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CHAPTER 1

INTRODUCTION

1.1 Introduction

Electrodeposition is one of the most technologically feasible and economically superior
techniques for producing metal matrix composites. DC (direct current) electrodeposition
method is widely used for fabrication of metal matrix coatings from many decades [1].
Recently, PC (pulse current), and PRC (pulse reverse current) electrodeposition methods
have received much attention to improve mechanical and corrosion properties of coatings
[2, 3]. In this work, Nickel composite coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrO;) were
successfully synthesized by DC, PC, and PRC techniques to study effect of
electrodeposition methods on microstructure, mechanical, and tribological behavior. Ni-
CNT composite coatings were also fabricated by pulse electrodeposition method to
investigate CNT reinforcement effect on mechanical and tribological property. Ni-Al,O3
composites coatings were deposited to analyze effect of nanoparticles on properties of
composite coatings. This chapter provides literature review on different types of

electrodeposition methods, co-deposition processes and nickel composite coatings.



1.2 Electrodeposition Process

Electrodeposition is simple and economical technique for the production of dense
metallic nanocrystals [4]. DC, PC, and PRC electrodeposition methods used to fabricate
metallic coatings. Qu et al. deposited nickel coatings by DC and PC electrodeposition
method and observed significant improvement in hardness in PC electrodeposited
coatings than DC electrodeposited nickel coatings [5]. Tao et al. fabricated
Nanocrystalline copper coatings to study tribological and mechanical properties of
Nanocrystalline copper coatings [6]. Copper coatings deposited by PC electrodeposition
technique have higher hardness and wear resistance compared to DC electrodeposited
coatings. Pure nickel coatings deposited by PC and PRC techniques have better corrosion
resistance than DC electrodeposited nickel coatings [2]. This chapter provides brief

overview on DC, PC, and PRC electrodeposition methods.

1.2.1 DC (Direct Current) Electrodeposition

In the conventional DC electrodeposition, only one parameter i.e. current density can be
varied. Fig. 1.1 shows typical waveform of current v/s deposition time for DC
electrodeposition. Duty cycle (i.e. ratio of current ON time to total time) is 100% in DC
electrodeposition. Therefore average current density (Avg. current density equals to duty

cycle X Peak current density) which equals to peak current density.
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Fig. 1.1 Typical direct current waveform.

1.2.2 PC (Pulse Current) and PRC (Pulse Reverse Current) Electrodeposition

Pulse Electrodeposition (PED) brings a new era in the electrodeposition of metals, alloys,
and metal matrix composites (MMCs). Compared to the conventional direct current (DC)
electrodeposition, there is much more flexibility in the pulse electrodeposition technique
in terms of varying basic electrodeposition parameters such as peak current density (ip),
pulse current on-time (Ton), and pulse current off-time (Togre) resulting in unique
combination of composition and microstructure in deposited coatings. The average
current density (iy) can be obtained by a number of combinations of different peak current
densities, pulse current on-time, and pulse current off-time [7]. Also, pulse
electrodeposition current can be efficiently alternated between two different values
resulting into a series of pulses of equal amplitude, duration, and polarity separated by
zero current [8]. A typical pulse current waveform where current is alternated between a
positive current value (ip) applied for Ton time and zero current value (0) applied for Torr

time is presented in Fig. 1.2. Concepts of pulse and pulse reverse techniques [8]:
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Fig. 1.2 Typical pulse current waveform.

e During Torr time in pulse electrodeposition, the electric double layer which is
formed around the cathode discharges resulting in the passage of ions through the double
layer on cathode surface, whereas in DC electrodeposition, this double layer obstructs the
ions from reaching the cathode surface.

e During electrodeposition, high current density areas in the electrolyte bath are
more depleted of ions than that of low current density areas. During Toge time, ions
migrate to these depleted areas. So that, more evenly distributed ions are available for

deposition onto the part when Toy pulse occurs.

Pulse electrodeposition allows synthesis of coatings with controlled coating thicknesses
as well as compositions and microstructures of the coatings by regulating pulse
parameters. PC and PRC electrodeposition techniques have following advantages and

disadvantages over DC electrodeposition technique [7, 8]



Advantages:

e Limiting current density significantly increases by replenishing metal ions in the

diffusion layer only during off time.

e Flexibility in pulse parameters reduces the process limitations.

¢ Fine grained deposit with lower porosity and reduced stress.

e Improves adhesion of deposit, creates uniform thickness.

Higher rate of deposition improvements in physical and mechanical properties.

Disadvantages:

e Pulse generators are expensive than DC unit.
e This technique needs proper planning in advance with series of procedures in

order to attain better results.

1.3 Electrodeposition of composite Coatings (Co-deposition Process)

Co-deposition is process of incorporating fine particles of metallic, non-metallic
compounds, or polymers from an electrolytic or an electroless bath in the electroplated
layer to improve material properties such as hardness, wear resistance, corrosion
resistance, lubrication, yield, tensile, and fracture strength [9-21]. The well-dispersed
nanoparticles in the composites not only improving mechanical properties but also find

suitable applications in microdevices [22, 23]



1.3.1 Theory/ Mechanisms of Co-deposition Process

Physical dispersion of particles in the electrolyte and electrophoretic migration of
particles are two common processes involved in co-deposition of particles into metal
deposite [17]. Composite electroplating is a method of co-depositing micron, sub-micron
size particles of metallic, non-metallic compounds into plated layer. There are two

models developed for composite electrodeposition by Guglielmi and Kurozaki.

According to Guglielmi’s model, composite electroplating takes place in two steps.
During electrodeposition, solid particles are surrounded with cloud of adsorbed ions and
these particles are weakly adsorbed at cathode surface by Vander Walls forces when they
approach the cathode in the first step. And in the second step, loosely adsorbed particles
get adsorbed strongly on cathode surface by Coulomb force and consequently entrapped
within metal matrix. The main drawback of this model is absence of mass transfer effect

during electrodeposition process. [13, 24, 25]

Greatly accepted model is developed by Kurozaki which includes the transport of solid
particles from the solution to the cathode surface by agitation [16, 25]. This model

developed three step processes which include:

(1) Uniformly dispersed particles are transported to the electric double layer by

mechanical agitation

(2) Charged particles are transported to cathode surface by electrophoresis

(3) Solid particles are adsorbed at cathode surface due to Coulomb force between

particles and adsorbed anions. and finally incorporated into growing metal.



One of the common mechanism of co-deposition process consist of five consecutive steps
[17] shown in Fig. 1.3. The regions include: formation of ionic clouds around the
particles (bulk electrolyte, typical length in cm); convective movement toward the
cathode (convection layer, typical length < 1 mm); diffusion through a concentration
boundary layer (diffusion layer, typical dimensions of hundreds of um); electrical double

layer (typical dimensions of nm) followed by adsorption and entrapment of particles.

Cathode

) & e "y @
o ) q & . L
SRS o LR s
vZd 13 R o S
193 ) e we [ S
£2)) P 1er Et';"_‘
}e:gg S B3 o .51;5
9 p- e £ ey oS
2 Y Rth
> >
Deposit§ Bulk
: ielectrolyte
Electrical Diffusion Convection
double layer layer

layer
* Particles (conductive or non conductive)
O- Surfactant (ionic, non-ionic or organic)

43;{(; ‘Clouding’ of particles by surfactants
® ‘Clouding’ of particles by cations

O Deposited metal

Fig. 1.3 Mechanisms of particle codeposition into a metal deposit [17].



Five consecutive steps of co-deposition mechanism are:

(1) Formation of ionic clouds on the particles

(2) Convection towards the cathode

(3) Diffusion through hydrodynamic boundary layer

(4) Diffusion through concentration boundary layer

(5) Adsorption at the cathode where particles are entrapped within metal deposit.

Particles dispersed in the electrolyte bath are in constant Brownian motion. Whenever
two particles approach one another, their separation or agglomeration mainly depends on
the existing energies between those particles. When attraction energy is larger than
repulsion energy, particle agglomeration occurs and when repulsion energy is higher than
attraction energy, particle separation occurs. The condition and nature of the system
mainly determines the magnitude of net force for the production of agglomerated
structures [13]. Therefore, knowledge of interfacial region structure is very important in

understanding dispersion stability of solid particles with electrolyte.

1.3.2 Different Types of Composite Coatings

Varieties of composite coatings were deposited by reinforcing different nanoparticles
(such as Al,03, SIC, CNTs, ZrO,, SizN4, and WC) into metal matrix. Wang et al.
deposited Al,03-Cu(Sn), CaF,-Cu(Sn), and talc-Cu(Sn) composite coatings to study

mechanical and tribological behavior of composite coatings [26]. Al,O3-Cu(Sn)



composite coatings exhibited better hardness and wear resistance than other composite
coatings due to high hardness of alumina nanoparticles. Arai et al. fabricated Cu-
MWCNT composite coatings by electrodeposition method [27]. CNT reinforcement in
the composite coatings significantly improved hardness and electrical as well as thermal
conductivities of composite coatings. Rajiv et al. characterized corrosion behavior of CO-
SizsN4 composite coatings [28]. CO-SisN4 composite coatings showed better corrosion
resistance as compared to pure CO coatings. Hashimoto and Abe characterized Zn-SiO,
composites before and after corrosion test [29]. Zn-SiO, composites exhibited better

corrosion resistance due to formation of protective corrosion products supported by SiO..

1.3.3 Effect of Pulse Parameters on Mechanical and Tribological Properties of

Composite Coatings

The structure and properties of composite coatings depend not only on concentration,
size, distribution, and nature of reinforced particles, but also on electroplating parameters
(i.e. current density, duty cycle, and frequency). Among these factors current density is
one of the most important parameters. In this section, effects of these parameters on

mechanical properties of composite coatings reviewed in detail.

1.3.3.1 Current Density

Particles reinforcement in the composite coatings varies with current density. At first,

incorporation increases sharply at the beginning with increase in current density till it



reaches maximum value followed by sharp decrease. Therefore, hardness of composite
coatings mainly increases due to the combined effect of both grain refining as well as of
dispersive strengthening [30-32]. When electroplating at lower current densities, nickel
ions dissolved from anode (i.e. nickel) are transported at low rate and hence there is
insufficient time for these ions to absorb on particles resulting in weak Coulomb force
between anions adsorbed on particles leading to lower concentration of electrodeposited
particles in the composite coatings. On the other hand, at higher current densities, nickel
ions dissolved from anode are transported faster than particles by the mechanical
agitation which causes a decrease in codeposition of particles as well as hardness of
composite coatings. Therefore, selection of optimum current density is important to
enhance the concentration of particles in the composite coatings [25, 33]. Many
researchers found similar results, when electrodeposited at different current densities in
terms of improvement in hardness as well as incorporation of particles in the composite
coatings [16, 17, 34-38]. Reinforcement of nanoparticles into metal matrix not only
restrains the grain growth but also reduces the plastic deformation of metal matrix by
combined effect of grain refining and dispersion strengthening resulting in significant

increase in hardness of composite coatings [33].

