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CHAPTER I INTRODUCTION

1.1 Introduction

Hard protective coatings are used to improve the longevity of products, facilitate
the enhancement of performance for cutting tools and other materials which are
coated with hard materials such as diamond by various wet and dry processes. Ceramic
particle reinforced metal or alloy matrix composite typically exhibit wide range of
industrial and engineering applications owing to their high values of hardness, excellent
wear resistance ability and an enhanced corrosion resistance as compared to the base
metal or alloy. Contemporary researchers have used various ceramics to fabricate
composite coatings. Diamond is one such materials that has of late been used to

fabricate various metal and metal alloy based composite deposits[1-6].

Various equipment used in machining, tools, boiler, automobile and allied industries
are exposed to damage by wear and corrosion. The materials used in the aforesaid
industries should offer a high value of inherent and uniform hardness to avoid failures
while in operation. Various techniques of surface finishing such as electroplating,
electroless deposition, dip coating etc. have been used by researchers to render
mechanical strength and toughness to the base materials (alloy or metals) by means
of a sustainable coating with enhanced properties. Moreover, the hardness and other

mechanical properties of various metals is quite limited in contrast to the diversified
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demands of the flourishing machining/tools industries that need better performance
coatings citing increase in production and consumer demands. Alloys and ceramic
composite coatings fabricated from a wide range of electrolytes namely Ni-W, Ni-P, Ni-
Co, Ni-Mo lend the deposits much needed enhancement in mechanical and surface
properties as compared to metal deposits. Tool steel is known to exhibit hardness of

around 450-500 H, [2, 7-12]

The study and subsequent experimentation have dealt with the co-deposition of
inert/ chemically stable particles (diamond) with a Ni-W alloy base matrix and study
its effect on the hardness of the deposits which in turn has tremendous scope and
application in the industries. The other aspect that has been investigated by means of
various characterization techniques is the content and level of diamond particles
incorporation into the coatings. Diamond being hard; the higher and uniform
distribution and incorporation of diamond particles into the deposits are sure to yield
better results in terms of morphology, crack reduction and hardness. The motivation
of this study comes from the excellent properties of various composite coatings
showcased by contemporary and former researchers in preparing Ni/diamond([5, 13],

Ni-Co/diamond [6, 14], Ni-P/diamond[15-17] and Ni-B/diamond[18] composite coatings.

Electrodeposited Ni-W alloys and diamond composite coatings have in recent times
emerged as a viable and effective alternative to hard chrome coatings owing to their

ease of fabrication cost effectiveness and properties comparable to hard chrome
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coatings. The former also gains preference over and above the latter because of its
relative lack of hazards and toxicity as compared to the latter which is reportedly toxic

and carcinogenic due to the presence of chromium.

Various operating conditions and other experimental and operating attributes are
responsible for successful co-deposition of Ni-W/diamond composite coatings. Taking
the aforesaid factors into account the studies conducted during the course of my
research have encompassed operating parameters (such as effects of current density,
diamond particle concentration), diamond particle size, introduction of Co additives to
the Ni-W/diamond composite deposits, development of multilayer Ni-W/diamond
composite coatings to modifying the molar ratio of Ni-W in the plating bath during the
plating process. This thesis report includes the study of the effect of current density,
diamond concentration in the plating bath, effect of micron and sub-micron size
diamond particles in the plating bath, effect of Co additives to the Ni-W/diamond
composite coatings, development of multilayer Ni-W/diamond composite coatings and
also the effect of additives in the plating bath on the Ni-W alloys and Ni-W/diamond

composite coatings.

1.2 Research Objectives

The major objectives of this dissertation are as follows:
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(a) Synthesis of Ni-W alloy deposits by electrodeposition method and investigation
of the effect of current density, saccharine sodium on the Ni-W alloy coatings.

(b) To analyze the effect of sodium dodecyl sulphate and sodium bromide
additives/surfactants on the surface of the Ni-W alloy coatings.

(c) Design and fabrication of Ni-W/diamond composite coatings and analysis of the
effect of various operating conditions and diamond particle size on the
morphology and mechanical properties of the coatings.

(d) To investigate the effect of additives on the Ni-W/diamond nanocomposite
coatings.

(e) To analyze the effect of diamond particles on the pulse deposited multilayer
Ni-W/diamond composite coatings.

(f) To fabricate Ni-W/diamond composite coatings with varying amount of Cobalt
sulphate in the plating bath and to study the effect of the variation of Co

content on the Ni-W alloy and composite deposits.

1.3 Scope of Research

The research objectives were accomplished by designing a set-up for the
electrodeposition of Ni-W alloy deposits and also for the fabrication of Ni-W/diamond

composite coatings. In various industrial applications (for example boilers) it has been
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documented that the surface of the equipment and components involved in the
running of the plant are highly prone to mechanical stress, corrosion and damage by
wear. This in turn leads to plant closures and subsequent loss in revenue and
operations in related industries like mining, mineral processing etc. Therefore, the need
arises to develop non-toxic sustainable substitutes of hard chrome coatings that can
offer an effective protection against corrosion, wear along with an enhanced value of
hardness/toughness and an enhanced microstructure leading to certain enhanced
surface properties. Citing the above examples of contemporary and previous
researchers, the present study and subsequent experimentation has dealt with the co-
deposition of diamond particles on a Ni-W alloy base matrix and study its effect on
the hardness and microstructure of the deposits which in turn has tremendous scope
and application in the industries. There are extensive applications of diamond
composites in cutting tools and high precision cutting equipment. The diamond
composite deposits exhibit a higher value of hardness than various composites with
an enhanced wear resistance and a good fracture toughness. Moreover, the means of
fabrication is simple and can be fabricated by low cost, commercially available
equipment and materials as has been documented by various researchers[2, 5-7, 15,
18-24]. The properties exhibited by diamond composite coatings can be tailored to
meet a wide range of performance requirements for example enhancement of the

mechanical properties such as hardness, wear resistance and anti-corrosion
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properties[1, 7, 13, 16, 17, 25, 26]. The diamond composite deposits can also be used

to obtain protective coatings, sliding bearing, wear parts and high strength tools.

The coatings were subjected to various characterization techniques to analyze and
report the variations in morphology and mechanical and surface properties including
analysis using a Horiba scanning electron microscope, hardness measurement using a
Vickers micro-indenter hardness measuring instrument, wear analysis using a ball-on-
disc tribometer, surface analysis using a Taylor hobson surface profilometer, surface
grinding and polishing using Buehler’s automated and manual grinding and polishing
system. The characterization and subsequent results analysis yielded several significant

results which have been reported in the later sections of the dissertation.

