which is given as:

Eq. 3.5
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where d is the crystallite size, K is a constant depending on the geometry of the grains,

is the copper K  wavelength, B is  the  width  of  the  XRD  peaks  (full  width  at  half

maximum, FWHM), and  is the diffraction angle.

The value of the B is calculated by subtracting the width contributions due to the

instrumental errors. The instrumental contributions to the peak width can be calculated

by doing a reference scan on a well crystallized reference sample of Si or LaB6 whose

peak widths are only due to the instrumental effects.

The actual contribution just from the sample to the broadening of the peak is then

calculated by the following equation:

Eq. 3.6

The value of B obtained from the Equation 3.6 is then used in the Scherrer equation (Eq.

3.5) to have the crystallite size.

3.3.5 Mechanical characterizations

The mechanical characterization of the specimens was done by the following techniques

Tensile testing3.3.5.1

Tensile testing is a very important testing method that is used for determining

mechanical properties of different materials. These properties are very helpful in

designing the components by keeping in view their service requirements. Tensile test is

also known as tension test in which a specimen is held between two cross heads that

move  in  opposite  direction  while  a  uniaxial  load  is  applied  on  the  specimen.  This  test

basically measures the resistance of the materials against the applied load. The load

applied can be static or slowly increasing with the time and deformation. (Askeland et al.

2010)  The  rate  or  velocity  at  which  the  cross  head  moves  to  deform  the  samples  is

known as strain rate. The same material behaves differently in a tension test if the strain

rate used is different. So strain rate is very important in the tension tests. Normally

strain rates are small (10-4 to 10-2 s-1). Also the testing temperature is another important

consideration as materials behave mechanically different at different temperatures. The

strength of the materials is usually lowered with increasing the testing temperatures. We

get the values of displacement against the applied load as the output of the tension test.



Materials and Methods

80

This displacement-load data then can be used to calculate engineering stress and

engineering strains to have a stress strain plot. Mathematically, engineering stress and

engineering strain can be represented as:

Eq.3.7

Eq.3.8

From the stress strain plot we can determine a number of important mechanical

properties that are shown in Figure 3.27.

Figure 3.27: Typical engineering stress-strain curve for an aluminum alloy showing important points in it (Askeland et

al. 2010)

Among all the properties that can be calculated from stress-strain plot, Young’s modulus

or the modulus of elasticity is more important. Modulus of elasticity is actually the

material’s resistance to elastic deformation and it can be calculated from the slope of the

stress strain curve in the elastic region as represented in the Figure 3.27. Elastic

modulus decreases with the increase in the testing/service temperatures. This typical

effect is shown in Figure 3.28.
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Figure 3.28: Effect of temperature on modulus of elasticity for different types of materials (Callister & Wiley 2010)

In this particular study, mechanical tensile testing of the SiC fiber reinforced nickel

matrix composites deposited on Inconel-718 samples was done to evaluate the

maximum load bearing capability and Young’s modulus at room temperature as well as

at 400 °C and 600 °C. The machine used for this purpose is shown in the Figure 3.29.

Figure 3.29: Tensile testing machine used for Ni/SiC fiber composites deposited on Inconel-718

Heating Furnace

Grips Cooling System
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This MTS testing machine (by MTS Systems Corporation, Minnesota, USA) was equipped

with a 100 kN load cell, a furnace facility (MTS Series 653.02,a multi-zones temperature

controller (type 409.83), an hydraulic wedge grips (MTS Series 647.10) and a water

cooling system. All this arrangement made it possible to evaluate the mechanical

behavior of the samples at higher temperatures as well. The samples were tested at

room temperature, at 400 °C and 600 °C. While testing at high temperatures, the upper

and lower head jaws for holding the samples are cooled down with water in order to

avoid their heating and damage. The samples were prepared in standard dog bone shape

with the dimensions as shown in the Figure 3.30.

Two testing velocities (strain rates) were used to deform the samples. First velocity was

0.05mm/min for about 15 minutes. In 15 minutes, yield point was crossed and after that

the cross head speed was changed to 1.5mm/min until the fracture of the specimens.

Figure 3.30: Schematic of dog bone specimen used for mechanical testing

The values of stress-strain and Young’s modulus were then determined from the load-

displacement data obtained from the tensile testing machines.

Some mechanical tests were performed on the nickel deposited single SiC fibers in order

to study the interface resistance between nickel matrix and the silicon carbide fiber. The

gage length of the fibers was 50 mm and a 100 N load cell was used.

The testing machine used for tension tests on the single fiber is shown in the Figure

3.31.
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Figure 3.31: MTS machine used for single fiber testing

Microhardness testing3.3.5.2

Like tensile strength, hardness of the materials is also used to assess the mechanical

properties of a material. Hardness also gives the resistance of a material to plastic

deformation under the applied load (Callister & Wiley 2010).

Many methods are used for the measurement of the hardness of materials. The

commonly known methods are Brinell, Rockwell, Vickers and Knoop hardness testers.

Among these, Vickers and Knoop hardness testers are characterized as microhardness

testers because these can be used to estimate the hardness of very small regions at

micrometer levels. They use much smaller loads (ranging from 1 to 2000 g) and a very

small diamond indenter that is pressed in a well prepared and polished sample at a pre

fixed  load  for  a  specific  period  of  time.  This  causes  an  indent  in  the  specimen.  The

diagonals of this indent, measured with the help of an optical microscope coupled with

the indenter, give the Vickers hardness (HV) of the material.
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Figure 3.32: Microhardness tester (Leica VMHT) used for Vickers hardness measurements

The HV number is given by the ratio F/A, where F represents the applied load on the

sample through the diamond indenter in kilograms force and A denotes the surface area

(in square millimeters) of the indent. Surface area A is calculated by the following

formula:

Eq.3.9

Where d is the average value of two diagonals of the indent which is measured with the

help of microscope. By evaluating the sine value, we get:

Eq. 3.10

As hardness is force per unit area, so Vickers hardness can be given as:

Eq.3.11

Where HV is Vickers hardness and F is the force applied on the specimen.



Materials and Methods

85

Figure 3.33: A schematic of Vickers indenting and diagonal measurement of the impression (Mathers 2014)

The values of hardness of materials are reported in such a way that one can have an

idea about the force used along with the application time. For example 240HV 10/30

means than 240 is the Vickers hardness (Figure 3.34).

Figure 3.34: Abbreviation used for Vickers hardness readings (Herrmann 2011)

3.3.6 Techniques for dispersion of carbon nanomaterials

For the codeposition of carbon nanomaterials reinforced nickel matrix composites, a well

stable and uniform dispersion of the nanomaterials in the deposition bath is necessary to

get a uniform composite coating. Different types of techniques can be used to disperse

the nano-phase in the nickel deposition bath. A brief description of the methods used is

give below:



Materials and Methods

86

Ultrasonication3.3.6.1

Ultrasonication is a technique in which ultrasounds energy is applied to a liquid or

solution in order to agitate and uniformly disperse the second phase particles in it. The

frequency of the ultrasounds normally used in the process of ultrasonication is higher

than 20kHz.