1.3.3.2 Pulse Frequency

Pulse frequency plays an important role in the reinforcement of nanoparticles in
composite coatings. According to Lajevardi et al. microhardness as well as codeposition

of particles increases on variation of frequency from 0.1 Hz to 10 Hz and is followed by
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sharp decrease from 10 Hz to 100 Hz frequency [33]. For frequencies below 10 Hz,
reduction rate of metal ions is higher as compared to ions adsorbed on nanoparticles
which reduce the nanoparticles content in the composite coating. At lower frequencies
below 10 Hz, due to extensive OFF time, loosely adsorbed particles could be removed by
hydrodynamic force. Therefore at 10 Hz frequency, there is reduction in OFF time which
causes less loosely adsorbed particles could be detached. At very high frequency i.e. 100
Hz, content of nanoparticles in composite coating reduced because of the shorter OFF
time is not sufficient to remove concentration gradient of nanoparticles adjacent to the
cathode. Wear loss and microhardness of composite coatings significantly decreases
when pulse frequency increase from 10 Hz to 1000 Hz. Significant adhesive wear

observed at higher frequencies [9].

1.3.3.3 Duty Cycle

Influence of duty cycle on incorporated particles is more prominent than effect of pulse
frequency [30]. Bahrololoom et al. as well as Lajevadi et al. concluded similar results on
effect of duty cycle on hardness as well as on incorporated particles in the composite
coatings. As duty cycle increases from 10 to 100% microhardness as well as incorporated
particles decreases significantly. Lower duty cycle gives longer OFF time for arrival of
nanoparticles at the double layer. Therefore more nanoparticles are reinforced in
composite coatings at lower duty cycle and coatings become harder [32, 33]. The
improvement in hardness at lower duty cycle is mainly due to grain refinement at pulse

OFF-time longer than ON- time [39, 40].
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1.4 Co-deposition of Nickel Composite Coatings

Nickel composite coatings usually deposited from Watts type or sulfamate bath
containing nanoparticles (i.e. SiC [15, 16, 19-21], Al,O3 [9, 13], ZrO; [11, 12], TiO, [41],
WC [10], SiO, [21], and CNTs [42, 43]) are in suspension. The improvement in hardness
is due to the combination of both rule of mixture and dislocation pinning effect [44].

Additions of nanoparticles mainly inhibit grain growth and promote nucleation sites.

1.4.1 Nickel Composite Coatings-A Review
1.4.1.1 Ni-Al,0O3 Composite Coatings

Nickel is a corrosion resistant metal. Incorporation of alumina nanoparticles in nickel
composite coatings significantly improves hardness and corrosion as well as wear
resistance. Higher concentration and uniform dispersion of particles in metal matrix
improves tribological properties and oxidation resistance of composite coatings. Saha et
al. observed effect of current density on the electrodeposited Ni-Al,O3; composite
coatings [25]. Microhardness and wear resistance of composite coatings showed
significant improvement at current density of 0.01 A/cm® The significant improvement
in hardness of these composite coatings was mainly due to combine effect of dispersion
strengthening as well as grain refinement. Abrasive strength of Ni-alumina composite
coatings was reported to be 57 MPa. Ferkel et al. deposited nickel composite coatings by
varying alumina content in electrolyte bath [40]. Composite coatings exhibited maximum
hardness for 8 g/L alumina concentrating in the electrolyte. Qu et al. found
microhardness of composite coatings was 346 HV deposited at peak current density of
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1.5 A/dm2, 50 % duty cycle and frequency of 5.6 Hz which was higher than that of pure

nickel coatings is 192 HV [23].

Bahrololoom et al. analyzed thoroughly the influence of pulse plating parameters on the
hardness and wear resistance of nickel-alumina composite coatings [30]. Hardness and
wear resistance of composite coatings as well as microstructure and surface morphology
were strongly influenced by current density. Fig. 1.4 shows that the hardness of
composite coatings decreases with increase in current density which is in good agreement

with the results obtained by many researchers.
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Fig. 1.4 Effect of direct current density on the hardness of nickel-alumina composite

coatings, electrodeposited from a bath containing 80 g/L alumina [30].

Fig. 1.5 shows effect of duty cycle and frequency on hardness of composite coatings. At
lower duty cycle and frequency, composite coatings show maximum hardness which
sharply decrease with increase in duty cycle and pulse frequency. Lower duty cycle and

frequency means longer OFF-time which gives more chance for alumina particles to
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arrive at the double layer. Influence of duty cycle is more prominent than influence of

frequency on incorporation of alumina particles.

Chen et al. studied influence of pulse frequency on microstructure and wear resistance of
nickel-alumina composite coatings [45] . At lower frequencies, composite coatings
exhibited better hardness and wear resistance compared to higher frequencies. Due to
presence of adhesive wear, wear resistance of composite coatings largely influenced by
microstructure and less influenced by reinforced alumina particles.
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Fig. 1.5 Effects of pulse duty cycle (solid lines) and frequency (dash lines) on the
hardness of nickel-alumina composite coatings electrodeposited from a bath containing

80 g/L alumina (5 um particle size), at a pulse current density of 5 A/dm® [30].
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1.4.1.2 Ni-SiC Composite Coatings

Ni-SiC composite coatings are widely used for protection of friction parts due to their
high wear resistance and low cost of ceramic powder. Zimmerman et al. synthesized Ni-
SiC composite coatings by pulse electrodeposition allowing high over potential and low
surface diffusion rates resulting in formation of new nuclei [19]. The composite coatings
exhibited four times hardness than annealed nickel and two time hardness than regular
grain size nickel matrix. Vaezi et al. evaluated wear and corrosion resistance of Ni-SiC
composite coatings fabricated using electrodeposition method [46]. The microhardness,
wear as well as corrosion resistance of composite coatings increased with increasing SiC
content in the plating bath. The increase in microhardness and wear resistance was
mainly due to incorporated SiC particles which restrain grain growth as well as plastic
deformation and promotes the grain refining and dispersive strengthening. These effects
became stronger with increasing SiC content in the electrolyte. Nickel composite coatings
showed wide passive region and smaller passive current density than pure nickel
coatings. The reinforced SiC particles act as a physical barrier to initiation and
development of defect corrosion resulting in improvement in corrosion resistance of
composite coatings. Hou et al. studied wear behavior of electrodeposited Ni-SiC
composites [22]. Nickel composite coatings exhibited maximum hardness and wear
resistance compared to pure nickel coatings. For 2 vol.% Ni-SiC composite coatings
showed maximum fluctuation in coefficient of friction due to presence of severe abrasive
wear. For 11.5 vol.% nickel composite coatings showed decrease in coefficient of

friction due to low plowing grooves. Worn out material from rotating steel ring i.e. iron
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oxide debris layer covered the worn surface and acts as a lubricant between contact
surfaces and coefficient of friction decreases further.

Zimmerman et al. analyzed mechanical properties of Ni-SiC nanocomposites [20]. Nickel
composites showed significant improvement in mechanical properties including hardness,
yield, and tensile stress as compared to conventional nickel composites. Tensile strength
of composites was four times higher than polycrystalline nickel and two times higher
than conventional polycrystalline nickel composites. The improvement in hardness of
composites wass mainly based on dispersion strengthening mechanism which is based on

dislocation particle interaction.

1.4.1.3 Ni-ZrO, Composites Coatings

Nickel and Zirconia have good compatibility due to their similar thermal expansion
coefficient and elastic modulus. Wang et al. fabricated Ni-ZrO, composite coatings by
DC, PC, and PRC electrodeposition techniques for comparison [47]. The surface

morphology of DC, PC, and PRC composite coatings is shown in Fig. 1. 6.

PC composite coatings showed smooth and compact micro-surface morphology
compared to DC and PRC composite coatings. The PRC composite coatings showed
maximum hardness due to combination of grain refinement by Hall-petch mechanism and
dispersion strengthening by Orowan’s mechanism. Hardness of composite coatings
depends not only on reinforced particles but also on size and distribution of particles in
matrix. Due to uniformly dispersed ZrO, particles in nickel matrix, PRC composite
coatings showed lower wear loss than DC and PC composite coatings. Ding et al.

performed Nanoindetation characterization of Ni-ZrO, composite coatings [11]. The
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composite coatings found superior young’s modulus and microhardness than pure nickel
due to combine effect of Hall-petch and Orowan mechanisms. Banea analyzed
tribocorrosion behavior of electrodeposited nickel-zirconia composite coatings [48]. The
microhardness and tribocorrosion properties of composite coatings were significantly
improved due to uniformly dispersed ZrO, particles reinforcement in the nickel matrix

followed by combined effect of dispersion strengthening and structural modification.

Fig. 1. 6 Surface morphology of DC, PC, and PRC composite coatings [11].

1.4.1.4 Ni-TiO, Composite Coatings

Metal matrix composites with TiO, reinforcement exhibit interesting photocatalytical
behavior with significant improvement in mechanical properties. Ni-TiO, composite

coatings are widely used in fuel cell applications particularly in electro-oxidation of
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methanol. Baghery et al. characterized corrosion and wear performance of Ni-TiO;
nanocomposite coatings [34]. Microhardness of Ni-TiO, composite coatings significantly
improved than pure nickel coatings due to grain refinement strengthening and dispersion
strengthening. The reinforced TiO, particles in nickel composite coatings reduced direct
contact between abrasive surface and metal matrix. These separated particles act as solid
lubricant between two wear surfaces. Therefore, Ni-TiO, composite coatings exhibited
higher wear resistance mainly due to higher hardness and lower coefficient of friction.
Presence of TiO; particles, act as a physical barrier to the initiation and development of
defect corrosion and also it inhibits localized corrosion, resulting in improvement in
corrosion resistance of nickel composite coatings. Lajevardi and Shahrabi studied effect
of pulse parameters on properties of Ni-TiO, nanocomposite coatings [33].
Microhardness of composite coatings increased with increasing current density from 2 to
5 A/dm? and after that it decreased as current density increases. Microhardness and
particle reinforcement in composite coatings found maximum value for coatings

deposited at 10 Hz frequency and 10% duty cycle.