The major aspect that has been investigated by means of various characterization
techniques is the content and level of diamond particles incorporation into the
coatings. Diamond being hard; the higher and uniform distribution and incorporation
of diamond particles into the deposits are sure to yield better results in terms of
morphology, crack reduction and hardness. Various operating conditions and other
composite particle attributes are responsible for successful co-deposition of Ni-
W/diamond composite coatings. Taking the aforesaid factors into account the studies

conducted during the course of this research have covered operating parameters (such
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as effects of current density, diamond particle concentration), diamond particle size,
effect of additives into the Ni-W/diamond matrix and variation of molar ratio of Ni-W
in the plating bath. The aforesaid properties and attributes of the diamond composite
deposits acted as a motivation for our research in the field of enhancement of the
mechanical and surface properties of diamond composite deposits by instituting
various modifications in the alloy system, composite material and the operating
conditions of the co-deposition process. The proposal reports the study of the effect
of current density, diamond concentration in the plating bath and the effect of um
and sub um size diamond particle on the Ni-W/diamond composite coatings along
with an analysis of the effect of variation of molar ratio of Ni-W, multilayer diamond

composite coatings and effect of Co additives in the plating bath.
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CHAPTER Il THEORY

Composite electrodeposition is a reliable technique of co-depositing various
particles of pure metals, ceramics and organic materials in a base matrix of
metal/metal alloys to improve the deposits properties such as hardness, wear
resistance, surface roughness and uniformity of distribution of co-deposited particles
[5, 6, 13-18, 27]. Hardness, wear resistance and surface roughness are important surface
properties which relates to the mechanical strength of the material. There are various
advantages of wet process of fabrication of coatings over the dry process which
involves the use of costly equipment, extreme reaction conditions and higher costs.
Electrodeposition is a simple and very commonly used method of wet process
deposition of films. It is extensively used to fabricate hard metal and alloy films on

materials (for example Cr, Ni-W alloy) [9, 12, 23, 28-53] to name a few.

The composite particles co-deposition on the base matrix render mechanical
strength to the base metal or alloy matrix. The enhancement in the properties
contributed by co-deposition of ceramic particles on metal/ metal alloy matrix
depends upon the extent of incorporation and distribution of the particles on the base
matrix [2, 7, 21]. Various contemporary as well as past researchers have been trying to
obtain the high concentration and uniform distribution of ceramic particles such as

diamond, boron co-deposited on a metal/metal alloy matrix. They have in part
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succeeded to a fair extent to obtain a high particle content and distribution of the
aforesaid ceramic particles on the base matrix. However, there lies a vast span of scope
of research and innovation towards obtaining further enhanced surface and
mechanical properties of the composite deposits fabricated with ceramics such as
diamond or boron by means of obtaining an optimal molar mixing ratio of composites.
This could be achieved by instituting various modifications on the system and a
thorough investigation of the effect of each such variation on the overall properties of

the deposits.

Composite and metal alloy coatings are a very effective means to initiate protective
layer for various metals/materials and alloys used in various industries. Moreover,
composite deposits also enhance the mechanical, tribological and surface properties
of various metal and alloy deposits that proves to be intermittently beneficial for
various industries namely cutting tools, automobiles, aerospace and machining
industries. Various ceramics with excellent mechanical properties have been used by
researchers to fabricate composite coatings of a metal or a metal alloy. Diamond,
boron, silicon nitride, tungsten carbide, silicon carbide, zirconia oxide and titanium
nitride are certain examples of such composite materials that have been used of late
by various contemporary researchers to fabricate deposits that exhibit enhanced

properties as compared to the base metal or alloy deposits. However, there lies a
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significant gap in the various surface and mechanical properties exhibited by the
composite deposits and the individual properties of the ceramic particles that is used
for the fabrication of such deposits. The ceramic particles tend to enhance the base
properties of the alloy/metal matrix, but the level of enhancement doesn’t stack up
to the level of the excellent properties that the aforesaid ceramic particles individually
are endowed with. There is a scope of further enhancement of the properties exhibited
by various composites including diamond and boron composite deposits. Various new
ideas and modifications can be instituted on the diamond, boron composite coatings

system towards that end.

Electrodeposited metal alloy and composite coatings are widely used in the
industry as a sustainable alternative to metal coatings. Composite coatings render the
substrate with enhanced mechanical properties and also offer in situ protection to the
base material from damages by various factors such as corrosion or wear. Typically,
composites comprise of a base metal or alloy matrix reinforced by various ceramic
materials which are co-deposited and incorporated into the base matrix. Ni-diamond
composite deposits have been proven to exhibit fairly good surface and mechanical
properties viz. hardness, wear resistance and durability by various contemporary

researchers.
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Electrodeposited Ni-W alloy coatings have been able to serve as a replacement to
the hazardous hexavalent chromium coatings[1, 4, 29]. Various researchers report that
the hardness of the Ni-W alloy is mainly determined by the W content and grain size
of the electrodeposited Ni-W. The hardness of the as-deposited Ni-W alloy has been
reported to vary between 460-670 H,. [32, 36, 54]. However, the hardness of the Ni-W
alloy is significantly lesser than that of chromium coatings which report high hardness
of 1100 H, [32, 55]. Moreover, various literatures have stated that addition of suitable
particles (for example diamond, Al,Os, WC and SiC) to a hard alloy matrix can
significantly enhance mechanical properties such as hardness, wear resistance and
corrosion resistance of the deposits [3, 9, 56-58]. Xu et al. [25] has reported that the
Ni-P/nano diamond composite coating returns a substantially high wear resistance and
low friction coefficient in comparison with the Ni-P alloy coatings. Burkat et al. has
demonstrated that the addition of pure detonation synthesis nano-diamonds in nickel
and iron-based deposits results in a significant increase in micro-hardness and wear
resistance of the coatings. Lee et al. [19] have exhibited the increase in micro-hardness
of co-deposited surface upon increase in the concentration of the diamond powder in
the plating bath. Hou et al. [20] prepared Ni-W/diamond composite coatings and
investigated it’s wear properties. They reported that the highest level of incorporation
of diamond was about 21.1 volume % as per their work. Wang et al. [21] studied the
effect of heat treatment on the microstructure and mechanical properties of Ni-

W/diamond composite monocrystalline coatings developed by means of
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electrodeposition. They reported a maximum hardness of 1205 H, after annealing the
deposits at 600°C (caused due to the precipitation of NizW phase). Zhang et al. [7]
investigated the hardness of Ni-W/diamond composite coatings fabricated by pulse
electrodeposition. They reported that the pulse current can affect the diamond
incorporation and W content in the deposit. They also report that the diamond content
in the deposits is the primary contributor towards improving the hardness of the
deposits. The motivation of this study comes from the excellent surface and
mechanical properties of various composite coatings showcased by contemporary and
former researchers in preparing Ni-W/diamond [7, 20, 21], Ni- diamond [5, 13], Ni-
Co/diamond [6, 14], Ni-P/diamond [15-17], Ni-B/diamond [18] composite coatings. This
research aims to further investicate and examine the effect of electrodeposition
conditions and particle size on microstructure and mechanical properties for the Ni-

W/diamond composite coating.