The main principle involved in the dispersion of particles by ultrasonication is the

ultrasonic cavitation and the air bubbles formation by the applied ultrasounds (Figure

3.35). The ultrasound waves cause cycles of low pressures and high pressures in a liquid

that is exposed to these sound waves. As a result of the pressure cycles, mechanical

stress acts on the agglomerated particles and tries to overcome the forces between the

particles causing their coalescence together. The sound cavitation creates very high

speed liquid gets (approximately up to 1000 km/h) and the liquids are pressed at very

high pressures between the individual particles in the agglomerates. On the other hand,

the air bubbles keep on forming and collapsing as long as the ultra sound waves are

applied. Also due to the high ultrasound energy some particles collide with the other

particles or agglomerates at very high speed. As a result of these high pressure liquid

jets, collapsing bubbles and the high speed collision of the particles, the agglomerated

particles separate from each other and get dispersed in to the liquids. If the applied

ultrasound energy is higher to good extent, even some particles can get reduced in their

size as well (Ultrasonics 2014; Chemists 2014).

Figure 3.35: Cavitation bubbles formation and implosions leading to dispersion in an ultrasounds probe sonicator (left)

and bath sonicator (right)
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The size and dispersion quality of the carbon nanomaterials in the required solvent or

liquid depends upon frequency and power of the sonicators. Normally if the probe

sonicators are used at low power, more energetic cavitation bubbles are produced as a

result of which better dispersion of the nano particle is obtained (Hilding et al. 2003)

There are many ways through which ultrasound waves can be applied for the said

purpose but in this study, water bath sonication and probe sonication methods were

used in order to disperse the carbon nanotubes, graphene nanoplatelets and graphene

oxide particles in the respective deposition solutions.  The bath sonicator (SONICA

Ultrasonic cleaner by Soltec™) and the probe sonicator (SONICS®, Vibra-Cell VCX 750)

are shown in the Figure 3.36.

Figure 3.36: Ultrasound probe sonicator (left) and ultrasound bath sonicator (right)

Mechanical magnetic stirring3.3.6.2

A magnetic stirrer was used to mechanically disperse the carbon nanomaterials inside

the deposition bath after they have been dispersed by probe and bath sonicators. The

purpose was to further stabilize the dispersed phase. The magnetic stirring was

continued during the process of deposition as well to ensure a homogeneous bath during

the whole duration of the composite deposition.

Magnetic stirring uses simple equipment that stirs a magnetic bar placed inside the

solution or liquid in which nanomaterials are to be dispersed. When the power is applied

stirrer revolve at certain RPM speed that can be adjusted by a knob. A typical magnetic

stirrer with the stirrer bars is shown in the Figure 3.37.
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Figure 3.37: A typical magnetic stirrer

3.3.7  Thermal characterization

Differential thermal analysis3.3.7.1

A differential thermal analysis (DTA) is a very common technique widely used in the

thermal characterization of the samples. The working principle of the DTA technique is

very simple. The sample under thermal observations is heated or cooled against an inert

reference and the difference of temperatures ( T) between them is monitored (Figure

3.38). In this way, the changes in the thermal behavior of the sample can be obtained

with respect to the reference sample (Haines 2002).

Eq. 3.12

In the above equation, TS and TR are the temperatures of the sample and reference

respectively. This difference in temperature is plotted against the programmed

temperature to obtain a thermogram of the shape as shown in the Figure 3.39. There

can be two types of curves obtained from the data. If the difference in temperature T is

negative, a negative curve i.e. endothermic curve is obtained showing the decrease in

the temperature of the sample with respect to the reference. This indicates an

endothermic event for example melting. If the temperature difference of the sample and

the reference is positive, an exothermic curve (positive curve) is obtained that shows an

exothermic thermal change in the sample behavior, for example oxidation (Brown 2001).
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In the study of nickel and silicon carbide fiber composite coatings deposited on the

superalloy, DTA was used to study the chemical reactivity of the nickel matrix with the

super alloy Inconel-718, with the SiC fibers and C or TiB2 that are used normally as

coatings on SiC fibers.

Figure 3.38: Schematic representation (left) and actual instrument (right) for the DTA  technique; S=sample, R=reference
(Brown 2001)

Figure 3.39: Thermogram obtained from DTA instrument

3.3.8 Tribological characterization

Pin-on-disk3.3.8.1

Pin-on-disk refers to an instrument that is used to investigate sliding wear behavior of

the materials.The pin-on-disk procedure is in very common use because it is fast, readily

available and easy to conduct (Budinski 2009). From an engineering perspective, the
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main reason for executing wear tests of the samples is to have an idea of the life of the

sample up till when it can provide the predetermined reliable performance for the

specific  application  (Bayer  2004).  The  values  of  co-efficient  of  friction  can  also  be

obtained. The basic working process of the instrument consists of sliding a pin against

the disk of the materials to be tested. The disk specimen revolves at a prefixed speed for

a predetermined period of time and distance. A variety of loads e.g 5 N, 10 N, 15 N can

be used according to the type and hardness of the materials being tested. The main

variables to be optimized before the tests are applied loads, revolving velocities or

sliding speeds and diameters of the pin and radius of the wear track. A schematic

representation and an actual set up of the pin-on-disk technique are shown in the Figure

3.40 and Figure 3.41.

In this thesis work, pin-on-disk facility was used to study the friction and wear behavior

of carbon nanomaterials reinforced nickel matrix composite coatings deposited on a 24

mm diameter steel substrates. The optimized values of all the parameters (10 N load,

180  RPM,  20  mm track  diameter  and  20  minutes)  were  used.  A  WC/Co  pin  of  3  mm

diameter was chosen for sliding against the sample’s surface. The data obtained from

the program of the instrument includes time, sliding distance and the co-efficient of

friction. The weight or mass loss of the samples was calculated by weighing the

specimens before and after the experiment and an idea of the wear rate of the sample

can be obtained by plotting this mass loss against the time or the sliding distance. The

volume loss of the material removed from the sample can be calculated either by

dividing the already determined mass loss with the density or by using the well-known

Archard’s equation:

Eq. 3.13

Where K is the constant, W is the applied normal load, L is the total sliding distance and

H is the hardness of the material (Contributors 2014).
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Figure 3.40: Pin-on-disk apparatus

Figure 3.41: Schematic of pin-on-disk

Although pin-on-disk is a simple method for wear testing of the materials, it has certain

disadvantages too. Among the major drawbacks of the pin-on-disk arrangement are:

asymmetric sliding conditions, large differences in the contact zone areas of the pin and

disk, unequal adsorption and different rates of wear of the disk and pin etc. (Gnecco

2015).