1.4.1.5 Ni-WC Composite Coatings

WC is one of the hard metals widely used in tribological applications. Surender et al.
analyzed wear characterization of Ni-WC composite coatings [49]. Microhardness of
composite coatings significantly increased with increasing WC content in the composites
due to dispersion strengthening effect. Coefficient of friction of these composite coatings

decreased with increasing amount of WC as does the hardness of composite coatings.
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This reduction in coefficient of friction was mainly based on fundamental friction
principle. The worn surfaces have undergone hertzian contact damage with elastic

flattering of protruding WC particles [49].

M. Surrender et al. studied electrochemical behavior of Ni-WC composite coatings [50].
WC reinforcements in nickel composite coatings significantly affects the stability of
passive film and causes a positive shift in passivation potential, reduction in passive

range and higher passive current densities compared to pure nickel coatings.

1.4.1.6 Ni-CNT Composite Coatings

Due to excellent mechanical properties such as high strength, high elastic modulus, and
large elastic as well as fracture strain, carbon nanotubes (CNTSs) are attracting significant
interest as reinforcement in metallic coatings. CNTs have significant interests as
reinforcement in various metallic, ceramic, and polymeric materials to impart strength,

toughness, and wear/corrosion resistance. [43, 51, 52]

Arai et al. analyzed tribological performance of Ni-CNT composite coatings [53]. The
coefficient of friction of Ni-CNT composite coatings significantly reduced due to
intrinsic self lubricity of CNTs. Chen et al. studied corrosion behavior of Ni-CNT
composite coatings[51]. Incorporation of CNTSs into nickel matrix significantly increased
corrosion resistance as the reinforced CNTs act as physical barriers to corrosion process
by filling in crevices, gaps, and micron holes on the surface of nickel coatings. Uniform

dispersion of CNTs in composite coatings was restricting localized corrosion and
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corrosion potential of composite coatings increases towards positive values which

promotes homogeneous corrosion.

Arai et al. fabricated Ni-CNT composite coatings with excellent thermal conductivity by
electrodeposition[54]. Improvement in thermal conductivity of pure nickel coatings
would be useful in electronic devices because of heat dissipation problem. Ni-CNT
composite coatings attained thermal conductivity of 109 Wm™ k™ which is almost twice

that of pure nickel coatings.

1.4.2 Properties of Nickel Composite Coatings

Mechanical properties of Nanocrystalline materials mainly depend on microstructure of
material enables dislocation theory correlating with strength and ductility of these
materials. Nickel composite coatings consist of nickel matrix containing dispersion of
second phase particles, such as Al,Ogs, Si3Ny, SiC, Cr,03, WC, diamond, PTFE, graphite,
or even liquid containing microcapsules to improve mechanical, tribological, and
corrosion resistance properties of nano-composites. These second phase particles act as
physical barrier to dislocation movement and grain boundary sliding resulting into

significant improvement in mechanical properties of composite coatings.

1.4.2.1 Hardness

Hardness of material is defined as the resistance of a material to deformation particularly

permanent deformation, indentation or scratching [55, 56]. Generally, hardness is related
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to the tensile yield stress due to geometrical constraint resulting from deformation by [44,

57, 58]
H =30, 1)

Addition of ceramic particles to synthesize composite coatings act as a barrier to
dislocation movement and grain boundary sliding thus increasing hardness of composite
coatings. Increase in hardness of composite coatings is due to the combined effect of
grain refinement due to Hall-Petch mechanism and uniform dispersion of nano-particles
due to Orowan mechanism. Therefore, effect of reinforced particles in composite
coatings on hardness depends mainly on volume content as well as size and distribution
of these particles in the metal matrix [47]. Hardness of composite coatings mainly

influenced by two aspects:
(a) Hardness of metal matrix which is determined by microstructure of coatings.
(b) Volume content of reinforced particles in the composite coatings.

A comparison of Vickers microhardness for a wide range of nickel composite coatings is
shown in Fig. 1.7. It clearly shows significant improvement in hardness of composite

coatings compared to pure nickel coatings.

21



1000 T T T T
Coating using
Mi/Co/Au
Manocrystalling
800 - Nﬁ?o 7
i i Nanocpfstalline
= \anm’;;talllne High ZrO, NG
0 : contentin /Z
g i matrix /
_E 600 Manocrystallineg / —
coating /
o 0
= Microcrystallineg
o NI/C
Q
— | /:: |
E 400 Microcrystalline
e NiTIO,
[&] Microcrystalline
= ‘AL LowZr0,
200 % content in I
Microcrystalline Ni rnatrix
N After annealing at After annealing at
high temperature high temperature
0 | | | 1 1 1 | |
=z > S ° 4 o
= Q o ON = d\l —
g = = 2] — o = =
S = = = << w N
a = = = = :
= = =
Type of deposit

Fig. 1.7 Vickers microhardness values for different ranges of particle size in nickel
deposit. The values are displayed from minimum to maximum (bottom to top) found in the

literature. DC: direct current; PDC pulsed direct current [17].

1.4.2.2 Corrosion Resistance

Nickel composite coatings have better corrosion resistance than pure nickel coatings
because reinforced second phase particles disturb the regular growth of nickel crystal and
promote new nucleation site. This makes structure of composite coatings more finely
crystalline and hence improved corrosion resistance of composite coatings [59, 60].
Addition of these particles in composite coatings will decrease corrosion current density

and will shift corrosion potential of composite coatings towards more noble direction i.e.
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positive value. Amadeh et al. performed electrochemical experiments to analyze

corrosion behavior of (Ni-SiC) composite coatings [60].

200 q 7 ]
= ow o St14 ] 5
Ni ]
(- 45 ¢l SIC H
— 60 g/l SiC i
Q —200 - | ;’
L] e
- Jd,,a
E ~400 - o
w
—B600 1
-BDU T T T T T T 1
0.01 0.1 1 10 100 1000 10000 100000

i (UA/cm?)

Fig. 1.8 Polarization curves of st14 steel, pure nickel and composite coatings produced
at the current density of 4 A/dm?, d.c.= 30%, Frquency= 10Hz from baths containing 45

g/L and 60 g/L SiC [60].

Fig. 1.8 clearly shows that the corrosion resistance of composite coatings has
significantly improved compared to pure nickel coatings and stainless steel substrate [60].
Cathodic polarization curves for pure nickel and Ni-SiC composite coatings shown in
Fig. 1.9. Addition of SiC particles act as obstacles to the initiation and development of

defect corrosion and also filled in crevice, gaps, and micron holes of nickel matrix
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resulting in significant improvement of corrosion resistance of composite coatings [46].
Almost all nickel composite coatings reinforced with Al,O3 [59, 61] SiC [46, 60, 62] ,
TiO, [34], CNTs [51, 63, 64], SisN4 [65], and WC [50] show better corrosion resistance

compared to pure nickel coatings.
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Fig. 1.9 Cathodic polarization curves of nickel and Ni-SiC nano-composite coating

(containing 3% SiC) in 0.5 M NaCl solution [60].

1.4.2.3 Wear Resistance

Nickel composite coatings reinforced with Al,O3 [9, 14, 45], WC [49], TiO, [34], ZrO,
[47], CNTs [53, 66-68], SiC [22, 46, 69, 70], and Si3N,4 [70] show better wear resistance
compared to pure nickel coatings. The improvement in microhardness as well as wear

resistance of composite coatings mainly depends on reinforced second phase particles in
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the nickel matrix act as a physical barrier to nickel grain growth and plastic deformation
of nickel matrix under loading promotes grain refining and dispersive strengthening
effect to improve microhardness as well as wear resistance composite coatings [46].
Vaezi et al. characterized tribological behavior of (Ni-SiC) composite coatings and
compared with pure nickel coatings [46]. Fig. 1.10 shows that composite coating showed
less wear rate than pure nickel coatings. The increase in microhardness and decrease in
the wear rate of composite coatings is due to combination of grain refining and dispersion
strengthening effect. These effects become stronger with increasing SiC content, thus
microhardness and wear resistance of composite coatings increases with increasing SiC

content in the coatings.

750 6
(a) - 554 (b)
700 4 e
I E 5
@
& 650+ & 451
c -«
S 6004 X 3.5-
e ~
2 S 3
= 550 =
1 25
500 T T T - T 2 T T T T -
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Weight percent of SiC Weight percent of SiC

Fig. 1.10 Microhardness (a) and wear rate (b) of the Ni-SiC nano-composite

coating vs. weight percent of SiC nano-particulates [46].
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Arai et al. employed CNTs as reinforcement for synthesizing composite coatings [53].
They showed the superior solid lubrication of Ni-CNTs composite film is schematically

illustrated in Fig. 1.11

(b)

chm' U‘/ Alumina ball < '
MWCNT

\\ // / ‘ N | Alumina ball

NI-MWCNT composlte ﬂlm Ni-MWCNT composite film

Substrate Substrate

Fig. 1.11 A schematic illustration of the superior solid lubrication of a Ni-MWCNT

composite film: (a) before the wear test and (b) during the wear test [53].

Initially CNTs are arranged vertically with respect to alumina ball (i.e. counter body)
resulting in higher coefficient of friction. Once wear test starts, alumina ball scratches
composite film and surface is physically deformed. Consequently, CNTs are gradually
arranged transversely resulting in lowering the coefficient of friction and further
improving wear resistance of composite coatings. Nickel composite films with Al,O3
reinforcement show better wear resistance compared to pure nickel coatings due to
combined effect of hard nature of reinforced particles and strengthening effect caused by

incorporation of Al,Oj3 particles [45].

During wear tests of composite coatings, friction, and wear are mainly determined by

distribution and properties of reinforced particles. Uniform distribution of reinforced
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particles in the composite coatings improves hardness due to dispersion hardening effect.
The coefficient of friction of composite decreases with increase in volume content of
reinforced particles as well as hardness of composite coatings. This decrease in
coefficient of friction is due to matrix hardening and elastic interaction of counter body
with reinforced particles. This follows from following fundamental relationship between

friction and material properties.
w=1q/E *(0,/Ryp) Elastic contact (2
u=rt,/H Plastic contact 3)

Where, [ is the coefficient of friction, E* is the composite or effective modulus, o,, and
R, are the composite standard deviation in the asperity height distribution and composite
radius of summits, t, is the average shear strength of dry contact and H is the hardness.
Tribological behavior in most of composite coatings will be more like an elasto-plastic
contact, with nickel matrix undergoing plastic deformation whereas severe interaction

with reinforced particles being of elastic nature [49].