2.1 Ni-W alloy coatings

Ni-W alloys can be prepared by using electrodeposition technique. There are a wide
variety of applications of Nanocrystalline nickel tungsten (Ni-W) alloys that also tends
to be environmentally safe substitute for hard chromium plating in the aerospace
industry, etc. [59]. Various contemporary researchers have used Hard-chrome plating
as a surface finishing technique and it has in turn been applied in various engineering

industries because it has good advantages such as high hardness, corrosion resistance,
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wear resistance, aesthetic qualities and durability. However, hard-chrome plating
solutions are toxic, carcinogenic and hazardous to human health[60], so the need arises
to develop a coating that can substitute hard-chrome plating and also be non-toxic.
Hence it becomes imperative to work upon strategies to enhance the surface
properties rather than bulk properties [61-63] in a wide scope of engineering materials
and components used in industries. We synthesized Ni-W alloys with SDS and sodium
bromide surfactants for a few perimammary samples and examined its impact on the
hardness and microstructure of the deposits. It is revealed that the addition of SDS
significantly alters the composition of the coatings, surface morphology and crack
density microstructure[64]. However, the hardness value has been found to be
maximum for the Ni-W coating prepared without SDS. The impact of NaBr has also
been studied as a preliminary means to study and enhance the morphology and
mechanical properties of the deposits. Upon increasing the amount of NaBr in the
plating bath from 18 g¢/L to 25 ¢/L, sharp reduction in cracks and improvement in film
quality was observed during the course of our which demonstrates that suitable
amounts of NaBr has strong impact on the morphology of the deposits in terms of
crack reduction and improvement/enhancement in the film quality. The hardness of
the deposits decreases with increasing the concentration of NaBr in the plating bath.
The highest hardness is observed at 0 ¢/L of NaBr. However, the decline in the value

of hardness isn’t as sharp whereas, there is a significant improvement in film quality
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and enhancement of the microstructure in terms of crack reduction with the addition

of NaBr surfactants in the plating bath of Ni-W electrodeposits.

2.2 Ni-W/diamond composite coatings

Composite electrodeposition is a suitable technique of co-depositing various
particles of pure metals, ceramics and organic materials in a base matrix of
metal/metal alloys to improve the deposits properties such as hardness, wear
resistance, surface roughness and uniformity of distribution of co-deposited particles.
Hardness is an important surface property which relates to the mechanical strength of
the material. However, there are various advantages of wet process of fabrication of
coatings over the dry process which involves the use of costly equipment, extreme
reaction conditions and higher costs. Electrodeposition is a simple and very commonly
used method of wet process deposition of films. It is extensively used to fabricate hard

metal and alloy films on materials (for example Cr, Ni-W alloy) to name a few.

Electrodeposited Ni-W /diamond composite coatings have been able to serve as a
replacement to the hazardous hexavalent chromium coatings. Various researchers
report that the hardness of the Ni-W alloy is mainly determined by the W content and
grain size of the electrodeposited Ni-W. The hardness of the as-deposited Ni-W alloy

has been reported to vary between 460-670 H, . However, the hardness of the Ni-W
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alloy is significantly lesser than that of chromium coatings which report high hardness
of 1100 H,. Moreover, various literatures have stated that addition of suitable particles
(for example diamond, Al,0s, WC and SiC) to a hard alloy matrix can significantly
enhance mechanical properties such as hardness, wear resistance and corrosion
resistance of the deposits. Xu et al. [25] has reported that the Ni-P/nano diamond
composite coating returns a substantially high wear resistance and low friction
coefficient in comparison with the Ni-P alloy coatings. Burkat et al. has demonstrated
that the addition of pure detonation synthesis nano-diamonds in nickel and iron-based
deposits results in a significant increase in micro-hardness and wear resistance of the
coatings. Lee et al. [19] have exhibited the increase in micro-hardness of co-deposited
surface upon increase in the concentration of the diamond powder in the plating bath.
Hou et al. [20] prepared Ni-W/diamond composite coatings and investigated it’s wear
properties. They reported that the highest level of incorporation of diamond was about
21.1 volume % as per their work. Wang et al.[21] studied the effect of heat treatment
on the microstructure and mechanical properties of Ni-W/diamond composite
monocrystalline coatings developed by means of electrodeposition. They reported a
maximum hardness of 1205 H, after annealing the deposits at 600°C (caused due to
the precipitation of NiW phase). Zhang et al. [7] investigated the hardness of Ni-
W/diamond composite coatings fabricated by pulse electrodeposition. They reported
that the pulse current can affect the diamond incorporation and W content in the

deposit. They also report that the diamond content in the deposits is the primary
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contributor towards improving the hardness of the deposits. The motivation of this
study comes from the excellent surface and mechanical properties of various
composite coatings showcased by contemporary and former researchers in preparing
Ni-W/diamond [2, 20, 27], Ni/diamond [8, 13], Ni-Co/diamond [6, 14], Ni-P/diamond[15],
Ni-B/diamond [18]. This dissertation aims to further investigate and examine the effect
of electrodeposition conditions and particle size, additives, and the effect of pulse
plated deposits on the microstructure and mechanical properties of the Ni-W/diamond

composite coating.

Composite diamond coatings have been known to exhibit excellent mechanical,
tribological and corrosion resistance properties|1, 2, 7, 8, 10, 20, 21, 23, 65]. Haung et
al. prepared Ni-diamond composite deposits with a high particle content of diamond.
The samples reported an increase in the value of hardness with an increase in the
diamond content of the deposits. The wear resistance of the Ni-diamond composite
deposits was significantly improved for the Ni-diamond composite samples fabricated
with electrodeposition and electrophoretic co-deposition of diamond particles. Qin et.
al also fabricated Ni-diamond composite deposits and reported an increase in diamond
content in the deposits as the diamond concentration in the plating bath was increased
at various current densities [8]. They further reported an enhanced anti-wear
performance for the Ni-diamond samples fabricated with a high diamond content.
Ogihara et al. fabricated Ni-B/diamond composite deposits and investigated the effect

of the deposition conditions on the deposits[1]. They reported high diamond content
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and hardness values in the deposits as the diamond concentration in the plating bath
was increased to ~20 ¢/L. The hardness also increased significantly by about 1000 units
on the vicker’s scale upon heat treatment at 573 K. Zhang et al. fabricated Ni-
W/diamond composite deposits and reported an increase in the micro hardness and
the tribological properties of the deposits upon an increase in the diamond content of
the deposits. The hardness was reported to be ~2250 H, for the samples with 64%
at% diamond content. The hardness of the deposits also increased significantly upon
heat treatment at 873 K for 60 minutes to ~2650 H,. In addition to the industrious work
of the aforesaid researchers’ various contemporary researchers working on the
diamond composite system have exhibited a direct dependence of the surface,
mechanical, tribological and corrosion resistant properties of the deposits on the
diamond content of the deposits. They have employed various modifications and
innovation onto the diamond composite plating techniques and conditions to obtain
the desired high diamond content in the diamond composite deposits. Therefore, it
appears evident the increase in diamond content of diamond composite deposits

tends to enhance the surface, mechanical and tribological properties of the deposits.

The present study and subsequent experimentation have dealt with the co-
deposition of diamond particles on a Ni-W alloy base matrix and study its effect on

the hardness, wear resistance and microstructure of the deposits which in turn has
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tremendous scope and application in the industries. The other aspect that has been
investigated by means of various characterization techniques is the content and level
of diamond particles incorporation into the coatings. Diamond being hard; the higher
and uniform distribution and incorporation of diamond particles into the deposits are
sure to yield better results in terms of morphology, crack reduction and hardness.
Various operating conditions and other composite particle attributes are responsible
for successful co-deposition of Ni-W/diamond composite coatings. Taking the aforesaid
factors into account the studies conducted during the course of this research have
covered operating parameters (such as effects of current density, diamond particle
concentration) diamond particle size, multilayer Ni-W/diamond coatings and effect of

additives on the Ni-W alloy and composite deposits.
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CHAPTER III

ELECTRODEPOSITION OF NI-W ALLOYS AND THE COMPARISION
OF THE EFFECT OF OPERATING CONDITIONS AND SURFACTANTS
ON THE NI-W ALLOYS

3.1 Effect of operating conditions and saccharin sodium on electrodeposited Ni-W alloy
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Abstract

Nickel-tungsten alloy deposits were fabricated by means of electrodeposition on
carbon steel substrate. The effect of current density on the coatings were analyzed,
which quite evidently suggested a constant increase in faradic efficiency along with
increasing current density whereas the tungsten content and hardness tend to attain
a maximum critical value beyond which they progressively tend to attain lower values.
The Addition of saccharine as an organic additive also has a profound impact on the
morphology of the coatings as suggested by the Scanning Electron Microscope (SEM).
Moreover, the addition of Saccharin also tends to enhance the tungsten content in

the coatings along with hardness and the grain size of the deposits.