Roughness measurator and profilometer3.3.8.2

As friction and wear are the surface properties so it is always important to observe the

surfaces before and after the wear or friction tests. By analyzing the surface profiles, one

gets an idea and some obvious details about the sample that what have happened with

it. So it is recommended that the surface texture of the specimens must be recorded, at
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least the roughness number (Ra).  A  cross-section  of  the  real  surface  on  most  of  the

engineering materials is shown in the Figure 3.42.

Figure 3.42: cross-section of a real surface on the materials (Budinski 2009)

Modern profilometers, available for the surface texture or roughness measurement

purposes, use two types of probes; contact probes or noncontact probes. Some

profilometers have both types of probes. A typical contact porfilometer uses a conical

diamond stylus with a 2- m 90° tip radius. The forces applied through the tips during

the surface scan range from 3 to 30 mg (Budinski 2009).

In this research work, the analysis of the surface roughness was done by using a surface

profilometer “HOMMELWERKE T1000” that is shown in the Figure 3.43. The instrument

records the roughness profile and also gives the average roughness number (Ra) in

micrometers. This profilometer can also be used to measure the wear track area of the

specimens after the pin on disk tests that helps further to evaluate the volume loss of

the debris.

Figure 3.43: Surface profilometer used for roughness
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Chapter 4 Results and Discussions

4.1 Ni-SiC long fibers composites

The reason for the preparation of the Ni-SiC long fibers composites derives from the

need of stiffening the Inconel-718 alloy at high temperature. Thus, silicon carbide fibers

were the best choice, since the silicon carbide has high stiffness at low temperature and

in particular at high temperature. However, neither the nickel matrix nor the superalloy

must react with silicon carbide at high temperature. Moreover, the layer of nickel must

enclose the silicon carbide fibers, creating a strong link with the Inconel-718 support and

also with the silicon carbide fibers, in order to allow the transfer of the stress from the

Inconel718 to the nickel matrix to the silicon carbide fibers.

The chosen silicon carbide fibers were high modulus ones, and since strength and

stiffness were required, monofilament fibers were deemed the best choice. High stiffness

and high strength, coupled with high temperature performance, were the requirement

and thus fibers with a hundred micrometers diameter were chosen. Since silicon carbide

fibers can be produced with a carbon or carbon/titanium diboride coating, the best

coating choice was also studied to optimize the chemical interaction.

The composites were then produced and characterized at room temperature and high

temperature in order to understand their mechanical performance.

4.1.1 Optimization of electrodeposition parameters

The first step in the research was to study the electrodeposition process and its

suitability to produce the Ni matrix composites with SiC long fibers. The parameters of

electrodeposition, current density and deposition time were evaluated and optimized for

the deposition of the composites. For this purpose trial Ni metal depositions were

performed using different combinations of current density and the deposition time. The

results of these investigations are summarized in the Figure 4.1 and Figure 4.2.
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Figure 4.1: Layer thickness as a function of current density

The thickness of the nickel layer increases with increasing the deposition time as well as

by increasing the current density which is in accordance with the already published

literature (Sadiku-Agboola et al. 2011; OLORUNTOBA et al. 2011; Lee et al. 2013).

Figure 4.2: Effect of deposition time on the deposition thickness
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This increase in the deposited layer thickness obeys a linear trend till 180 minutes of the

deposition time in case of all current densities except for the 5 A/dm2.  But after about

three hours, the thickness increase is not linear with the time.  Also if the current density

is increased to values higher than 4 A/dm2, the quality of the deposit starts worsening

due to an increase in the evolution of the hydrogen gas at the cathode surface causing

porous and brittle deposits (Figure 4.3).

Figure 4.3: Nickel layers electrodeposited on Inconel-718 substrates at; (a) 2 A/dm2 and, (b) 5 A/dm2

As the silicon fibers used were of 106 µm diameter, a current density of 2 A/dm2 and a

deposition time of 4 hours were chosen for the final experiments because these

conditions ensure the deposition of a sufficient thickness (approximately 120 µm) of the

nickel matrix in order to completely embed the whole diameter of the fiber.

4.1.2 Feasibility of producing composites

In addition to the optimization of the electrodeposition parameters, chemical feasibility of

depositing the Ni/SiCf composites on nickel super alloy Inconel-718 was also studied to

choose the best type of fiber. In particular the reactivity between the components of the

Inconel718 and the SiC fibers or their coatings was studied. For this study two routes

were followed. The first was to take into account theoretical considerations and the

second route was to use DTA and XRD measurements to verify theoretical calculations.
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Theoretical considerations4.1.2.1

In order to verify the chemical compatibility between the Inconel 718 superalloy and the

SiC fibers, two different studies were carried out: the analysis of the binary phase

diagrams of the elements that can react, and thermodynamic calculations to determine

the stability of phases at various temperatures. The study considered the main

constituents of Inconel 718 (Ni, Fe, Cr), silicon carbide (SiC) and the compounds that

can be present on the surface of the silicon carbide fiber as coating, i.e. carbon (C) or

titanium diboride (TiB2).

The phase diagrams for all the possible combination between the main elements in the

superalloy and Si, C, Ti and B were considered. Several possible reactions were taken

into account between the main superalloy elements and the SiC reinforcement, both in

the coated or uncoated state. In order to choose the most probable, thermodynamical

calculations (Barin & Platzki 1995) were performed between 25 and 1000 °C and the

reaction with the lowest G for each couple of compounds is presented in Table 4.1 for

25 °C and 525 °C. The intermediate phases that can be stable in this temperature range

are also shown.
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Table 4.1: Possible reactions between components of superalloy and fibers, with stable intermediate phases and

calculated G at 25°C and 525 °C

From the observation of the phase diagrams, only the Ni-C system does not contain

intermediate phases. From the thermodynamical calculations results it is possible to

observe that: (i) the reaction with the uncoated fibers is thermodynamically favored for

all the elements (Ni, Cr, Fe) considered at any temperature; (ii) the reaction with carbon

(therefore with the SiC fiber coated with C) is thermodynamically favored for Cr at any

temperature, for Fe at T > 600 °C and is always impossible for Ni; (iii) the reaction with

TiB2 (therefore with the SiC fibers coated with C and then with TiB2) is difficult to

evaluate due to lack of literature data about titanides and silicides. However, the

reaction seems to be favored only with Ni at T<600-700 °C.
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A particular mention must be given to Fe3C compound. Even if it is generally accepted in

the scientific community that Fe3C is a metastable phase (Sinha 2003), thermodynamical

data confirm this assumption only up to 600-750 °C. Data by Barin and Platzki (Barin &

Platzki 1995) suggest that roughly over 600 °C the Gibbs energy of formation is lower

than 0. This is not very different from the very recent calculations by Hallstedt et al

(Hallstedt et al. 2010). By contrast, Chipman (Chipman 1972) proposes 750 °C as the

temperature at which G becomes negative. In our calculations we decided to consider

the phase stable over 600 °C but to verify experimentally if this formation occurs after a

DTA course up to 1450 °C.