1.4.3 Applications of Nickel composite coatings
e Ni-Al,O3 composite coatings

These composite coatings are widely used in applications which require abrasion and heat
resistant coatings, corrosion resistant coatings, self lubrication films and thermally graded
structures [44, 59]. Nickel composite coatings prove to be a good alternative for
chromium coatings. Ni-alumina composite coatings finds application for coatings of
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engine cylinders, high pressure valves, and dies, in the production of musical instruments,
drill fitting, car accessories, small aircraft, and electrotechnical parts [59]. One of the

most promising applications for these composite coatings is in micro devices [13, 23, 71].

e Ni-SiC composite coatings

Ni- SiC composite coatings are widely used for the protection of friction parts due to
their excellent wear resistance and low cost [15, 22, 46, 69]. Also, these coatings find
applications in combustion engine and casting moulds due to their anti-wear property

[46].

e Ni-CNT composite coatings

Recently carbon nanotubes (CNTSs) have attracted significant interests as reinforcements
in various metallic, ceramic, and polymeric materials to impart strength, toughness, and
wear/corrosion resistance [43, 51, 52, 72]. The CNT reinforcement in metallic materials
is particularly attractive for structural applications where high specific strength/wear
resistance is desired and for functional applications where excellent thermal/electrical
properties are important [73-75]. These composite coatings find applications in nano
devices such as nano diodes, nano transistors due to novel electronic properties of CNTs
[51, 67]. Due to excellent anti-wear property of Ni-CNT composite coatings can be find
application in the aerospace, automobile, and other industries as frictional components

[53].
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1.5 Objective

1.5.1 Effect of Plating Conditions (DC, PC, PRC) on Microstructure and Properties

of Pure Nickel and Nickel Composite Coatings (Ni, Ni-Al,O3, Ni-SiC, and Ni-ZrO,)

Pulse current (PC) and pulse reverse current (PRC) electrodeposition techniques bring
new era in the electrodeposition of metals, alloys, and metal matrix composites.
Compared with conventional direct current (DC) electrodeposition, PC and PRC
electrodeposition offers more control over the process parameters which can also be
adjusted independently. Metal coatings fabricated by PC and PRC electrodeposition
techniques exhibit unique microstructure and compositions than those obtained by DC
electrodeposition [47]. Recently PC and PRC electrodeposition techniques widely used in
fabricating composite coatings. PRC composite coatings showed uniform dispersion of
alumina particles as well as improvement in alumina reinforcement in the coatings
compared to DC composite coatings [76, 77]. Nickel composite coatings (Ni-Al,O3, Ni-
SiC, and Ni-ZrO,) are fabricated by DC, PC, and PRC electrodeposition techniques to
optimize the electrodeposition method for further work. Pure nickel coatings are also
fabricated by DC, PC, and PRC electrodeposition techniques with same electrodeposition

parameters for comparison.

1.5.2 Effect of Reinforcement Content on Microstructure and Properties of Ni-Al,O3

Composite Coatings

Ni-Al,O3 composite coatings are fabricated by varying alumina concentration in the
electroplating bath. Ni-Al,O3 composite coatings offered higher hardness, wear, and
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corrosion resistance due to high hardness of Al,O; (2000-2300 HV) and corrosion
resistant nickel metal [25]. Nickel composite coatings are mainly used to increase the
abrasion resistance of metal surface in microdevices. The properties of nickel composite
coatings mainly depend on size, distribution, and concentration of alumina particles in
nickel matrix. Higher concentration and uniform dispersion of second phase particles in
the metal matrix enhance corrosion and wear resistance of composite coatings. Research
has been carried out on the effect of pulse parameters on the mechanical and tribological
properties of nano-composite coatings [9, 30, 46, 59]; but very few examined the
influence of alumina concentration on microstructure, mechanical, and tribological
properties of composite coatings. Pulse electrodeposition technique not only significantly
improves the hardness, wear, and corrosion resistance, but also decreases porosity as well
as internal stresses in the composite coatings [30]. In this work, effect of alumina
concentration on microstructure, mechanical, and tribological properties of nickel

composite coatings is examined.

1.5.3 Pulse Electrodeposition of Ni-CNT Composite Coatings

The processes such as hot pressing [78], hot extrusion [79, 80], rapid solidification [81],
sintering [82], and plasma spray forming technique [83] have been extensively employed
for fabricating CNT reinforced metal matrix composites. Significant improvement in
mechanical properties of composites obtained by plasma spray forming and sintering has
been reported [82, 83]. The composites obtained by rapid solidification techniques

showed significant improvement in thermal and electrical properties but reduction in
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saturation magnetic moments [81]. Some reports on fabrication of metal matrix
composites using hot pressing and hot extrusion reported insignificant improvement in
mechanical and electrical properties of composites primarily due to inhomogeneous
dispersion of CNTs into the metal matrix [78-80]. Also, the fabrication of CNT
reinforced metal matrix composites by these processes is often associated with
appearance of porosity in the composite and complex interfacial reactions between CNTs
and matrix material [83, 84]. While some progress has been made in the fabrication of
bulk CNT reinforced metal matrix composites using conventional forming and powder
metallurgical methods, very few reports are published on synthesis of CNT reinforced

metal matrix composite coatings [85, 86].

Nickel is widely used in electronic devices such as circuit boards and switches due to its
good corrosion resistance and low diffusion coefficient but it has poor thermal
conductivity [54]. Heat dissipation is a common problem in almost all electronic devices
therefore materials with excellent thermal conductivity are required. The CNT reinforced
nickel composite coatings are expected to exhibit excellent thermal conductivity and
mechanical properties as compared to pure nickel coating. In the present investigation we
explore the possibility of reinforcing CNTs in nickel coating using pulse
electrodeposition technique. While the basic pulse electrodeposition set-up for
reinforcing CNTs in nickel matrix is similar to that of reinforcing particulate (Al,Os,
ZrO,, and SiC), uniform dispersion of CNTs throughout the nickel metal matrix is
important to improve the mechanical as well as electrical properties of Ni-CNT
composites. The present work mainly analyzes the effect of reinforcement of CNTs on

the evolution of phases, surface morphology, crystallographic texture, mechanical
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properties such as microhardness and tribological properties such as wear resistance of
the composite coating. In order to evaluate effect of reinforcement of CNTs in the
coating, pulse electrodeposition was also performed to deposite pure nickel coatings

using same pulse parameters.
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CHAPTER 2

EXPERIMENTAL DETAILS

2.1 Watts Bath

Two types of electroplating bath commonly used for electrodeposition of nickel are Watts
bath and sulphamate bath. Standard Watts solution consists of NiSO4.6H,O (Nickel
sulphate hexahydrate), NiCl,.6H,O (Nickel chloride hexahydrate), and H3BO3; (Boric
acid). Table 2.1 shows content of these chemicals for making of 1 L. of electroplating

bath.

Table 2.1 Overview of the composition of chemicals for Watts bath

Bath composition
Electrolyte (Watts bath)

NiSO,4.6H,0 265 g/L
H3BOs 31g/L

Boric acid is added to lots of nickel plating baths. Boric acid acts as buffer to control the
pH in the cathode solution interface [87], also acts as catalyst which lowers the
overvoltage for Ni deposition as well as considered as a homogeneous catalyst for Ni
deposition in the Watts bath. pH of the electroplating bath is adjusted to 4.0 by addition

of NaOH (Sodium Hydroxide) to the electroplating bath.
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2.2 Pulse Generator

A pulse power supply equipment (model 20-10-30) manufactured by Dynatronix is
shown in Fig. 2.1. The displays on the left side shows current and voltage respectively
whereas right hand side display shows all the set values for a particular experiment (i.e.
current density, duty cycle, frequency, and duration of the experiment). Pulse generator
has a capacity of producing 20 V voltages and 30 Amp peak current. Maximum
frequency of 10,000 Hz can be attained by this pulse generator. Schematic and actual

experimental setups of electrodeposition process are shown in Fig. 2.2 and Fig. 2.3.

Voltage
display
Display shows set
values of expt.
Current
display

Fig. 2.1 Pulse Generator used for electrodeposition process
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Fig. 2.2 Schematic diagram of the pulse-electrodeposition system: 1. Nickel plate, 2.

Stainless steel plate, 3. Pulse generator, 4. Hot plate stirrer, 5. Stirring bar, 6. Locating

plate, 7. Beaker, and 8. Electrolyte.

L

Carbon ea-

Fig. 2.3 Actual Experimental setup for electrodeposition process
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2.3 Processing of Nickel Composite Coatings

2.3.1 Effect of Plating Conditions (DC, PC, PRC) on Microstructure and Properties

of Pure Nickel and Nickel Composite Coatings (Ni, Ni-Al,O3, Ni-SiC, and Ni-ZrO,)

The nickel composite coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrO;) prepared by
electrodeposition from Watts solution suspended with nanoparticles. The nanoparticles
used as reinforcement have (Al,03=150 nm, ZrO,= 30-60 nm, SiC=200 nm) particle
sizes. Before electrodeposition electrolyte was stirred for about 24 hours using magnetic
stirrer. All the electrodeposition experiments were carried out at room temperature. A
stainless steel plate (with an area of 8 cm?) and pure nickel plate (with an area of 100
cm?) were used as cathode and anode respectively. DC, PC, and PRC electrodeposition
techniques were used to fabricate the coatings and corresponding parameters are given in

the Table 2.2.

For comparison, pure nickel coatings were prepared in same electroplating bath without
nanoparticles under same electrodeposition conditions. After electrodeposition of 60

min., the coatings were washed and cleaned using deionized water in ultrasonic cleaner.
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Table 2.2 Electrodeposition parameters for synthesizing nickel composite coatings

Electrodeposition parameters

Direct Current (DC) Electrodeposition
Current density
Plating time

Electrolyte agitation (Magnetic stirring)

Pulse Current (PC) Electrodeposition
Peak current density
Plating time
Electrolyte agitation (Magnetic stirring)
Duty Cycle

Frequency

Pulse Reverse Current (PRC) Electrodeposition

Forward Peak current density
Electrolyte agitation (Magnetic stirring)
Forward Duty Cycle

Forward Frequency

Forward duration

Reverse Peak current density
Reverse Duty Cycle

Forward Frequency

Reverse duration

Plating time

Anode

Cathode

3 Aldm?
60 min
200 rpm

3 A/dm?
60 min
200 rpm
20%

10 Hz

3.3 A/dm?
200 rpm
10%
1000 Hz
200 ms
3 A/dm?
20%
1000 Hz
50 ms
60 min
Nickel

Stainless steel
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2.3.2 Effect of Reinforcement Content on Microstructure and Properties of Ni-Al,O3

Composite Coatings

The electroplating bath for synthesizing Ni-Al,O; composite coatings was a Watts
solution with addition of alumina powder varying from 0 g to 40 g/L. The electroplating

parameters are given in Table 2.3.