3.1.1 Introduction

Nowadays, with the progress of the world in general and mankind in particular the
subsequent consumption of metal and related alloys has also increased manifold.
Metals and alloys are perhaps the greatest and the most significant discoveries by
mankind. Electrodeposition as a means of alloy fabrication has by far has been
reported to be a substantial tool for preparing novel nanocrystalline alloys[66] which
could in turn lead us to various important and useful applications rendering such
fabrication of nanocrystal alloys profitable and sustainable in practice. Metal and its
various alloys have many advantages such as good strength, enhanced hardness and

resistivity to heat, fairly economical and the inherent ability to form into various alloys
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and combination coatings which further enhance their properties. On the other hand,
metals have certain disadvantages also. Metals are typically easy to corrode[67] and
exhibit low wear resistance. There are many methods to improve the properties of
metals such as hardening, tempering and coating. From many researches, fabrication
of metal alloys by means of adding suitable constituents under appropriate
experimental conditions significantly results in high enhanced hardness and
mechanical properties[62, 68-73]. It would be an interesting prospect to obtain a
strengthened and enhanced Nickel-Tungsten electrodeposited coating matrix
compared to the coatings as fabricated by previous researchers. Citing the aforesaid
excellent physical and mechanical properties of such coatings it would be an
interesting prospect if we could delve deeper into the realm of Ni-W alloy coatings
and the effect of organic additives like saccharin sodium on the aforesaid mechanical
properties namely hardness, tungsten content, grain size and effect on the SEM

morphology in our case as well as the effect of certain operating conditions.

3.1.2 Experimental Details

Ni-W alloy was electrodeposited from an ammonia-citrate bath. The bath
composition was Nickel Sulphate 18¢/L, Sodium tungstate 53¢/L, Tri Sodium Citrate
168 ¢/L, Ammonium Chloride 31¢/L, Sodium Bromide 18¢/L, Saccharine Sodium 0.5,1
and 2¢/L respectively. The operating temperature was 75 °C The pH, RPM and the

Deposition time was kept constant at 8.9, 200 and 2 hours respectively. The current
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density was varied between 0.05A/cm?-0.2A/cm?. The substrate was subjected to pre-
treatment before deposition by means of washing it with soap solution, keeping it
immersed in 10% NaOH solution for 20 minutes and 14% HCL for 10 minutes.
Subsequently the substrate was washed with Distilled water and subjected to
sonication while being immersed in ethanol for 5 minutes before being dried and
weighed. Prior to insertion of the electrodes in the plating bath containing the
electrolytic solution the deposition area of the substrate was again activated by
pouring few drops of 14% HCL over it and later it was again washed with distilled water
to remove any traces of acid on the surface so as to maintain a uniform pH throughout
the experiment. The electrodeposition was carried out by a Direct current power
source. Structural analysis and grain size of the alloys were obtained by X-ray
diffraction (XRD) technique and using Scherrer’s equation for calculation of the grain
size. The surface morphologies and the compositions were investigated by scanning
electron microscopy (SEM) and energy —dispersive X-ray spectroscopy (EDS). Vickers

hardness was measured by Mitutoyo Hardness Tester.

3.1.3 Results and Discussions
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3.1.3.1 Effect of current density

During the course of the experiment the applied current density was varied from
0.05A/cm? to 0.2A/cm? The samples were further characterized by means of SEM, X-
ray diffraction spectra patterns, hardness Testing by Mitutoyo Hardness tester and

Elemental constituents by EDS.
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Figure 1 SEM Image for current density (a) 0.05A/cm? (b) 0.1A/cm? (c) 0.15 A/cm? (d)
0.2 A/cm?
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The coatings exhibited maximum hardness at 0.15A/cm? with slightly lower value of

hardness at 0.1A/cm? current density. The tungsten content was also found to be

maximum at 0.1A/cm?. The grain size attains a critical minimum at 0.1A/cm? beyond

which successive enhancement is observed in the grain size. However, at high current

densities the Faradic Efficiency tends to exhibit an increasing trend which in turn causes

the hydrogen evolution become more prominent[59] leading to additional agitation in

the solution.
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Figure 4 SEM images of the coatings with various quantities of Saccharin Sodium (a)

0g/L (b) 0.5¢/L (c) 1g/L (d) 2g/L.
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Contemporary researchers have also suggested that with the gradual increase in
current density there is a relative decrease in Ni ion concentration in the deposits[74].
Since Nickel is deposited easily as compared to tungsten[59]owing to the fact that it’s
a lighter than tungsten and comparatively easier to undergo electrodeposition directly,
a higher value of Faradic efficiency results in higher concentration and distribution of
Nickel on the coatings which is undesirable as per our research goals. Therefore, we
need an optimum pair of current density and suitable faradic efficiency which would
lead to optimized and relatively higher tungsten content in our deposits. Various
contemporary researchers in the metal alloys electrodeposition field have reported an
increase in residual stress with an increase in current density[23]. While analyzing the
SEM images the deposits were found to be amorphous for lower current densities.
However, at 0.1A/cm? current density a remarkable refinement of the surface quality
with reduced cracks and in turn possibly reduced internal stress as compared to various
other current densities is observed. Also, at the aforesaid current density the grain
boundaries are finer and continuous and relatively less conspicuous and pronounced
in appearance. Owing to an optimized tungsten content, a suitable grain size as per
XRD results and a fairly better SEM morphology of the image 0.1A/cm? was fixed as
the optimal operating current for the subsequent studies on the effects of various

additives on our coatings as already mentioned.



3.1.3.2 Effects of Saccharin Sodium on the coatings

The amounts of Saccharin sodium added were 0.5, 1 and 2 ¢/L respectively.
Saccharin sodium acts as a grain refiner with further offers enhanced film quality and
reduction in the diffusion of contaminates in the coatings[75]. According to Figure 5
and Figure 6 the tungsten content of the coating shoots up to a maximum value at
2¢/L of saccharin sodium concentration. Moreover, there is successive and continuous
increase in the tungsten content of the deposits as the concentration of saccharin
sodium is increased in our coatings. The faradic efficiency on the other hand shows a
similar downward trend which could perhaps be due to the fact that Saccharin sodium
atoms tends to block the active sites in the deposits by means of a reversible process
of diffusion on the coated surface thereby reducing further crystal growth[75] and
subsequently lowering the efficiency of the current to cause further deposition and
dissociation of ions including deposition of contaminates and also evolution of
hydrogen as contaminate. The addition of saccharine also tends to have an effect in
terms of reduction of the internal stress of the coatings[75, 76] and also the quality of
deposits[75] in terms of reduction of irregularities in the morphologies which
occasionally manifest themselves in the forms of cracks or irregular distribution or
thickness of the alloy deposits. Moreover, along with the addition of saccharin we see

a progressive increase in grain size as shown in Figure 6. This above mentioned



phenomena could most possibly be attributed to the reduction in the concentration

of Ni ions at the boundary separating the coating with the electrolyte[77].