DTA and XRD measurements4.1.2.2

To confirm calculations, DTA experiments were conducted on systems consisting of Ni,

Fe  or  Cr,  and  C,  SiC  or  TiB2. DTA measurements were performed on three different

samples for every reaction, in a temperature range of 30-1450 °C.

The DTA curves for the mixtures of nickel with C, SiC and TiB2 are presented in Figure

4.4. It is evident that nickel does not react with carbon and the only endothermic peak

observed perfectly corresponds to the melting temperature of the Ni-C eutectic. On the

other hand, a heavy reaction is already present with SiC at lower temperatures, with

exothermic peaks at 730, 1100, and 1140 °C. Two endothermic peaks are also observed,

at 1180 and 1280 °C, corresponding to different eutectics in the Ni-Si phase diagram.

X-ray diffraction was used in order to recognize the reactions occurred during the DTA

experiments. In the system Ni+C (Figure 4.5a), XRD confirmed that no reaction occurs,

even after the eutectic formation. On the contrary, in the system Ni+SiC (Figure 4.5b)

many phases are observed: -Ni2Si, C, residual SiC, and traces of other nickel silicates:

1-Ni3Si, -Ni31Si12 and -Ni3Si2. This suggests that the endothermic peaks observed

in the DTA are due to the 1+ 2 eutectic and to the  eutectic respectively.

A small reaction is also observed between nickel and TiB2.  Even  if  DTA  curves  do  not

show important reaction peaks, two small endothermic peaks are observed at 1070 and

1130 °C. XRD analysis shows the formation of a small nickel boride quantity, suggesting

that the two melting peaks on the DTA are due to the Ni+Ni3B and Ni3B+Ni2B eutectics.
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Figure 4.4: DTA curves for the systems (a) Ni + C; (b) Ni + SiC; (c) Ni + TiB2; (d) pure Ni.

Figure 4.5: XRD patterns of (a) Ni/C and (b) Ni/SiC mixtures
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The DTA curves for the mixtures of carbon with Fe, Ni and Cr are presented in Figure

4.6. No evident exothermic peak is observed before the eutectic between iron and

carbon or nickel and carbon. No melting at all is observed in the Cr-C system, since the

eutectic temperature is close to 1500 °C, which is higher than the maximum DTA

temperature. However, XRD measurements show that a very small quantity of chromium

carbide is formed after the DTA course, while no iron carbide is observed. It appears that

kinetic aspects prevail, even with thermodynamically favored reactions, so that no

thermal signal is observed.

Figure 4.6: DTA curves for the systems (a) Cr + C; (b) Fe + C; (c) Ni + C

Finally,  DTA and  XRD measurements  were  performed on  mixtures  of  Inconel  718  with

SiC, C and TiB2. The results are in accordance with the previous ones, i.e. the superalloy

reacts with all kind of SiC reinforcements, both coated and uncoated.

Since nickel is the most present element in the superalloy, and it is not reactive with

carbon, the calculations confirm that the best choice envisaged for the composite is

nickel as the electrodeposited matrix and carbon-coated silicon carbide fibers as
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reinforcement. However, it seems necessary to separate the fibers and the superalloy

with a buffer layer of nickel, in order to avoid possible reactions at high temperature due

the diffusion of alloying elements up to the fiber.

4.1.3 Study of interfaces

In the metal matrix composites, interface is a very important entity because the load is

transferred from the matrix to the fibers through this interface. If the interface is not so

good, there will not be an effective transfer of the load from the matrix to the fibers and

as a result the composite will fail at a lower stress. In case of the composites prepared in

this study, there are two kinds of interfaces needing to be taken care of: the interface

between nickel matrix and silicon carbide fibers, and the interface between Ni/SiC

composite and Inconel-718 substrate.

Ni-SiC fiber interface4.1.3.1

The interface between SiC fibers and the electrodeposited nickel matrix is very important

to consider. It was noticed that this interface depends upon the electrodeposition

parameters especially on the deposition current density. At higher current densities the

interface obtained is not so good and well adherent because the hydrogen gas evolution

at the cathode is higher at higher current densities. In Figure 4.7 are shown the

micrographs depicting the quality of interface observed under optical microscope and

scanning electron microscope. The interface between SiC fiber and the nickel matrix was

obtained by using current density of 5 A/dm2 for the electrodeposition.

Figure 4.7: Interface between Ni matrix and SiC fiber without treatment
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This interface can be further improved by hot pressing the composites. Hot pressing

would induce the residual compressive forces at lower temperatures which help good

interface between Ni matrix and SiC fibers. So it was tried to do uniaxial pressing at 600

°C for 24 hours in an argon inert atmosphere. As a result there was noticeable

improvement observed in the quality of interface as shown in the Figure 4.8.

Figure 4.8: Interface between Ni and SiC after hot pressing at 600 °C for 24 hours

Ni-SiC/Inconel-718 interface4.1.3.2

This interface is basically the interface between the substrate Inconel-718 and the nickel

metal deposited as the matrix all around the SiC fibers arranged on the Inconel-718

substrate. So in this case SiC fibers do not come in direct contact with the substrate and

the interface remains solely between electrodeposited nickel layer and the substrate.

Here again the produced composites were uniaxially pressed at 600 °C for a period of 24

hours in the argon inert atmosphere in order to see its effect on the interface.

Figure 4.9: Ni/SiC composite deposited on /inconel-718 substrate
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Figure 4.9 shows the electrodeposited Ni-SiC composite on the Inconel-718 substrate.

The interface Ni/Inconel-718 is clearly visible since a demarcation line appears. On the

as-deposited composite the interface is not of extremely good quality; when the

specimens are hot pressed, instead, the quality of the Ni/Inconel-718 interface gets

improved as shown in the Figure 4.10.

Figure 4.10: Composites after hot pressing at 600 °C for 24 hours

In addition to hot pressing, another step can also be introduced that favors in getting

better interfaces. This step involves depositing a very thin intermediate layer of nickel

from a Wood type bath for 10 minutes before proceeding to the final deposition by the

Watt’s bath. This intermediate layer deposited between the substrate and the nickel

Watt’s layer is acidic and aggressive in nature and causes a strong interface bond (Figure

4.11) so that the interface quality is greatly improved.

Figure 4.11: Quality of Interface between Ni and super alloy support with intermediate Wood's layer
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4.1.4 Production of the composites

After evaluating the electrodeposition parameters, the chemical reactivity and the quality

of interfaces, the final composites were produced by using all the optimized parameters.

All the nickel Watt layer depositions were done using current density of 2 A/dm2 for  4

hours. The Wood’s layer deposition was also done at current density of 2 A/dm2 but for a

duration of 10 minutes.  Before the SiC fibers arrangement on the substrates and the

nickel depositions, the substrate is first electrochemically cleaned at 2 A/dm2 current

density in a sodium hydroxide bath. Two types of composites are produced on the

superalloy support; one with 30 fibers per cm and the other with 40 fibers per cm on

each  side  of  the  support.  In  Figure  4.12a  and  Figure  4.12b,  the  cross  sections  of  the

produced composites observed under the scanning electron microscope are shown.