Table 2.3 Overview of the pulse-electrodeposition parameters for preparation of pure Ni

and Ni-Al,O3 composite coatings

Pulse Current (PC) Electrodeposition parameters

Peak current density 3 A/dm?
Plating time 8 hrs.
Electrolyte agitation (Magnetic stirring) 200 rpm
Duty Cycle 20%
Frequency 10 Hz

Different amounts of alumina loading were used in the experiments to investigate its
influence on the microstructure, mechanical, and tribological behavior of nickel
composite coatings. Each electroplating bath was agitated by magnetic stirrer for 24 hrs
prior to electrodeposition and also during plating. A stainless steel plate (with an area of 8
cm?) and pure nickel plate (with an area of 100 cm?) were used as cathode and anode

respectively. After electrodeposition for 8 hrs. coatings were washed and cleaned using
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deionized water in ultrasonic cleaner.

2.3.3 Pulse electrodeposition of Ni-CNT composite coatings

2.3.3.1 Pretreatment of Multi-walled Carbon Nanotubes:

The CNTs are quasi one-dimensional nanomaterials mostly available in bundled form
because of strong Vander Waals interactions between the tube walls [88]. One of the
major issues with the fabrication of CNT reinforced composite coatings is related to the
non-uniform dispersion of CNTSs in the composite matrices. In this investigation, surface
treatment of CNTs was carried out using nitric acid to improve the dispersion of the
CNTs into the electrodeposited Ni-CNT coating. The nitric acid surface treatments form
carboxylic acid groups on CNTs and help in uniform dispersion of CNTs without any
additional dispersing additive [89, 90]. In the present investigation, 1 g CNTs were added
into 1000 ml of 8M nitric acid (HNO3) in a glass bottle. The mixture was subsequently
sonicated in an ultrasonic bath at 40-50° C for about 1.5 hrs. The mixture was diluted
with 2000 ml deionized water and then vacuum filtered using a 0.2 pm
Polytetrafluoroethylene (PTFE) filter. The obtained solid mixture was washed with
deionized water on the filter until the filtrate was neutral. The filtrate was neutral at pH 7
which was checked with a pH meter. After this, the obtained CNTs were dispersed in the

electrolyte without any addition of dispersing agent.
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2.3.3.2 Fabrication Ni and Ni-CNT Composite Coatings:

Two types of coatings deposited on stainless steel substrate using pulse electrodeposition
are pure nickel coating and Ni-CNT composite coating with nitric acid pretreatment of
CNTs. The plating bath for pulsed electrodeposition of Ni-CNT composite coating was
standard Watts solution. The plating parameters for depositing pure nickel coating are
given in Table 2.4. For Ni-CNT composite coatings, 1 g of multiwalled CNTs (pretreated
with nitric acid) were mixed in 1 L. basic electrolyte. The CNTs used have outside
diameter of 30-50 nm, inside diameter of 5-15 nm, and length of 10-20 um. Before pulse
electrodeposition, the plating bath was sonicated in ultrasonic cleaner for about 1 hour at
room temperature followed by stirring for 5 hours. A stainless steel plate (with an area of
2 cm?) and a pure nickel plate (with an area of 20 cm?) were used as cathode and anode

respectively.

Table 2.4 Overview of the pulse-electrodeposition parameters for preparation of pure Ni

and Ni-CNTs composite coatings

Pulse Current (PC) Electrodeposition parameters

Peak current density 5 A/dm?
Plating time 60 min
Electrolyte agitation (Magnetic stirring) 200 rpm
Duty Cycle 20%
Frequency 10 Hz
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The stainless steel substrates were mechanically polished using a sequence of 400, 600,
and 1200 mesh emery papers followed by a sequence of cleanings (acetone, ethanol, de-
ionized water) to prepare the substrate surface for electrodeposition. The stainless steel
substrate was then activated in 25% sulfuric acid (H,SO,) solution for about 10 minutes.
This activated stainless steel substrate was placed parallel at a distance of 5 cm from the
vertically oriented nickel plate in the above plating bath. During the electrodeposition
process, the plating bath was slowly stirred with the help of a hot plate stirrer in order to
prevent agglomeration of CNTs in the electrolyte suspension. Also, the electrolyte
temperature was maintained at 25° C with the help of a hot plate stirrer. The
electrodeposition was carried out with duty cycle of 20% and pulse frequency of 10 Hz.
The current density of 5 A/dm? was maintained throughout the electrodeposition process
by keeping Ton time equal to 20 ms and Torr time equal to 80 ms. The pulse parameters
used in the present investigation are found to give adherent Ni-CNT composite coatings.
Similar regimes of pulse parameters are also reported in the literature on pulse
electrodeposition of nanocomposite coatings [9, 30]. After electrodeposition for 30 min,

the composite coating was washed and cleaned in deionized water.
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2.4 Material Characterization
2.4.1 Phase and Micro Structural Analysis

The phase analysis of composite coatings was conducted using Phillips Norelco X-Ray
Diffractometer operating with CuKo (A= 1.54178 A) radiation at 45 kV and 40 mA. The
diffraction angle (20) was varied between 30° and 80° 26 at a step increment of 0.02°
with a count time of 1 s. Crystallite size of nickel was calculated for pure nickel and Ni-

composite coatings using Scherrer’s equation, given by [91]:

KA 180°
Dcosf m

FWHM =

: (4)

Where FWHM = Full width half maxima in 20 degrees; D= crystallite size in nm; K=

constant (usually evaluated as 0.94); and 4 = wavelength of Cu Ka radiation (0.154 nm).

To quantify the crystallographic textures of nickel associated with nickel and nickel
composite coatings, texture coefficients (TC) for predominant (h k I) peaks in XRD
patterns were calculated. The texture coefficient (TC) for each (h k I) reflection is given

by [92]:

_ (kD (1 @ IhkD) 1
Tc(hkl)_lo(hkl){nZlo(hkl)} ' ®)

where I(h k 1) are measured intensities of (h k I) reflection, Io(h k I) are powder diffraction

intensities of nickel and n is the number of reflections used in the calculations.

The surface morphology of coatings was observed using Scanning Electron Microscope
(JSM-6360, JEOL) and weight percentage of co-deposited nanoparticles was evaluated

by energy dispersive spectroscopy (EDS). FEI Quanta 600 field-emission gun
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Environmental Scanning Electron Microscope with an Evex EDS X-ray microanalysis

system and HKL EBSD system is used for EDS analysis.

2.4.2 Raman Spectroscopy

Presence of CNTs in the composite coatings is very difficult to determine using XRD or
EDS analysis. Raman spectroscopy is an efficient technique used to determine presence
of CNTs in the coatings. Raman spectra were acquired using ramascope 2000 (Renishaw,
UK). Raman microspectrometer. The scattered light from Ar" laser (excitation
wavelength 51435 nm) was dispersed with diffraction grating and detected with charge

coupled device.

2.4.3 Surface Roughness

Surface roughness of composite coatings were measured using (Perthometer Mahr™,
Province, RI) model M1 having measuring range up to 150 um. Tracing length used for

measurements was 5.6 mm.

2.5 Mechanical Testing
2.5.1 Microhardness Testing

A microhardness tester (Buehler™) was used for measuring hardness of coatings by

performing Vickers indentation at a loading force of 25 g and holding time of 10 seconds.
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The final value quoted for the hardness of the coatings was the average of 10

measurements.
2.5.2 Wear Test

The wear tests were performed on ball-on-disc tribometer (Nanovea™, Irvine, CA) at
room temperature without any lubrication. An alumina ball (diameter 6 mm) was used as
counter body to create wear track of 4 mm in diameter on the sample surface. The wear
tests were performed by using load of 7 N and velocity of 150 rpm for equal intervals of
4 minutes. The position of specimen on the tribometer was maintained after each weight-
loss reading such that wear continues on the same worn track during consecutive wear

testing.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Effect of Plating Conditions (DC, PC, PRC) on Microstructure and Properties of

Pure Nickel and Nickel Composite Coatings (Ni, Ni-Al,O3, Ni-SiC, and Ni-ZrO5)

3.1.1 Coating Surface Morphology:

SEM micrographs showing surface morphologies of DC, PC, and PRC electrodeposited
pure nickel (Ni) and nickel composite (Ni-Al,O3, Ni-SiC, and Ni-ZrO,) coatings are
presented in Fig. 3.1. Also, the variation of surface roughness parameters (R, and R;)
with plating conditions for these coatings is shown in Fig. 3.2. The Ni coatings fabricated
using PC and PRC technique exhibited better uniformity and finer grain structure
compared to the coatings obtained by DC deposition techniques. High instantaneous
current density during PC and PRC deposition seems to promote the nucleation of the
grains on the surface resulting in finer grain structure in the Ni coating. The PRC
deposited Ni coatings exhibited lowest surface roughness values (Ra<50 nm; Rz~0.3
um). The surface roughness values for the DC deposited Ni coatings were highest (Ra~75
nm; Rz~0.5 pum). All the nickel composite coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrO,)
exhibited higher surface roughness compared to pure nickel coatings. For the nickel

composite coatings, the PC plating condition resulted in more compact, uniform, and
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Fig. 3.1 Surface micrographs from (a-c) pure nickel, (d-f) Ni-Al,Og, (g-i) Ni-SiC, and (j-

I) Ni-ZrO; coatings are deposited by DC, PC, and PRC electrodeposition methods.
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Fig. 3.2 Surface roughness of nickel and nickel composite coatings deposited by DC, PC,

and PRC electrodeposition methods: (a) Ra, and (b) Rz.
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finer microstructure of the coatings. The values of surface roughness parameters for these
PC codeposited composite coating were minimum (Ra~120-150 nm; Rz~0.9-1.1 um).
The surface microstructures of the DC codeposited composite coatings show coarser
granular features resulting in highest surface roughness values for these coatings. The
surface microstructure of the PRC codeposited composite coatings show surface
inhomogeneities due to agglomeration of the reinforcement particles of the surface. This
also resulted in higher values of surface roughness parameter for PRC codeposited

composite coatings.