There is possibly also an obvious modification of the boundary/interface of crystal
growth by hydrogen evolved during the course of reaction. Hydrogen is known to
decrease the surface energy of vertical planes (100) which in turn leads to crystal
growth thereby facilitating the presence of larger grains as is evident from Figure 6. We
can also see that addition of saccharin sodium progressively doesn’t seem to alter the
mechanical properties of hardness to great extent. The hardness and ductility typically
has been reported to be grossly unaffected by the addition of organic additives/size
refiners like saccharine[78]. The phenomena of grain refining in terms of transition to
Nano crystalline coatings could also possibly enhance the corrosion resistance of the
deposits by means of a formation of a highly increased passive resistance[79] of the
film . Now as the purview is shifted towards analyzing the various SEM images for the
deposits it is evident that there is a marked difference in the morphologies on
increasing the amount of saccharin sodium in the constituents on the reaction. The
coating exhibits an almost amorphous structure in the absence of saccharin whereas
at the least level of saccharin as in Figure 4 (a) well defined boundaries and somewhat
crystalline structures are observed. The globular formations with circular or almost

quasi circular formations in Figure 4 (b, ¢, d) also suggests that real grain boundaries



probably exist between the individual grains pointing towards the prevalence of
somewhat crystalline structure. Also, there is a marked increase in grain size along with
subsequent refinement of the grain boundaries and morphology/film quality with the

addition of SS.
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Figure 5 Composite graphs for the effect of Saccharin Sodium on tungsten content

and Faradic efficiency of the coatings
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3.1.4 Conclusions

During the course of our research it is observed that there is a profound and marked
difference in the effect of saccharin sodium on the coatings as compared to coatings
without saccharin sodium additives. The pivotal role of the applied current density in
the nature and attributes of the deposits has also been established by means of the
significant changes in properties upon successive variations of the current density. The
above mentioned results have established that almost all of the parameters under

investigation for the coatings tend to attain an optimal/critical value of current density



at 0.1A/cm?beyond which they exhibit sharp variations. The effect of saccharine
sodium tends to be the quite beneficial towards obtaining enhanced tungsten content
in the deposits along with enhancement of the morphology of the coatings in terms
of crack reduction and reduction of amorphous or coarse nature of the deposits. In
context of the above mentioned observation and experimental results it can be
inferred that addition of saccharine sodium tends to optimize the various desirable

components of the coatings to a comparatively greater extent.
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Abstract

Nickel-tungsten (Ni-W) coatings were fabricated by electrodeposition method with
varying quantities of sodium dodecyl sulphate and sodium bromide to examine the
effects of the aforesaid additives on the coatings. The obtained nanocoatings were
studied by X-ray diffraction, scanning electron microscopy, energy dispersive x-ray
spectroscopy, and hardness tester. The hardness, tungsten content and grain size

attained a maximum value at current density of 0.15 A/cm?, 0.1 A/cm? and 0.1 A/cm?,



respectively. There was a pronounced impact of both the additives on the
microstructure and morphology of the coatings. According to results, there are
considerable difference in terms of the impact caused by the additives to the tungsten
content, hardness and grain size of the coatings. The obtained results suggest that

hardness of coatings is mainly contributed by W content in the deposits.
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3.2.1 Introduction

Nanocrystalline nickel tungsten (Ni-W) alloys have a wide array of applications
such as fabricating the alloys in some sort of barrier/capping layers for ultra large scale
integration applications in copper metallization, potential applications in
microelectromechanical systems, various allied applications in mold inserts, magnetic
heads and relays, bearings, resistors, electrodes accelerating hydrogen evolution from
alkaline solutions, environmentally safe substitute for hard chromium plating in the
aerospace industry, etc.[59]. Hard-chrome plating has been used as a surface finishing
technique in various engineering industries because it has good advantages such as
high hardness, corrosion resistance, wear resistance, aesthetic qualities and durability.

However, hard-chrome plating solutions are toxic, carcinogenic and hazardous to


mailto:jiaqianqin@gmail.com

human health[60], so to substitute chromium; the new alternate surface finishing
method must maintain hard-chrome’s advantages. One very important and sustainable
prospect is to substitute hard-chrome plating with metal alloy plating. In various
industrial applications (for example boilers) it has been documented that the surface
of the equipment and components involved in the running of the plant are highly
prone to mechanical stress, corrosion and damage by wear. This in turn leads to plant
closures and subsequent loss in revenue and operations in related industries like
mining, mineral processing etc. Hence it becomes imperative to work upon strategies
to enhance the surface properties rather than bulk properties [62, 63, 80] in a wide

scope of engineering materials and components used in industries.

There has been fairly substantial amount of study on the effect of surfactants on
various metal alloys and composites. Wu et al.[81] investigated the effect of boric acid
on electrodepositing processes and structure of Ni-W alloy coatings and reported that
the boric acid acts as a surfactant in the solution causing an increase in both the current
efficiency and W content. The boric acid impeded the proton reduction, resulting in
the formation of a certain complex with tungstate which in turn aided the co-
deposition of tungsten leading to an increase in the tungsten content in the deposits.
Hamid et al.[82] investigated the effect of various surfactants on the electroless
deposition of Ni-W-P alloys. The surfactants influenced the tungsten content of the
deposits along with enhancing hardness, corrosion resistance and crystalline

refinement[82]. Le et al.[83] synthesized Ni-W sulfide hydro-treating catalysts under



various methodologies of preparation with the influence of organic surfactants as one
of the preparation methods. They subsequently studied the effects of the variations
in the fabrication methods on the Ni-W hydro-treating catalysts[83]. It is evident by the
study of past as well as contemporary researchers that incorporation of suitable
surfactants (cationic or anionic) into a metal alloy or alloy composites coatings tends
to have an impact on the surface properties of the deposits. The study of the effect
of surfactants on various other metal alloys has also been a field of significant interest
for various researchers [64, 81-91]. However, there have been almost negligible studies
on the effects of sodium dodecyl sulplahte (SDS) and sodium bromide (NaBr) on Ni-W
alloy in terms of microstructure, hardness, crystalline size, tungsten content and
faradaic efficiency. The aforesaid fact along with the quest for further investigation and
enhancement of the surface properties of electrodeposited Ni-W alloy was the prime
motivation behind this work. In this paper the effect of additives and current density
of Ni-W alloys has been discussed. The results that were reported threw up certain
useful facts which could be used to develop optimal use of additional additives on

the Ni-W alloy.

3.2.2 Experimental Details

Ni-W coating was fabricated on a stainless-steel substrate by means of
electrodeposition from an ammonia-citrate bath. The bath composition was nickel

sulphate 18 ¢/L, sodium tungstate 53 g¢/L, tri-sodium citrate 168 g¢/L, ammonium
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chloride 31 ¢/L, sodium bromide 18 ¢/L and 25 ¢/L, SDS 0.1 ¢/L, 0.5 ¢/L and 0.8¢/L
respectively. The operating temperature was 75 °C, the pH value, stirring speed and
the deposition time was kept constant at 8.9, 200 RPM and 2 hours, respectively. The

current density was varied between 0.05-0.2 A/cm?.