Figure 4.12: Typical sections of the  Ni/SiC composite layers on Inconel 718: (a) sample with 40 fibers/cm (b) sample

with 30 fibers/cm

4.1.5 Mechanical properties

The tensile mechanical tests were performed on the final prepared composite specimens

to evaluate their mechanical properties. The specimens were tested at three

temperatures; 1) at room temperature, 2) at 400 °C and 3) at 600 °C to evaluate the
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yield strength values at each temperature. The mechanical behavior exhibited by the

composites under tension loads at 25 °C, 400 °C and 600 °C is shown by the stress

strain curves in Figure 4.13, Figure 4.14 and Figure 4.15 respectively.

Figure 4.13: Stress vs strain curve for the materials at room temperature
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Figure 4.14: Stress vs strain curve for the materials at 400 °C

Figure 4.15: Stress vs strain curve for the materials at 600 °C
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From the figures it can be seen that when the composites are loaded under tensile

testing conditions, elastic deformation occurs in the whole material system but most of

the load is carried by the SiC fibers. In the elastic region the three components (Ni

matrix, SiC fibers and Inconel-718) deform elastically and with the same amount of

strain. Since SiC fibers have the highest elastic modulus, they sustain a higher stress

than the other two components. However,because the SiC fibers are ceramic and brittle

in nature, so a point arrives when the value of applied load exceeds the strength of the

fibers, so that the fibers start to fail because they do not have ability to undergo plastic

deformation. When the applied load is further increased, the debonding of the broken

fibers from the nickel matrix takes place. The fibers breaking and the debonding

correspond to a drop in the overall load experienced by the specimen because fibers are

less or no more contributing for the resistance to the applied load. In this region, the

nickel matrix and the superalloy substrate start deforming plastically. With the further

proceeding of the applied load in the tension test, the broken and debonded fibers are

finally pulled out of the nickel matrix while substrate continues its plastic deformation till

the point of fracture. It was observed by visual examination of the samples after the test

that when the fibers are broken, debonded and pulled out from the nickel matrix, the

broken parts of the Ni/SiC composites (which are now single fibers coated with the nickel

other than the pulled out portion of the fiber) detach from the substrate surface leaving

troughs on the thin layer of deposited nickel still present on the substrate (Figure

4.19a,c,d) The yield strength of the composites was calculated from the stress strain

curves. The values obtained at all the considered temperatures are given in the Table

4.2 and are represented graphically in Figure 4.16.
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Table 4.2: Stiffness of the material systems at different temperatures

Figure 4.16: Comparison of yield strength for the produced composites at various temperatures

From the yield strength results, it is obvious that the superalloy substrates with Ni/SiC

fibers deposited on them show higher values of strength as compared to the superalloy

alone at room temperature. This increase in the yield strength is believed to be

contributed by the electrodeposited Ni/SiC composite on the superalloy substrate.

However there is a decreasing trend observed in the values of the yield strength when
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the specimens are tested at higher temperatures. This is probably due to the reason that

the interface between nickel and SiC fibers is weak at higher temperatures. Due to

higher thermal expansion of nickel with respect to SiC, the interface yields at higher

temperatures which is the main reason of decreased yield strength values.

However, this problem of weak interface can possibly be solved by hot pressing the

specimens. After hot pressing, there will be residual compression stresses on the fibers

when material comes at lower temperature (Figure 4.8). These residual compression

stresses are not harmful rather they would increase the interface quality and strength.

4.1.6 Fracture behavior

The mechanically tested samples at room temperature as well as at higher temperatures

were examined under the scanning electron microscope in order to study the fractured

surfaces and understand the failure mechanisms. As Ni/SiC fibers composite is deposited

on the Inconel-718 substrate, so there are three main things important to observe in the

microstructures. First thing is the fracture mechanism in the Ni/SiC composite layer

deposited on the Inconel, second the fracture mechanism at the interface of Ni/SiC

composite layer and superalloy substrate and; the third and last one is the fracture

behavior of Inconel-718 itself.

The elastic and plastic behaviors of the composite layer plus the Inconel-718 are already

discussed with the help of the load-displacement curves in the previous section. In this

section the fractures surfaces of the specimens are presented.

The fractographs presented in the Figure 4.17, are obtained from the samples tested at

room temperature. From the micrographs, the fibers breaking, debonding and pull out

phenomena are visible. The fibers broken in the tensile test were detached from the

superalloy support, and were gathered and glued together vertically by a conductive

adhesive tape in order to make it possible to observe the cross sectional views under the

scanning electron microscope. In Figure 4.17 a) we see pulled out fibers whereas in

Figure 4.17 b) are shown the holes in the nickel, indicating that fibers have been pulled

out, after breaking and debonding during the test. Also there are signs of plastic

deformation on these holes mouths, causing the striction at their upper ends.
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Figure 4.17: SEM images of fractured surface of Ni/SiC composites after tension test at room temperature. Images a), b)

are taken at 150X; c), d) at 500X and e), f) at 1000X magnifications.

In order to better understand the mechanism of the fracture, a schematic of the fiber’s

breaking in the matrix, debonding and pull out phenomena is shown in the Figure 4.18.
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Figure 4.18: Schematic of the fracture mechanism in the Ni/SiC composites

Figure 4.19 shows the fractographs explaining the fracture of Inconel-718 during the

mechanical tests. Figure 4.19 a) and Figure 4.19 b) represent, with different angles,

some part of the lateral surfaces and some part of the cross-section of Inconel-718

substrate after the breakage in tensile test at room temperature. The lateral surface

clearly shows the occurrence of plastic deformation and development of the micro cracks

in the nickel matrix and also the regions of crests and troughs on the lateral surface of

substrate. Troughs are the regions where SiC fibers were aligned before their fracture

and debonding from the nickel matrix hence from the substrate. Fractographs c), d) in

the Figure 4.19 c) and d) show magnified view of the crests and troughs.



Results and Discussions

112

Figure 4.19: SEM fractographs of  Inconel-718 at after tension test at room temperature.

The Inconel substrate fractures at the end when Ni/SiC composite deposited on it has

already failed. As Inconel-718 is a metallic alloy having nickel metal as the major

element in the composition, so the fracture follows almost the same fracture behavior

that is typically exhibited by the metallic materials. The cross sections of the fractured

surfaces of substrate as represented in Figure 4.19 e) and f). These fractographs show

the dimples or voids effect that are created at the places of precipitates and inclusions

present in the alloy at the grain boundaries. This dimple type fracture is a characteristic
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of the intergranular type or grain boundary fracture (Sajjadi & Zebarjad 2006; Price &

Good 1984). At each dimple (hole), there was a precipitate. These precipitates were part

of the Inconel in order to improve its hardness and strength. The reduced sections are

more elongated when the tests are performed at higher temperatures. There is a

considerable amount of plastic deformation that occurs before the alloy breaks in the

reduced and deformed region (neck).