3.1.2 Coating Composition:

The variation of weight percentage of reinforced nanoparticles in the nickel composite
coating as a function of co-deposition conditions (DC, PC, and PRC) is shown in Fig. 3.3.
For all the composite coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrOy), the figure clearly
indicates significantly increased reinforcement content in the coating prepared by PC and
PRC co-deposition. The reinforcement content is minimum in the coatings deposited
using DC co-deposition. As mentioned earlier, the periodic alternation of current
(between positive and zero values for PC, and between positive and negative values for
PRC) discharges the electric double layer formed around the cathode, and thereby
allowing better penetration of nanoparticles (with adsorbed ions on the surface) towards
cathode. The adsorbed ions on the surface of the nanoparticles subsequently get reduced
at the cathode causing entrapment (reinforcement) of the nanoparticles in the growing

coating. Also, for the similar codeposition conditions (DC, PC, or PRC), the
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reinforcement content of alumina in the Ni-Al,O3 composite coating is greater than
zirconia in the Ni-ZrO, and silicon carbide in the Ni-SiC composite coatings. While exact
mechanism for this observation is not yet known, this seems to be due to distinctly

different size/density of the nanoparticles and their interactions with the ions in the

electrolyte.
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Fig. 3.3 Variation of wt.% of nanoparticles in nickel composite coatings deposited by

DC, PC, and PRC electrodeposition methods.
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3.1.3 Crystallite Size and Crystallographic Texture:

The x-ray diffraction (XRD) patterns for pure nickel and nickel composite (Ni-Al,O3, Ni-

SiC, and Ni-ZrO;) coatings deposited by DC, PC, and PRC plating conditions are

presented in Fig. 3.4. All the XRD patterns show typical peaks corresponding to (111)

and (200) crystallographic planes of nickel. Note that the peaks corresponding to

reinforced nanoparticles (i.e. Al,Os, SIiC, and ZrO,) could not be resolved in XRD

patterns from composite coatings due to very low reinforcement content. To understand

the influence of electrodeposition condition (DC, PC, and PRC) on the development of

coating microstructure and microtexture, detailed analysis of XRD patterns was

conducted.
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Fig. 3.4 X-ray diffraction patterns from (a) pure nickel, (b) Ni-Al,Og3, (c) Ni-SiC, and (d)

Ni-ZrO, composite coatings deposited by DC, PC, and PRC electrodeposition methods
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Table 3.1 shows crystallite sizes for all the nickel and nickel composite coatings
calculated using FWHM of prominent (111) reflection in Scherrer equation. For all the

coatings, crystallite size of the nickel matrix is less than 50 nm.

Table 3.1 Crystallite size for pure nickel and nickel composite coatings.

Crystallite Size (nm)

Coatings
DC PC PRC
Pure Nickel 46 37 42
Ni-Al,O3 37 30 34
Ni-SiC 37 32 35
Ni-ZrO, 35 28 34

For all the coatings deposited using DC electrodeposition, the intensity of (200) peaks is
highest indicating preferred orientation of (200) plane parallel to coating surface.
Apparently, [100] is the preferred grain growth direction for face centered cubic crystals.
Note that (111) peak at 26=44.508° is the strongest peak (relative intensity=100%) in the
standard XRD pattern from randomly oriented polycrystalline nickel (JCPDS: 04-0850).
As indicated in the figure, the intensity of (111) peaks in the XRD patterns of pure nickel
and nickel composite coatings increased for PC and PRC deposition indicating more
random crystallographic texture in these coatings (approaching that in standard XRD
pattern from randomly oriented polycrystalline nickel). The atomic density of (111) plane
is higher than that of (200) plane in FCC crystal structure of nickel, so surface energy of

(111) plane is lower than that of (200) plane. It seems that nickel atoms migrate from
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Table 3.2 Texture coefficients (TCs) of various (hkl) planes for standard sample, pure

nickel, and nickel composite coatings.

Texture Coefficient (TC)

Coatings

(111) (200)
Standard Sample 1 1
Pure Nickel
DC 0.24 1.76
PC 0.64 1.36
PRC 0.47 1.53
Ni-Al,O3
DC 0.06 1.93
PC 0.10 1.90
PRC 0.39 1.61
Ni-SiC
DC 0.06 1.94
PC 0.27 1.73
PRC 0.11 1.89
Ni-ZrO,
DC 0.14 1.86
PC 0.29 1.71
PRC 0.09 1.90

higher energy (100) planes to lower energy (111) planes during zero current time (for PC)
and reverse current time (for PRC) resulting in random texture in these coatings. Table
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3.2 summarizes the results of texture coefficient calculations for the observed (111) and
(200) reflections in pure nickel and nickel composite coatings. The texture coefficients
for (111) and (200) reflections of standard randomly oriented polycrystalline sample
(JCPDS: 04-0850) are unity. For all the coatings (except PRC codeposited Ni-ZrO,), the
(200) texture coefficient for DC deposition is greater than that for PC and PRC deposition
indicating strong (100) crystallographic texture in these coatings. However, the (111)
texture coefficients for all the coatings (except PRC deposited Ni-ZrO,) are greater for
PC and PRC deposition compared to that for DC deposition. This again indicates
relatively random orientation in PC and PRC deposited coatings compared to DC

deposition.

3.1.4 Microhardness and Wear Resistance:

The variation of microhardness of pure nickel and nickel composite (Ni-Al,O3, Ni-SiC,
and Ni-ZrOy) coatings with deposition conditions (DC, PC, and PRC) is presented in Fig.
3.5. In general, hardness of the coatings increases with this order of deposition
conditions: DC, PC, and PRC. The improvement in the hardness of pure nickel coatings
with PC and PRC deposition conditions is very small (<50 HV). This seems to be due to
changes in crystallographic texture in pure nickel coatings with the deposition conditions.
As discussed earlier, this order of deposition conditions (DC, PC, and PRC) also resulted
in increasing content of reinforced nanoparticles in the coatings. Thus, the improvements
in the hardness of composite coatings with PC and PRC deposition conditions seem to be

due to increased content of reinforced hard particles in the coatings. Also, for all the
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Fig. 3.5 Microhardness of pure nickel and nickel composite coatings deposited by DC,

PC and PRC electrodeposition methods

deposition conditions, the hardness of composite coatings is higher than pure nickel
coatings. This seems to be a direct consequence of dispersion strengthening effect where
reinforced hard particles in the matrix obstruct the motion of dislocations. Furthermore,
the Ni-Al,O3 composite coatings exhibit highest hardness and the Ni-SiC coatings exhibit
lowest hardness for each deposition condition (DC, PC, and PRC). Note that SiC particles
(hardness: ~22 GPa) are harder than Al,O3 (hardness: ~15 GPa) and ZrO, (hardness: ~13
GPa) particles. As such, the highest hardness of Ni-Al,O3; composite coatings seems to be
due to relatively larger content of Al,O3 (in Ni- Al,O3) than SiC (in Ni-SiC) and ZrO, (in

Ni-ZrOy) in coatings for each deposition condition (Fig. 3.3).
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The wear weight loss of pure nickel and nickel composite coatings (Ni-Al,O3, Ni-SiC,
and Ni-ZrOy) coatings with deposition conditions (DC, PC, and PRC) is presented Fig.
3.6. The pure nickel coatings for all the deposition conditions showed maximum weight
loss compared to nickel composite coatings. This is a direct consequence of the lower
microhardness of the pure nickel coatings compared to nickel composite coatings. Also,
the Ni-Al,O3 composite coatings, which are hardest among all the composite coatings,
showed least weight loss. For all the coatings, the wear weight loss was found to be
decreased from DC to PC and PRC deposition conditions due to increasing hardness of
the coatings (resulting from increasing reinforced nanoparticle content for composite

coatings and texture related effects in pure nickel coatings).
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Fig. 3.6 The variation of weight loss for pure nickel and nickel composite coatings

deposited by DC, PC and PRC electrodeposition methods.
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3.2 Effect of Reinforcement Content on Microstructure and Properties of Ni-Al,O3

Composite Coatings

3.2.1 Coating Composition, Surface Morphology, and Thickness:

To understand the influence of reinforcement content on the microstructure and
properties of composite coatings, several Ni-Al,O3 coatings were deposited by varying
the content of Al,O3 nanoparticles in the electrolytic bath (5, 10, 20, and 40 g/L). The
variation of Al,O3 content in the nickel composite coatings as a function of content of
Al,O3 nanoparticles in the electrolytic bath is shown in Fig. 3.7. The wt.% of alumina in
the composite coatings (deposited using similar electrodeposition parameters)

significantly increases with increasing alumina content in the electroplating bath.
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Fig. 3.7 Wt.% of Al,O3 in the Ni-Al,O3 composite coatings as a function of nanoparticle

content in the electrolyte bath.
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The surface morphologies of the pure nickel coating and Ni-Al,O3 composite coatings,
deposited with varying content of Al,O3 nanoparticles in the electrolytic bath (5, 10, 20,
and 40 g/L), are presented in Fig. 3.8. As the Al,O3 nanoparticles content increases the
coating surfaces become increasingly inhomogeneous with appearance of coarser
granular features. As such, the surface roughness of composite coatings increases with
increasing Al,O3 reinforcement in the coatings (Fig. 3.9). The Ni-Al,O; composite
coatings deposited from electrolyte bath with 40 g/L alumina exhibited maximum surface

roughness.

Fig. 3.8 Surface micrographs from PC electrodeposited (a) pure nickel (0 g/L), (b) Ni-
AlL,03 (5¢/L), (c) Ni-Al,O3 (10g/L), (d) Ni-Al,O3 (20g/L), and (e) (Ni-Al,O3 (40g/L)
coatings deposited from electrolyte bath with varying content of suspended

nanoparticles.
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Fig. 3.9 Surface roughness of nickel and Ni-Al,O; composite coatings as a function of

nanoparticle content in the electrolyte bath.