The substrate was subjected to pre-treatment before deposition by means of
washing it with soap solution, keeping it immersed in 10% NaOH solution and 14% HCL.
Prior to insertion of the electrodes in the plating bath, the substrate was activated by
149% HCL. Except the deposition area the other undesirable parts of the substrate were

covered with polymer tape.

X-Ray diffraction (XRD) technique was employed to analyze the phases of the
deposits along identification and analysis of the grain size of the coatings. Brooker D8
advance X-ray diffractometer operated at Cu K& radiation at a rating of 40 kV, 20 mA
was used. The scan rate was 0.02" per step and the measuring time 0.5 second/step.

Scherer’s equation was employed for the calculation of the grain size of the coatings:

0 094
" BcosO

(1)

where, D is the grain size, A is the incident radiation (1.5418 A), ,B is the corrected peak

width at half maximum intensity and 0 is the angular position.

The samples were characterized in terms of morphology and microstructure by

JEOL JSM-6400 scanning electron microscope (SEM) with energy dispersive X-ray
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spectroscopy (EDS) capability embedded into it. The coating hardness was measured
on the surface using Mitutoyo hardness tester with a Vickers’s diamond indenter under
a load of 100 ¢ (0.98 N). The dwell time for each indentation was 15 seconds and the
values reported represent the average and standard deviation of a minimum of seven
measurements. The Vickers hardness can be calculated in accordance with the

formula:
_ L
H,= 1854 @

where, H, is the hardness in Vickers’s and L is the applied load and d is the diagonal

of the indentation.

The Faradaic efficiency (FE) was calculated from the charge passed, the weight
gained, and the chemical composition of the deposit as determined by EDS, using the
following equation mentioned below. Each sample was weighed before and after
deposition and the coating weight was found by calculating the difference in weight.
The faradaic efficiency was determined for each specimen using the difference in
weights before and after plating. The faradaic efficiency of the alloy is calculated as

equation below:

W« CiniF
FE_EZB—MLX1OO (3)

where, FE is the faradaic efficiency, w is the measured weight of the deposit (g), / is the

current passed (A), t is the deposition time (h), ¢; is the weight fraction of the element
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(either nickel or tungsten) in the binary alloy deposit, n;is the number of electrons
transferred in the reduction of 1 mol atoms of that element (n=2 for nickel and 6 for
tungsten), M; is the atomic weight of that element (g mol), Fis the Faraday constant
(96,485.3 C mol™!) and B is a unit conversion factor (3600 C Ath™1)[92].

3.2.3 Results and Discussions

3.2.3.1 Effect of current density

The samples were fabricated at temperature of 75 °C, pH value of 8.9, and current
densities ranging from 0.05 A/cm? to 0.2 A/cm?. X-ray diffraction patterns for the Ni-W
alloy deposits for different current densities are shown in Figure 7. The analysis of the
peaks revealed a face centered cubic (FCC) structure of deposits. No W peaks were
found. The grain size of the deposits as obtained from the Scherer’s equation is 1.9
nm, 1.8 nm, 2.6 nm and 2.7 nm for current density of 0.05 A/cm? 0.1 A/cm?, 0.15
A/cm? and 0.2 A/cm?, respectively (Figure 8). The XRD results are consistent with the
findings of Yamasaki et al.[93] for Ni-W alloys fabricated by electrodeposition. For all
the samples, the appearance of Ni peak was related to (111) plane as the major and
significant peak in the deposits. The development of this texture was associated with
the preferred growth along (111) orientation because of the lower strain associated[94].
The grain size of the deposits prepared at current density of 0.1 A/cm? is smaller than

those of Ni-W coatings fabricated at other current densities.
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Figure 7 XRD pattern with peak value for different current densities in Ni-W alloy

coatings fabricated at temperature of 75 °C, and pH value of 8.9.

The hardness as reported on the Vickers’s scale by the Mitutoyo hardness tester
is 607, 751, 755 and 722 for the coatings prepared at current density of 0.05 A/cm?, 0.1

A/cm?, 0.15 A/cm? and 0.2 A/cm?, respectively (Figure 8).
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Figure 8 Effect of current densities on the hardness, W content and crystalline size of

the Ni-W alloy deposits fabricated at temperature of 75 °C, and pH value of 8.9.

Upon analysis of the SEM images in Figure 9, the deposits are inconsistent for lower
current densities. The W content of Ni-W coatings prepared at current density of 0.05
Acm?, 0.1 A/em?, 0.15 A/cm?, 0.2 A/ cm? is reported to be 20.07 at. %, 21.96 at. %,
20.37 at. %, and 18.86 at. %, respectively (Table 1). At current density of 0.1 A/cm?, a
remarkable refinement of the surface quality with reduced cracks is observed. It might
be due to reduced internal stress (in the deposits) as compared to higher current
densities[23]. Also, at current density of 0.1 A/cm?, the grain boundaries appear finer
and relatively less conspicuous or pronounced in appearance. The tungsten content
is found to be maximum at current density of 0.1 A/cm?. Owing to optimized tungsten
content, high hardness, a relatively smaller grain size and a fairly better morphology
as per SEM results; current density of 0.1 A/cm? has been chosen as the operating
current density for the subsequent studies on the effects of various additives on our

coatings.
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Figure 9 SEM images for the Ni-W coatings prepared at temperature of 75 °C, and pH
value of 8.9 for various current densities (a) 0.05 A/cm? (b) 0.1 A/cm? (c) 0.15 A/cm?
(d) 0.2 A/cm?,

Table 1 Elemental composition of the Ni-W coating prepared at temperature of 75

OC, pH value of 8.9, and different current density.

Current density (A/cm?) Nickel (at. %) Tungsten (at. %)

0.05 79.93 20.07

0.1 78.04 21.96
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0.15 79.63 20.37

0.2 81.14 18.86

The faradaic efficiency is 12.32%, 29.31%, 40.12% and 51.48% for current density
of 0.05 A/cm?, 0.1 A/cm?, 0.15 A/cm?, 0.2 A/ cm?, respectively. The faradaic efficiency
is continuously increasing with increasing in current density as reported in Figure 10.
At lower current densities, the faradaic efficiency tends to exhibit an decreasing trend
which in turn causes the hydrogen evolution become more prominent[59]. The
increased hydrogen evolution leads to additional agitation in the solution. It is
imperative to maintain an optimal current density during electrodeposition process to
minimize hydrogen evolution and agitation in the plating bath. Contemporary
researchers have also suggested that with the gradual increase in current density there
is a relative increase in Ni ion concentration in the deposits[74]. Since, Ni is deposited
easily as compared to tungsten[59], a higher value of faradaic efficiency results in higher
concentration and distribution of Ni on the coatings which is undesirable as per the
research goals. Various contemporary researchers in the metal alloys electrodeposition
field have also reported an increase in residual stress with an increase in current density
and faradaic efficiency [23]. Therefore, an optimum pair of current density and faradaic
efficiency would lead to reduced residual stress and relatively higher tungsten content

in the deposits.
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The effect of current density on the grain size, tungsten content, and hardness is
plotted in Figure 8. Considerably high value of the hardness coincides with high
tungsten content and a reduced grain size. This suggests that the increase in tungsten
content and the successive reduction in grain size tend to affect the hardness of the
samples in a positive manner[44]. Therefore, a strong dependency of hardness values
on both the grain size and W content of the coatings for variations in current density

is established.
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Figure 10 Effect of current density on the faradaic efficiency of the coatings fabricated

at temperature of 75 °C, and pH value of 8.9.
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Figure 11 XRD pattern for different quantities of SDS in the plating bath for Ni-W alloy

coatings fabricated at current density of 0.1 A/cm?, temperature of 75 °C, and pH

value of 8.9.