In Figure 4.20 are represented the micrographs of the composite material system

mechanically tested and fractured at 600 °C. The fracture behavior is almost similar as

for the composite system tested at room temperature. But the main difference is the

higher thermal expansion of nickel matrix and Inconel substrate with respect to SiC

fibers. This difference in coefficients of thermal expansions between nickel matrix and

SiC fibers results in the decreasing of the nickel-SiC interface strength. Due to weak

interfaces, the fibers carry less stress, and the plastic deformation, debonding and

cracking of the nickel matrix start earlier than at the room temperature. It is also

observed that in the tests at higher temperatures the nickel matrix cracks at various

points on and around the SiC fibers as compared to less cracking regions at room

temperatures. The micrographs a), b), c) and d) in the Figure 4.20 show these effects

clearly. Also the superalloy behaves in a more ductile way than at the room temperature.

In  micrographs  of  Figure  4.20  a),  b),  e)  and  f),  the  cross  section  of  the  fractured

surfaces of the Inconel substrate show signs of more plastic deformation before fracture

and more elongated neck region as compared to room temperature.
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Figure 4.20: SEM fractographs of Inconel-718/Ni-SiC composites after tension tests at 600 °C

Figure 4.21 shows the fractographs of the surfaces after mechanical tests at 800 °C. At

this temperature the thermal stresses at the nickel-SiC interface are still higher, so that

a higher number of localized cracks are observed in the nickel matrix around the SiC

fibers. Micrographs a), b), c) and d) in Figure 4.21 show this effect more prominently.

The nickel matrix gets very easily debonded from the SiC fibers at various points and

after that it slides along the length of the fibers. The overall strength of the material

system is much reduced at this temperature and the material behaves in a very ductile

manner. The Inconel substrate also elongates and plastically deform with increased
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amount of strain before fracture. The fractured surface of the superalloy base is more

elongated and thin as shown in micrograph 4.21 a), representing the more ductile

behavior, and micrographs 4.21 e) and f) showing extensive amount of plastic

deformation and slip in the nickel based superalloy before the fracture (Sajjadi &

Zebarjad 2006; Price & Good 1984) at high temperature. Due to substantial low

strengths, further testing was not done at the 800 °C temperature. Rather 400 °C and

600 °C were chosen for the evaluation of mechanical properties of the composites.

Figure 4.21: SEM fractographs of Inconel-718/Ni-SiC composites after tension tests at 800 °C
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4.1.7 EDS analysis

Energy dispersive spectroscopy analysis was performed in order to understand the

elemental composition present at different places on the composites. Figure 4.22 shows

the EDS spectra of nickel coating and the Inconel substrate that were taken on the un-

treated and un-tested polished sample.

Figure 4.22: EDS graphs of polished surfaces of Ni coating and Inconel substrate

The EDS spectra for the evaluation of elemental composition of the composites at higher

temperatures were taken on the fractured surfaces of the composites after the

mechanical testing. At the interface between nickel and silicon carbide fibers, two

regions were selected for the EDS analysis at both 600 and 800 °C. One region was on

the pulled out peripheral surface of the silicon carbide fiber whereas the second region

was cross section of the nickel coating very close to the silicon carbide fiber.

Figure 4.23: EDS on the nickel coating near the interface for the specimen tested at 600 °C
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Figure 4.23 shows the results of the analysis of the nickel coating section close to the

nickel/fiber interface for the samples tested at 600 °C. Although the main percentage

present in the elemental composition corresponds to nickel, small atomic percentages of

silicon and carbon are present too. This is because of their diffusion inside the nickel, due

to the high temperature. Even if carbon is quantified very badly by EDS, and a small

carbon peak was observed also on the untreated samples, silicon presence is probably

due only to diffusion. Oxygen is instead linked to the oxidation suffered during the

testing at 600 °C.

In Figure 4.24, the results obtained by analysis at fibers surface on the samples tested

at 600 °C are shown. Here the major elements present in greater amount are the silicon

and carbon which are the main constituents of silicon carbide fiber. Carbon is also

present as a thin coating on the fibers. A small amount of nickel is also present from the

nickel matrix which could be due to the reason that a very thin layer of nickel (possibly

nickel Wood’s layer) is still present on the fiber’s surface even after its pull out from the

nickel matrix.

Figure 4.24: EDS on the lateral surface of pulled out SiC fiber after testing at 600 °C

The EDS curves along with the atomic percent of the elements for the specimens tested

at 800 °C are shown in Figure 4.25 and Figure 4.26. With respect to the case of 600 °C,

silicon content is higher, confirming the diffusion of silicon inside the nickel matrix. At



Results and Discussions

118

the higher temperature of 800 °C, the diffusion is relatively more favored and the

amount of silicon diffused from the fiber to the nickel has increased from 0.37 % to 1.21

% (Figure 4.25).

Figure 4.25: EDS on nickel coating near the interface for the specimen tested at 800 °C

Figure 4.26: EDS on the lateral surface of pulled out SiC fiber after testing at 800 °C
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4.2 Ni-GNP and Ni-GO composites

As a second part of the research work, Ni-graphene nanoplatelets and Ni-graphene oxide

composites were electrochemically deposited on a steel substrate by using a three

electrodes electrochemical cell system. The properties investigated for this kind of

composites include the dispersion stabilities of the nanomaterials in the deposition baths,

Vickers micro-hardness, crystallite size, wear rate and frictional behavior of the final

produced carbon nanomaterials reinforced nickel matrix composites.

4.2.1 Dispersion stabilities of carbon nanomaterials

First of all the dispersion stability of the graphene oxide and graphene nano-platelets in

the Watt type baths was evaluated. The dispersion technique employed for this purpose

was ultrasonic probe sonication. The power applied by the probe sonicator was 70-100 W

and the dispersion times used were 30 and 60 minutes. The dispersion stability for both

of the nanomaterials was evaluated by using different percentage quantities of the

nanomaterials as well as the dispersing agents. Initially sodium dodecyl sulphate (SDS)

and poly acrylic acid (PAA) were tried as the dispersing agents. These worked well for

the dispersions of the nanomaterials in water but did not work for dispersing them in the

Watt type nickel deposition bath. It is because the Watt type bath is slightly acidic and

so a surfactant with relatively strong acid in nature was thought to be tried.  Poly sodium

styrene sulphonate and poly sodium naphthalene sulphonate were used to investigate

their effect on the stability of the dispersions. The dispersants adsorb at the surface of

the nanomaterials and prevent their agglomeration. The results of the stability, as

measured by the visual observations, for the used compositions of carbon nanomaterials

and surfactants are depicted in the in the Table 4.3.
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Table 4.3: Dispersion stability evaluations for GO

The dispersion stability of graphene nanomaterials was not more than one hour when

not using any surfactant. But the stability increases with the use of surfactants as shown

in Table 4.3. There is not much difference in the stability by increasing the

ultrasonication time from 30 minutes to 60 minutes, instead in most of the cases a

decrease was observed at one hour of sonication. But the concentration of the surfactant

affects to considerable extent in terms of stability of the graphene oxide in the Watt type

deposition bath. Also the surfactant PSS gives better stability than the PSNS even with

lower concentration. Based on these observations, a ratio of 1:10 for the quantities of

nanomaterials and the PSS (poly sodium styrene sulphonate) dispersant was selected as

the suitable surfactant concentration with 30 minutes of probe sonication duration.