The cross-sectional images of pure nickel and Ni-Al,O3 composite coatings deposited
using similar pulse electrodeposition parameters are shown in Fig. 3.10. All the coatings
were uniform, crack-free, and homogeneous. Interestingly, the pure nickel coatings were
significantly thicker than Ni-Al,O3 composite coatings deposited using similar
electrodeposition conditions (Fig. 3.11). Also, the thickness of composite coatings
decreased with increasing alumina incorporation in the composite coatings. It seems that
the reinforced alumina particles in the composite coatings act as physical barriers to grain

growth and slow down the growth rate (hence thinner composite coatings).
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Fig. 3.10 Cross-sectional images PC electrodeposited (a) pure nickel (0 g/L), (b) Ni-
AlL,O3 (5g/L), (c) Ni-Al,O3 (10g/L), (d) Ni-Al,O3 (20g/L), and (e) Ni-Al,O3; (40g/L)
composite coatings deposited from electrolyte bath with varying content of suspended

nanoparticles.
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Fig. 3.11 Variation of thickness of Ni-Al,O3 composite coatings with nanoparticle content

in the electrolyte bath.
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3.2.2 Crystallographic Texture:

The x-ray diffraction (XRD) patterns of pure nickel and Ni-Al,O3 composite coatings,
deposited with varying content of Al,O3; nanoparticles in the electrolytic bath are shown
in Fig. 3.12. The XRD patterns show typical peaks corresponding to (111) and (200)
crystallographic planes of pure nickel at 20 positions 44.508° and 51.847°, respectively.
Note that the peaks corresponding to reinforced Al,O3; nanoparticles could not be
resolved in XRD patterns from composite coatings due to very small size of the
nanoparticles and low reinforcement content. Detailed analysis of XRD patterns is
necessary to understand effect of alumina reinforcement on the development of coating

microstructure and microtexture.
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= Ni-AlLO, (20¢/L
Z A A 203 (20g/L)
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Fig. 3.12 X-ray diffraction patterns from PC electrodeposited pure nickel and Ni-Al,O3
composite coatings deposited from electrolyte bath with varying content of suspended

nanoparticles.
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The crystallite sizes for pure nickel and Ni-Al,O; composite coatings, calculated from
FWHM using Scherrer’s equation, are presented in Table 3.3. For all the coatings,
crystallite size of the nickel matrix is less than 40 nm. While the data shows slight
decrease in crystallite size with incorporation of Al,O3; nanoparticles in the coating, this
calculated data should be used only as general information. For more accurate analysis of
the crystallite and grain size in nano-scale range, high resolution transmission electron
microscopy (TEM) needs to be done. A careful analysis of XRD patterns also revealed
distinct difference in the relative intensities of primary (hkl) peaks from nickel and Ni-

Al,O3 composite coatings.

Table 3.3 Crystallite size and texture coefficients (TCs) of various (hkl) planes for

standard sample, pure nickel, and Ni-Al,O3 composite coatings.

Texture Coefficient (TC)

Coatings Crystallite Size (nm) (111) (200)
Standard Sample 1 1

Pure Nickel 38 0.03 1.97
Ni-Al,O3 (5g/L) 33 0.03 1.97
Ni-Al,O;3 (10g/L) 31 0.24 1.76
Ni-Al,O3 (20g/L) 30 0.24 1.76
Ni-Al,O;3 (40g/L) 27 0.09 1.91
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As mentioned earlier, the standard randomly oriented polycrystalline nickel exhibits
strongest peak corresponding to (111) crystallographic plane at 26=44.508° (JCPDS 04-
0850). All the pure nickel and Ni-Al,O3 coatings exhibit strongest peak corresponding to
(200) plane at 26 = 51.847° indicating development of crystallographic texture. However,
as the Al,O3 nanoparticle content in the electrolyte increases up to 20 g/L, the intensity of
(111) peak increases. This also corresponds to increasing values of (111) texture
coefficient and decreasing values of (200) texture coefficients (Table 3.3). Since (111)
peak is the strongest peak in the standard pattern of randomly oriented polycrystalline
sample, the increasing intensity of this peak in the Ni-Al,O; composite coatings indicates
decreasing preferential orientation (or increasing randomness) with reinforcement content
in the coating. It seems that reinforcement of alumina particles in nickel matrix prohibit
grain growth of primary columnar grains (oriented in fastest growing [100] direction) and
also provide nucleation sites for the growth of new randomly oriented grains. This also
supports the observations of smaller thickness of Ni-Al,O3 composite coatings compared
to pure nickel coatings deposited using similar pulse electrodeposition parameters. The
Ni-Al,O3 composite coatings deposited from electrolyte bath with 40 g/L did not follow
above trend, and exhibited the intensities of various planes and values texture coefficients
similar to that for pure nickel coatings. This is probably due to agglomeration of
nanoparticles during deposition at such high level of Al,O3; content in the electrolyte.

Note that surface roughness of this composite coating was highest (Fig. 3.9).
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3.2.3 Microhardness and Wear Resistance:

The variation of microhardness Ni-Al,O3 composite coatings as a function of Al,O3
nanoparticle content in the electrolytic bath is presented in Fig. 3.13. The microhardness
of Ni-Al,O3; composite coatings is about 50-150 HV higher than pure nickel coatings, and
the hardness increases with increasing alumina content in the electrolyte bath. The
hardness of composite coatings is mainly determined by the microstructure of matrix and
properties of reinforced particles in the coatings. Since all the coatings have
nanocrystalline nickel matrix, the increasing hardness of the Ni-Al,O3; composite coatings
with increasing alumina content in the electrolyte bath seems to be primarily due to

enhanced dispersion strengthening effects.
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Fig. 3.13 Variation of microhardness of Ni-Al,O3; composite coatings with nanopatrticle

content in the electrolyte bath.
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Fig. 3.14 The variation of weight loss with time for pure nickel and nickel composite
coatings deposited from electrolyte bath with varying content of suspended

nanoparticles.

The variation of cumulative weight loss as a function of wear time for nickel and Ni-
Al,O3 composite coatings (deposited with varying content of Al,O3 nanoparticles in the
electrolytic bath) is presented in Fig. 3.14. The relative wear behavior of all the coatings
is in agreement with the general understanding that the harder coatings are more wear
resistant. The pure nickel coatings showed severe weight loss compared to all the Ni-
Al,O3 coatings. Furthermore, the wear resistance of the composite coatings improved
with increasing content of Al,O3 nanoparticles in the electrolytic bath. Note that the
microhardness of the Ni-Al,O3; composite coatings has increased with increasing content

of Al,O3z nanoparticles in the electrolytic bath. These reinforced Al,O3 particles in nickel
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Fig. 3.15 Morphology of worn surfaces of PC electrodeposited (a) pure nickel (0 g/L),
(b) Ni-Al,03 (5g/L), (c) Ni-Al,O3 (10g/L), (d) Ni-Al,03 (20g/L), and (e) Ni-Al,O3 (40g/L)
composite coatings deposited from electrolyte bath with varying content of suspended

nanoparticles.

matrix restrains the plastic deformation of matrix under loading due to dispersion
strengthening effects. These effects become stronger with increasing alumina content in
the composite coatings. These reinforced nanoparticles also lowers the adhesive wear
between nickel matrix and alumina ball by reducing the direct contact between these
counter bodies during the sliding. The SEM micrographs from wear tracks of pure nickel
and Ni-Al,O3 composite coatings are presented in Fig. 3.15. The worn surface from pure
nickel shows many continuous and wide grooves. The severe plastic deformation of the
nickel under loading causes abrasive grooves parallel to sliding direction. The formation
of wide grooves and plastic deformation are indicative of poor wear resistance of pure

nickel coatings. As the nanoparticle content in the Ni-Al,O3 composite coatings
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increases, the wear grooves on the wear surfaces become progressively discontinuous
indicative of increased resistance to plastic deformation. For coatings with higher
nanoparticle content, for example the coating deposited from electrolyte bath with 20 g/L
Al,O3; nanoparticles), the micro-cracking on the wear surface of the coatings is clearly
visible. Furthermore, the width of the wear tracks progressively decreases with increasing
Al,O3 reinforcement content in the composite coatings which is indicative of better wear
resistance of these coatings. Fig. 3.16 shows the variation of coefficient of friction with

time for pure nickel and Ni-Al,O3 coatings.
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Fig. 3.16 Variation of coefficient of friction with sliding time for pure nickel and nickel-

alumina composite coatings.
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For all the coatings, the coefficient of friction increases with time (<50 min) and quickly
stabilizes to steady state value. While the average coefficient of friction decreases with
increasing reinforcement content in the Ni-Al,O3 composite coatings, the variation is not

significant and the coefficient of friction for all the coatings ranges between ~0.2-0.25.

3.3 Pulse electrodeposition of Ni-CNT Composite Coatings

3.3.1 Microstructure Analysis

The cross-sectional images of pure nickel coating and Ni-CNT composite coatings
deposited using same pulse electrodeposition parameters are presented in Fig. 3.17. This
figure indicates that the coatings are uniform in thickness and exhibit very good bonding
with the substrate. Even though the electrodeposition parameters were same, the
thickness of pure nickel coatings (19+0.5 pum) was observed to be almost two times the
thickness of Ni-CNT composite coatings (9£0.5 um). It seems that the reinforcement of
the CNTs in the nickel matrix prohibit the normal columnar growth of the crystal
(perpendicular to the substrate surface). The subsequent random nucleation of nickel on
the CNTs and growth in off-normal direction results in the decrease in effective growth
rate in normal direction (and hence less coating thickness in given electrodeposition

time). This is further explained in the following sections.
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Fig. 3.17 SEM images of cross-section of (a) pure nickel coating, (b) Ni-CNT composite

coating. All coatings were pulse electrodeposited using same pulse parameters.

Typical SEM micrographs from the surface of the pure nickel coating are presented in
Fig. 3.18 (a) and (b). The nickel coating exhibits the smoothest and most compact
microstructure. The surface structure of the pure nickel coating is made up of regular
pyramidal crystals with uniform grain size. High instantaneous current density during
pulse electrodeposition helps to enhance the nucleation rate which leads to the formation
of finer grains. The Fig. 3.18 (c) and (d) show SEM images of the Ni-CNT composite
coating with proper pretreatment of CNTs with nitric acid. While the distribution of
dispersed CNTs (single CNT) is very difficult to observe though more uniform fiber like
CNTs network observed throughout the surface which always have better surface

morphology than CNTs bundles.
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Fig. 3.18 SEM images of (a),(b) pure nickel coating, (c),(d) Ni-CNT composite coating.

All coatings were pulse electrodeposited using same pulse parameters.

3.3.2 Phase Analysis

The x-ray diffraction (XRD) patterns for pure nickel and Ni-CNT composite coatings
obtained from different plating bath are shown in Fig. 3.19. The XRD patterns show
typical peaks corresponding to (111), (200), and (220) crystallographic planes of nickel.
To understand the influence of CNT reinforcement on the development of coating

microstructure and micro-texture, detailed analysis of XRD patterns was conducted.
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Fig. 3.19 X-ray diffraction patterns from pure nickel coating and Ni-CNT composite

coating electrodeposited using same pulse parameters.