3.2.3.2 Effects of SDS on the coatings

Various quantities of SDS were added to the plating bath during the course of
fabrication of the coatings to study its effects on the Ni-W coatings. The amounts of
SDS added were 0.1, 0.5 and 0.8 ¢/L, respectively. XRD patterns of Ni-W coatings for
different quantities of SDS are shown in Figure 11. The diffraction pattern revealed an
FCC structure of Ni deposits. Similar to the case of XRD peaks for different current
densities no W peaks were found. The grain size is 1.8, 1.8, 2 and 2.1 nm for 0, 0.1, 0.5

and 0.8 g¢/L of SDS, respectively (Figure 12). For all the samples a single high intensity
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Ni peak was reported at (111) plane. The development of the texture was associated
with the preferred growth along (111) orientation because of the lower strain
associated. The grain size increases with increasing in the amount of SDS in the plating

bath beyond 0.1 ¢/L.

The calculated hardness for various quantity of SDS is 751, 655, 667, and 716 for
0, 0.1, 0.5 and 0.8 g/L of SDS, respectively (Figure 12). The hardness value has been
found to be maximum for the Ni-W coating prepared without SDS. However, the effect
of SDS has been further studied in terms of SEM and EDS analysis to compare the
microstructure and elemental composition in the coatings respectively. The
microhardness of the coatings increases upon successive increase in the content of
SDS up to a typical value of micelle concentration[64] beyond which it would be rather

stabilized or not shows any such profound effects.
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Figure 12 Effect of SDS on the hardness, W content and crystalline size of the Ni-W

alloy deposits fabricated at current density of 0.1 A/cm?, temperature of 75 °C, and

pH value of 8.9.

The samples were also analyzed by SEM (Figure 13); it is revealed that the
addition of SDS significantly alters the composition of the coatings, surface morphology
and crack density of the microstructure [64]. The EDS results for the variation in the
quantity of SDS in the plating bath are shown in Table 2. There seems to be an impact
of SDS additions on the tungsten content, marginal impact on hardness, grain size and
also the faradaic efficiency of the coatings. Moreover, the SEM images (Figure 13)
suggest wide variations in the surface morphology, crack density and film quality and

structure on the coatings with SDS as compared to samples without SDS.
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Figure 13 SEM images for the coatings deposited at current density of 0.1 A/cm?,

temperature of 75 °C, and pH value of 8.9 for various quantities of SDS in the plating
bath (a) 0 ¢/L (b) 0.1 ¢/L (c) 0.5 ¢/L (d) 0.8 ¢/L.

The SEM image of Ni-W coatings prepared without SDS clearly shows numerous
cracks on the surface in Figure 13 (a), whereas smoother boundaries and reduction of
cracks is observed as SDS is added in small quantity in Figure 13 (b). This is because of
reduction of internal strain and increase in ultimate tensile strength upon addition of
SDS which acts as a surfactant [64, 84-90]. The increase in the ultimate tensile strength

due to the addition of SDS surfactant is primarily responsible for the reduced crack
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density and smoother boundaries in the deposits. The tungsten content of Ni-W
coatings prepared at different SDS concentration keeps almost constant, and the
hardness of the obtained coatings decreases quickly from 751 Hv to 655 Hv with
addition of 0.1 ¢/L of SDS. From 0.1 ¢/L to 0.8 ¢/L SDS, the hardness slightly increases
from 655 Hv to 716 Hv. The grain size as reported is increased with increasing in SDS
concentration. The above results especially in respect of the change in morphology as
per SEM data and EDS results for tungsten content establishes that the effects of the
surfactant tends to attain a maximum critical point of influence which is due to
attaining a critical micelle concentration[64] beyond which it tends not to have a
considerable effect on the aforesaid parameters. The tungsten content and a suitable
microstructure are quite important in order to attain good hardness and film quality.
Surfactants are important contributors towards reducing the surface tension forces in
the coatings which subsequently results in a better and uniform surface with
considerably reduced cracks and as in an almost pit free microstructure as observed
in Figure 13 (b and c) [64]. However, the Figure 13 (c) depicts sharper boundaries as

compared to Figure 13 (b).
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Figure 14 Effect of SDS on the faradaic efficiency of the coatings fabricated at current

density of 0.1 A/cm?, temperature of 75 °C, and pH value of 8.9.

Table 2 Elemental composition of the Ni-W coatings deposited at temperature of 75

oC, pH value of 8.9, and current density 0.1 A/cm?, with different SDS concentration.

Amount of SDS (g¢/L)

Nickel (at. %)

Tungsten (at. %)

0.1

0.5

0.8

78.04

79.07

78.40

78.75

21.96

20.93

21.60

21.25
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The variation of the faradaic efficiency with varying amounts of SDS is shown in
Figure 14. There is a marked decrease in the values of faradaic efficiency up to a critical
minimum value. Beyond 0.5 ¢/L of SDS the faradaic efficiency shows an increasing
trend at 0.8 ¢/L. This is due to the fact that beyond a critical micelle concentration[64]
the effect of SDS ceases to be more conspicuous in terms of decreasing the efficiency

of the current to cause electrodeposition.

The effect of the grain size and tungsten content on the micro hardness has been
shown in Figure 12. For different amounts of SDS the hardness is maximum at a point
where both the crystalline size and tungsten content are relatively higher. As the grain
size and tungsten content drop relatively, their effect on hardness is observed in terms
of decreasing hardness. For the Ni-W coating prepared without SDS, the hardness is
comparatively higher despite a lower value crystalline size suggesting a more
pronounced impact of the tungsten content on the hardness than that of the grain

size when the amount of SDS is varied in the plating bath.

3.2.3.3 Effect of sodium bromide

XRD patterns of Ni-W alloy deposits with different amounts of sodium bromide in

the plating bath are shown in Figure 15. The XRD patterns show only nickel in the
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coatings. No W peaks are found. For all the samples the appearance of Ni-peak as
suggested by the various values in the diffractograms was related to (111) plane as the
only major and significant peak. The development of this texture was associated with
the preferred growth along the (111) orientation because of the lower strain associated
with that plane [94]. The grain size is 1.6, 1.8 and 2.9 nm for obtained coatings prepared
at sodium bromide concentration of 0, 18 and 25 ¢/L, respectively (Figure 16). The
analysis of the grain size reveals continuous increase upon increasing the quantity of

the sodium bromide in the bath.
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Figure 15 XRD pattern for different quantities of NaBr in the plating bath for Ni-W

alloy coatings fabricated at current density of 0.1 A/cm?, temperature of 75 °C, and

pH value of 8.9
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The hardness is 784, 751 and 718 for 0, 18 and 25¢/L of sodium bromide,
respectively (Figure 16). Moreover, with the decrease in the grain size a corresponding
increase in the hardness of the alloy deposits is observed. The hardness data as
reported corroborates with the Hall-petch analogy [44, 95-98] suggesting increase in
surface toughness/hardness upon decrease in the grain size. The reduced hardness for