The dispersant stabilities of the Watt bath without dispersant and with 0.1% PSS

dispersant at 30 minutes of ultrasonication with the probe are represented in the Figure

4.27 and Figure 4.28.
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Figure 4.27: Dispersion stability of graphene oxide in Watt bath after 30 minutes of sonication without any dispersant

used

Figure 4.28: Dispersion stability of graphene oxide in Watt bath after 30 minutes of sonication with PSS dispersant
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4.2.2 Production of the composites

After the evaluation of the dispersions the nickel matrix composites reinforced with the

graphene oxide and graphene nanoplatelets were obtained using the optimized

conditions of experimentation. The matrix composites were prepared by using different

compositions of the carbon nanomaterials i.e. 0.05%, 0.1% and 0.2%. The scheme of

the samples produced with different compositions is shown in Table 4.4 and the aspects

of the coating in Figure 4.29.

Table 4.4: Details of the electrodeposited composites

Figure 4.29: Ni composite-coated (left) and uncoated (right) samples
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Two SEM images of the nickel composite coatings are shown in Figure 4.30. The coatings

can present zones with good quality and no defects, on the left, or zones with

agglomerates of GO or GNPs, as shown on the right.

Figure 4.30: Carbon nanomaterials containing nickel layer with good quality (left);  agglomerate in a nickel layer (right).

Some of the composite coatings were detached from the substrate and were broken to

see the fractured surfaces under SEM. The micrographs are shown in the Figure 4.31.

The fractured surfaces of pure nickel show a ductile type fracture while the surfaces of

the Ni/GNP and Ni/GO composites represent a brittle type fracture. This ductile to brittle

transition of the fracture mechanism suggests that it is due to the incorporation of

carbon nanomaterials in the nickel matrix (Xiao et al. 2001).

Figure 4.31: SEM images of torn specimens of nickel nano composites
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4.2.3 Hardness and grain size measurements

Micro-hardness of the coatings was determined by using Vickers micro-hardness tester.

A 100 g load was applied for 20 seconds and then the diagonals of the indents were

measured to calculate the hardness values.

In order to measure the size of the nickel crystallites, X-ray diffraction (XRD) was also

performed and the Scherrer formula was applied:

Eq. 4.1

where d is the crystallite size, K is a constant depending on the geometry of the grains,

is  the copper K  wavelength, b is  the width of  the XRD peaks,  and  is the diffraction

angle. The instrumental contribution towards the broadness of the peaks were also

considered and determined using an XRD scan on a silicon monocrystal. The

instrumental broadening calculated was subtracted from the peaks broadenings of the

nickel composite coatings in order to have the real crystallite size. The values of micro-

hardness and the crystallite sizes measured are depicted in the Figure 4.32.

Figure 4.32: Hardness and crystallite size of the nano-composites
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The deposition of pure nickel already gave a rather low grain size, with sub-micrometric

dimension, around 370 nm. The incorporation of carbon nanomaterials in the coating

does not change significantly the crystallite size that ranges always between 340 and

420 nm. A slight effect on the hardness is observed for GO, with hardness values rather

close  to  those  of  the  pure  nickel,  at  least  for  0.05% and  0.1% GO.  For  0.2% GO the

quantity of nanomaterials becomes more important and the hardness increases

significantly over the value of the base alloy. With GNPs the hardness increase is higher

even  for  very  low  GNP  content  (from  0.05%).  In  this  case,  probably  the  reduction  of

crystallite size is only one of the possible mechanisms for hardness increase that

depends also on the increase of concentration of GNPs and, on the contrary, on the non-

perfect dispersion of carbon nanomaterials. This latter effect can reduce the hardness

due to the formation of large agglomerates of nanomaterials (as the one shown in Figure

4.30), as demonstrated by the hardness measurements, where the hardness increase is

high from 0 to 0.05% GNP, while for 0.1% and 0.2% is less important.

4.2.4 Wear and friction behavior

The wear resistance and friction behavior of the produced nano-composite coatings were

evaluated by using pin-on-disk testing setup.

Before proceeding to the wear testing, the roughness of the as deposited composites

was measured by using the profilometer in order to verify that all the surfaces have the

same surface finish during to the wear tests so that the results are comparable to each

other.

Figure 4.33: Roughness of the as deposited surfaces of the nano composites
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Figure 4.33 shows that the surface roughness number (Ra) of pure nickel coatings is

rather low, around 0.6 m. When GO or GNP are inserted in coating the roughness

increases,  however  if  low  percentage  of  GO  is  used  (0.05%  or  0.1%)  the  roughness

remains low, under 1 m. In case of high concentration GO the roughness begins to

increase, up to 1.2 m, but it is with GNPs that the surface roughness becomes

extremely high, with values from 5 to 7 m. For the standard wear tests, the roughness

number  should  be  less  than  1  m  (ASTM  2014b).  Therefore,  all  the  composites  were

polished on 2000 grit paper to get the required roughness Ra.

Finally, wear tests were performed on the specimens using the parameters listed in

Table 4.5. The specimens after the pin-on-disk tests are shown in Figure 4.34.

Table 4.5: Parameters of the pin on disk experiments

Figure 4.34: The specimens after pin-on-disk tests showing wear tracks
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The specimens were weighed before and after the test in order to evaluate the mass loss

exhibited by the composites during the wear tests. The results of the percent mass loss

are shown in the Figure 4.35.

Figure 4.35: % mass loss of the nano composite coatings

Ni/GO composites with all concentrations of GO, show a decrease in the percent mass

loss as compared to the pure nickel coatings suggesting that the addition of graphene

oxide  has  a  positive  effect  in  reducing  the  wear  of  the  composites.  However,  Ni/GNP

composite coatings show a reduced percent mass loss only in case of low concentration

of the nanomaterial. It can be due to the reason of non-uniform distribution and

agglomeration  of  the  GNPs  in  the  composites.  The  poor  wear  results  of  0.2%  GNP

coatings are also confirmed by the fact that they have more roughness in the as

deposited state.

In order to compare the results of percent mass loss and to get relatively more accurate

results about the wear behavior, volume loss was also measured by using the

profilometer. In fact the profilometer gives the area of the worn track which can be
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converted to the volume loss by considering the circumference of the wear track. The

results are shown in Figure 4.36. So the results about the fact that 0.05% or 0.1% GO

and  0.05%  GNP  reduce  the  wear  seem  confirmed  also  by  the  volume  loss

measurements, while a high increase is observed, with respect to the mass

measurements, with 0.2% GO, similar to the 0.1% GNP case.