First, the crystallite size was calculated for both pure nickel and Ni-CNT composite
coatings using Scherrer’s equation. Table 3.4 shows crystallite sizes of pure nickel as
well as Ni-CNT composite coatings calculated using FWHM of prominent (111)
reflection in Scherrer’s equation. The calculated crystallite size for pure nickel coating
was 37 nm, which is significantly greater than that in Ni-CNT composite coatings (28
nm). This indicates that the reinforcement of CNTSs in the nickel resulted in refinement of

the microstructure of the composite coatings.
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Table 3.4 Crystallite size and texture coefficients of various (hkl) planes for pure nickel

and Ni-CNT composite coatings.

Texture Coefficients

Crystallite Size (nm) 111) (200) (220)
Pure Nickel coating 37 0.47 2.32 0.20
Ni-CNT composite coating 28 1.67 0.47 0.87

Careful analysis of the x-ray diffraction data also revealed the distinct difference in the
relative intensities of some of the (h k I) peaks in XRD patterns of Ni and Ni-CNT
composite coating. The standard randomly oriented polycrystalline nickel exhibits
strongest peak corresponding to (111) plane at 26 = 44.508° (JCPDS 04-0850). The pure
nickel coating in the present investigation exhibited strongest peak corresponding to
(200) plane at 26 =51.847° indicating development of crystallographic texture.
Apparently [100] is the preferred grain growth direction for face centered cubic crystals.
It seems that the growth of pure nickel coatings occurs by nucleation on the substrate
surface followed by growth of grains in preferred crystallographic direction i.e. [100].
These columnar grains eventually terminate at the coating surface resulting in pyramidal
surface grain structure associated with (200) crystallographic texture [93]. In case of Ni-
CNT composite coatings, the strongest peak corresponds to (111) plane at 26 = 44.508°.
This peak is also the strongest peak in XRD pattern from standard randomly oriented
polycrystalline nickel. This indicates that the grain structure in Ni-CNT composite
coating is more random. To quantify the crystallographic textures associated with nickel
and Ni-CNT coatings, texture coefficients (TC) for predominant (h k 1) peaks in XRD

71



patterns were calculated. (111), (200), and (220) reflections were considered for texture
coefficient calculation (n=3). Table 2 summarizes the results of texture coefficient
calculations for the observed (h k I) reflection in nickel and CNT composite coatings. The
texture coefficient of 1 for any (h k ) represents standard randomly oriented
polycrystalline sample. The texture coefficient for (200) plane for pure nickel coating is
significantly greater than texture coefficients for other planes, i.e. (111) and (220), clearly
indicating the development of strong crystallographic texture corresponding to (200) or

(100) planes.

For the composite Ni-CNT coatings, the texture coefficients for (200) and (220) planes
are close to one indicating predominantly random orientation of grains. Since texture
coefficient for (111) plane is greater than 1, there is possibility of weak (111) texture in
the Ni-CNT coatings. The schematic showing effect of CNTs on the development of
texture and thickness of the coating is presented in Fig. 3.20. It seems that the co-
deposition of CNTSs in the nickel matrix prohibit the grain growth of columnar grains and
also provides the nucleation sites for the growth of new grains. Depending on the
orientation of the CNTSs, the newly nucleated grains would grow along preferred [100]
direction which may not be perpendicular to the substrate (possibly perpendicular to the
CNT axis). This will further preclude the growth of surrounding columnar grains. The
complexity of the grain nucleation and growth in presence of CNTs seems to result in
more random grain structure or weak (111) texture in the Ni-CNT composite coating.
This repeated nucleation and off-normal growth of nickel in presence of CNTs not only
results in random/weak crystallographic texture but also decreases the effective growth

rate in normal direction (perpendicular to substrate). This also supports the observation of
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Fig. 3.20 Schematic of the development of crystallographic texture and thickness in (a)
pure nickel, and (b) Ni-CNT composite coatings deposited using same pulse

electrodeposition parameters.
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3.3.3 Microhardness

The microhardness of pulse electrodeposited pure nickel coating and Ni-CNT composite
coatings using same pulse parameters are presented in Fig. 3.21. The average
microhardness of pure nickel coating was 320+15 HV. The hardness increased to 580+15
HV in case of Ni-CNT composite coatings deposited with nitric acid pretreatment of

CNTs.
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Fig. 3.21 Microhardness of pulse electrodeposited pure nickel and Ni-CNT composite

coatings.
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This remarkable increase in microhardness of Ni-CNT composite coatings can be
resulting from a combination of Orowan strengthening as well as Hall-Petch
strengthening. In the case of Ni-CNT composites, the Orowan strengthening is expected
to involve bowing of the gliding dislocation between impenetrable carbon nanotubes and
bypassing them, leaving behind dislocation loops. The refinement of nickel crystallite
size due to CNT reinforcement (as discussed earlier) is also expected to increase the

hardness owing to Hall-Petch strengthening.

3.3.4 Wear Resistance

The wear weight loss data for pure nickel coating and Ni-CNT composite coatings is

presented in Fig. 3.22.
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Fig. 3.22 The variation of weight loss with time for pure nickel and Ni-CNT composite

coatings.
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With the explored wear testing parameters in this investigation, the pure nickel coatings
exhibit almost linear wear loss with time. The Ni-CNT composite coatings display
significant improvement in the wear resistance compared to pure nickel coatings as
indicated by the significantly lesser weight loss. The total weight loss in pure nickel
coating is almost three times the total weight loss in Ni-CNT composite coating. It seems
that better wear resistance of Ni-CNT composite coatings compared to pure nickel

coating is a direct consequence of increase in surface hardness of the coatings.

400 ym

Fig. 3.23 Worn surface morphology under dry sliding condition of (a) pure nickel
coating, (b) Ni-CNT composite coating. All coatings were pulse electrodeposited using

same pulse parameters.
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The SEM micrographs from the wear tracks of pure nickel and Ni-CNT composite
coatings are presented in Fig. 3.23. The worn surface from pure nickel shows many
continuous and wide grooves as well as severe plastic deformation (Fig. 3.23 (a)). The
formations of wide grooves as well as plastic deformations are indicative of severe wear
situation leading to poor wears resistance of pure nickel coating. The morphologies of
wear tracks from Ni-CNT composite coating are shown in Fig. 3.23 (b). The worn
surfaces of composite coatings shows discontinuous scratches associated with
significantly lesser weight loss. The CNTs dispersed in the nickel matrix seems to
prohibit the plastic deformation during wear. Due to the absence of severe plastic
deformation, the wear resistance of Ni-CNT composite coating is significantly better than
pure nickel coating. The uniform dispersion of CNTs into nickel matrix leads to
significant increased in microhardness as well as wear resistance of (Ni+CNT) composite

coatings.

3.3.5 Raman Spectroscopy Analysis

The Raman spectra of Ni-CNT composite coatings are illustrated in Fig. 3.24 and Fig.
3.25. The D and G band of CNTs are observed typically at 1353.7 cm™ and 1585.5 cm™
respectively. The G’ band observed at 2709.6 cm™. This results clearly indicates the
reinforcement of MWCNTSs in the nickel composite coatings which is very difficult to

determine using SEM and EDS methods.
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Fig. 3.24 The Raman spectra of MWCNT, Ni-CNT composite coatings.
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Fig. 3.25 The Raman spectra of MWCNT, Ni-CNT composite coatings.
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CHAPTER 4

CONCLUSIONS

4.1 Effect of Plating Conditions (DC, PC, PRC) on Microstructure and Properties of

Pure Nickel and Nickel Composite Coatings (Ni, Ni-Al,O3, Ni-SiC, and Ni-ZrO5)

e For all the composite coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrO,), the amount of
reinforcement in the coating was increased with PC and PRC deposition as

compared to DC deposition.

e All the pure nickel and nickel composite coatings prepared using PC and PRC
deposition exhibited more random/weak crystallographic textures compared to

those deposited using DC deposition.

e For all the electrodeposition conditions (DC, PC, and PRC), the composite
coatings (Ni-Al,O3, Ni-SiC, and Ni-ZrO,;) had significantly improved

microhardness and wear resistance compared to pure nickel coatings.

e For each electrodeposition condition (DC, PC, or PRC), Ni-Al,O3 composite
coatings exhibited better microhardness and wear resistance compared to Ni-SiC
and Ni-ZrO, composite coatings due to relatively higher content of Al,O3

reinforcement in the coatings.
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4.2 Effect of Reinforcement Content on Microstructure and Properties of Ni-Al,O3

Composite Coatings

The reinforcement content of Al,O3; in the composite coatings increased with

increasing content of nanoparticle loading in the electrolyte bath (up to 40 g/L).

Except with the coatings deposited from electrolyte bath with 40 g/L nanoparticle
content, the Ni-Al,O3 composite coatings showed relatively random/weak

crystallographic texture compared to pure nickel coatings.

For similar electrodeposition condition (PC), the Ni-Al,O3 composite coatings
were thinner compared to pure nickel coatings due to more random/weak

crystallographic texture in composite coatings.

The microhardness and wear resistance of the Ni-Al,O3 composite coatings
increased with increasing content of reinforced nanoparticles in the coatings (and
also the content of nanoparticle loading in the electrolyte bath) due to enhanced

dispersion strengthening effects.

4.3 Pulse electrodeposition of Ni-CNT composite coatings

Pure Nickel and Ni-CNT composite coatings were successfully fabricated using
pulse electrodeposition process employing Watts bath. The reinforcement of
CNTs in the composite coating prohibited the columnar growth of the nickel
grains resulting in random/weak texture and smaller coating thickness in the

composite coatings.
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e The CNT reinforcement further refined the crystallite size in the composite
coatings. The Ni-CNT composite coatings exhibited significantly improved
microhardness (580+15 HV) compared to pure nickel coatings (32015 HV)
primarily due to a combination of Hall-Petch and Orowan strengthening
mechanisms.

e The pin-on-disc wear testing data indicated that the reinforcement of CNTs
significantly improved wear resistance of the composite coating compared to pure

nickel coatings.

4.4 Future work

Detailed analysis on microstructure growth of composite coatings by varying pulse
parameters (Current density, duty cycle, and frequency) and by varying the incorporation
of nanoparticles in the composite coatings. Development of graded composite coatings by
combining DC, PC, and PRC electrodeposition methods as well as by varying pulse
parameters. Corrosion study of composite coatings and detailed analysis on the effect of
pulse parameters and reinforcement of nanoparticles in the coatings on corrosion
behavior of the composite coatings is to be done. Effect of pulse parameters on
mechanical and tribological properties of composite coatings. Quantitative analysis of
nickel composite coatings needs to be done with the help of x-ray diffraction techniques

using pole figure method.
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