Figure 4.36: Volume loss of the nano composites after pin on disk experiments

The friction behavior of the carbon nanomaterials reinforced nickel matrix composites is

shown  in  the  Figure  4.37  for  Ni/GO  composites  and  in  Figure  4.38  for  Ni/GNP

composites. As the tests involve the sliding conditions so here the friction coefficient is

the kinetic coefficient of friction. The curves do not show a significant difference in

friction behavior of the composites than the pure nickel. But the trajectories of the

graphs presents that there is spontaneous jerking or the stick slip phenomenon involved

during the sliding of the pin on the specimen disk. Due to this stick slip occurrence, the

friction coefficient is too much variable to be reported numerically and in this case the

friction behavior is reported as stick slip behavior (ASTM 2014a).
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Figure 4.37: Friction behavior of Ni/GO composites as a function of time at 10 N load and 0.2 m/s sliding speed

Figure 4.38: Friction behavior of Ni/GNP composites as a function of time at 10 N load and 0.2 m/s sliding speed
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The SEM micrographs of the worn surfaces of the composites are shown in Figure 4.39

on next page. The evaluation of the surfaces suggests that the mechanism of wear

exhibited by the composites is adhesive wear.

Figure 4.39: SEM images of the wear tracks after pin-on-disk experiment
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Chapter 5 Conclusions

5.1 Fibers reinforced metal matrix composites

Electrodeposition of composites with nickel matrix and continuous silicon carbide fibers

was successfully performed onto an Inconel 718 superalloy substrate. In order to have

an insight on the possible high temperature interaction between superalloy and silicon

carbide fibers, a chemical compatibility study was realized. This study made it possible to

determine that the silicon carbide fibers must be coated by carbon, lest a reaction

between superalloy and SiC takes place, and that the best choice for the matrix to be

deposited is nickel. In fact, uncoated or TiB2-coated silicon carbide fibers are prone to

react with nickel that is the main component of Inconel 718, while carbon-coated ones

do not. Both iron and chromium, that are also present in the superalloy composition,

react with silicon carbide, while the reaction with carbon is evident only for chromium.

This reaction however does not seem very strong, so that a nickel buffer layer could

probably delay high temperature diffusion and consequently reaction. Thus the best

choice for electrodepositing the composite on the superalloy seems to be nickel matrix

and carbon-coated silicon carbide fibers.

Once the composition of the composite was determined, deposition was performed on

the superalloy support, over which a parallel array of fibers was fixed by means of an

epoxy resin. The deposition current density and deposition time were optimized. An

intermediate Wood’s bath deposition layer improved the adhesion between superalloy

and nickel.

The stress-strain curves obtained from the mechanical tension tests demonstrated that

at room temperature the superalloy reinforced with the Ni/SiC composite layer presents

a higher yield strength than the pure superalloy. This is due to the high strength and

stiffness of the silicon carbide fibers, and to the good interface that forms during the

electrodeposition, that allows an effective stress transfer. However at higher

temperature (already at 400 °C but the phenomenon is more evident at 600 °C) the

interface yields, due to the thermal expansion coefficient of the nickel matrix, that is

higher than the one of the silicon carbide fibers. This interface yielding reduces the
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possibility of stress transfer to the silicon carbide fibers, so that the yield stress becomes

similar or lower than the pure superalloy. To improve the yield strength at high

temperatures, a hot pressing treatment of the specimen at 600 °C was designed. Hot

pressing guarantees that the interface remains strong at 600 °C, while at room

temperature no harmful effect can be observed (the only effect is the development of

compressive residual stresses at the interface). Thus, it is possible to improve the

interface quality and hence it is expected an improvement also of the hot strength. The

study of the fractured surfaces of the specimens demonstrates that the fibers breaks at

low strain values, and fibers fracture is followed by debonding and pull out, typical

effects of the fracture in metal matrix composites. Moreover, the fracture in the

superalloy undergoes the expected change from ductile to more ductile character, when

increasing the test temperature from room temperature to 600 °C.



Conclusions

133

5.2 Carbon nanomaterials reinforced metal matrix composites

Graphene nanoplatelets and graphene oxide reinforced metal matrix composites were

produced by electrochemical deposition on steel substrates. Good quality and well

adherent thick composite coatings are achieved when the electrodeposition baths contain

well and uniformly dispersed carbon nanomaterials and when the dispersions are stable

for the sufficient period of time needed for the deposition. Since the deposition baths are

generally acidic, it is important to use a suitable surfactant that works as a dispersant

even at low pH. The result of a wide screening brought to the choice of poly sodium

styrene sulphonate, that helps in attaining a stable suspension of the carbon

nanomaterials in the nickel deposition bath during many hours, allowing to obtain good

quality coatings. The suspension is obtained by mixing carbon nanomaterials inside the

deposition baths and applying ultrasound energy by a probe sonicator. In this way the

agglomerates of carbon nanomaterials are almost totally dispersed and single flakes of

graphene nanoplatelets or graphene oxide are then encased in the nickel coating.

The produced nanocomposites were tested mainly for their wear properties. It was

demonstrated that the co-deposition of carbon nanomaterials have no significant effect

on the crystallite size of the nickel grains, while there is small increase observed in the

hardness only in the case of Ni/GNP composites. The measurements of volume and mass

loss demonstrated that wear resistance was improved only in the case of a low

concentration of GO or GNP in the composites. Instead, samples obtained from high

concentrated solutions exhibited more wear even than the pure nickel. This effect is

probably due to the presence of big agglomerates of the graphene nano phases, that

acts as defects in the coating. Indeed, the roughness of the coating increases

substantially for high concentrations of GNP, where the chemical state of the surface

makes more difficult the dispersion in the acidic water-based nickel deposition bath.

Thus, the nanoparticles characteristics affects substantially the wear resistance, in

particular their chemistry and structure. Their chemistry, since GO is better dispersed

than GNP. Their structure, since in GNPs there is a relatively high number of layers, and

thus it is further possible to exfoliate these graphene layers under stress, while in GO the

layers are fewer.

Thus, even if the results in terms of friction coefficient or volume loss are not

significantly improved with respect to the pure nickel layer, it is possible to draw some
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 conclusions about the possibility to produce nanocomposite coatings containing

graphene-based phases by electrodeposition. The most important thing to keep into

account is surely the dispersion of carbon nanomaterials inside the deposition bath. If

the nanomaterials are well dispersed, they can exercise their function of improving the

quality of the layer and its wear resistance. But if defects are present in the coating due

to a scarce quality of the dispersion, than the positive effect of adding nanoparticles

inside the nickel will be overcome by a bigger negative influence of defects and no

improvement of properties will be observed.
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