25 ¢/L of NaBr is due to substantially reduced internal stress and crack density in the

deposits.
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Figure 16 Effect of NaBr on the hardness, W content and crystalline size of the Ni-W

alloy deposits fabricated at current density of 0.1 A/cm?, temperature of 75 °C, and
pH value of 8.9.
SEM analysis was carried out for deposits with NaBr concentration of 0 ¢/L, 18 ¢/L

and 25 ¢/L, respectively (Figure 17). The sharp difference in cracks and film quality
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could be seen in Figure 17 (b and ¢), which demonstrates that suitable amounts of
NaBr has strong impact on the morphology of the deposits in terms of crack reduction
and improvement/refinement of the film quality. Figure 17 (c) as compared with the
Figure 17 (a and b) in terms of cracks and film quality exhibits a profound effect of
NaBr on the coatings. The effect of NaBr has thus been proven to be detrimental
towards enhancing the film quality. There seems to exist almost no cracks in Figure 17
(c) corresponding to 25 ¢/L of NaBr as compared to Figure 17 (b) (18g/L NaBr) and even
Figure 17 (a) (no NaBr). There is neither deep crack existent nor any fissures or pits
formation in the surface of the deposits in Figure 17 (c). This suggests a positive impact
of NaBr on the coatings. There is a sharp drop in the tungsten content in the deposits
(Table 3) upon increasing the quantity of NaBr. The faradaic efficiency of the deposition

decreases with increasing in the concentration of NaBr in the plating bath. (Figure 18).
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Figure 17 SEM images for the coatings prepared at current density of 0.1 A/cm?,

temperature of 75 °C, and pH value of 8.9 for various quantities of NaBr in the bath

(@) 0 ¢/L (b) 18 ¢/L (c) 25 ¢/L.

The hardness as presented in Figure 16 shows that the hardness of the deposits
decreases with increasing in the concentration of NaBr. The highest hardness is
observed at 0 ¢/L of NaBr concentration when the grain size is the minimum and the
tungsten content maximum. The lower grain size returns a high hardness in the

deposits whereas, upon successive increase in the grain size, the hardness tends to
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decrease as per the hall-petch analogy[44]. The hardness also decreases with the
relative decrease in the tungsten content which suggests that the tungsten content in
the deposits is also a major factor contributing to the hardness of the deposits. Hence,
for the NaBr additive the hardness depends both on the tungsten content and the

crystalline size of the deposits.

304 W - M - Faradic Efficiency |
é 28 +
>
o
c
QL 26+
L2
=
w
o 24 4
°
©
L
u“f 22
\.
20 T T T T T v T 2 T 2 L
0 5 10 15 20 25
Quantity of NaBr(g/l)

Figure 18 Effect of NaBr on the faradiac efficiency of the coatings fabricated at current

density of 0.1 A/cm?, temperature of 75 °C, and pH value of 8.9.

Table 3 Elemental composition of the Ni-W coatings fabricated at temperature of 75

OC, pH value of 8.9, and current density 0.1 A/cm?, with different NaBr concentration.

Sodium Bromide (g/L) Nickel (at. %) Tungsten (at. %)

0 70.00 30.00
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18 78.69 21.31

25 78.04 21.96

The effect of W content and the grain size on the hardness of the Ni-W coatings
is analyzed for various quantities of SDS and NaBr in the plating bath as shown in Figure
19. It is observed that the hardness is maximum for the highest value of tungsten
content in the deposits whereas, the corresponding value for the grain size was
reported to be minimum. The increase in hardness and a corresponding increase in W
content therefore, establish the enhanced effect of the W content on the hardness as
compared to the grain size of the deposits. Most of the values of grain size follow
inverse hall-petch relationship [44, 95-98] by means of an increasing value of hardness
upon the successive increase in grain size except for the lower values of grain size
enclosed in the rectangular box in the graph which report a corresponding high value
of W content and hardness. The obtained results further suggest that hardness of

coatings is mainly contributed by W content in the deposits.
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Figure 19 Effect of the W content and crystalline size on the hardness of the Ni-W

coatings.

3.2.4 Conclusions

The investigations for the Ni-W alloy revealed profound and marked differences
in the effect of various additives on the coatings as well as established the pivotal role
of the applied current density in the nature and attributes of the deposits. SDS and
NaBr both have a significant impact on the coatings in terms of the hardness, tungsten
content, faradaic efficiency and grain size of the coatings. However, proper NaBr
concentration (25¢/L) in the plating bath offers better film quality enhancement and
reduction of internal cracks with higher hardness(718 H,), high tungsten content(21.31
at.%), moderate grain size (2.9 nm) and optimal value of faradaic efficiency (29.31%)

as compared to SDS where for 0.1 ¢/L of SDS though the SEM results is quite better as
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compared to other samples with different quantities of SDS but the other vital
parameters namely hardness (655 H,), tungsten content (20.93 at.%), grain size (1.8 nm)
and faradaic efficiency (28.13%) are not as desirable as per the research objectives of
obtaining a high hardness, high tungsten content deposits with relatively refined
microstructure, enhanced film quality and lower crack density. The effect of NaBr tends
to be the more pronounced towards obtaining an enhanced microhardness and

suitable SEM results with low crack density and a refined film structure.
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CHAPTER IV

FABRICATION OF NI-W/DIAMOND NANOCOMPOITE COATINGS
WITH ENHANCED STRUCTURE AND MECHANICAL PROPERTIES
AND ANALYSIS OF THE EFFECT OF CO2 + ADDITIVES ON THE
STRUCTURE AND MECHANICAL PROPERTIES OF THE NI-
W/DIAMOND COMPOSITE COATINGS

4.1 Effect of electrodeposition conditions on structure and mechanical properties of Ni-

W/diamond composite coatings
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Abstract

Ni-W/diamond composite coatings were prepared by electrodeposition from a Ni-W
plating bath with diamond particles suspended into the bath. The effect of the plating
parameters on microstructure and mechanical properties was investigated. The
deposits reported a maximum hardness of 1207 + 32 H,,. The film hardness is depended
on the concentration of diamond particles in the plating bath and also on the size of
the co-deposited diamond particles. The sample with diamond concentration of 10
g¢/L in the bath and co-deposited at current density of 0.15 A/cm? reported the
optimized wear resistance and diamond content in the deposit. In this paper the effect
of the incorporation of diamond particles into the Ni-W matrix has been discussed in

terms of the aforesaid operating conditions and particle size.

Keywords: Composite coatings; Electrodeposition; Diamond; Hardness; Wear resistance

*Corresponding author: e-mail address: jiagian.g@chula.ac.th (J.Q), xyzhang@ysu.edu.cn

(X.2)

4.1.1 Introduction

Composite electrodeposition is a suitable technique of co-depositing various
particles of pure metals, ceramics and organic materials in a base matrix of

metal/metal alloys to improve the deposits properties such as hardness, wear
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resistance, surface roughness and uniformity of distribution of co-deposited particles
[5-7, 13-16, 99, 100]. Hardness is an important surface property which relates to the
wear resistance and mechanical strength of the material. Hard coatings are used to
improve the longevity of products, facilitate the enhancement of performance for
cutting tools and other materials which are coated with hard materials such as
diamond by various wet and dry processes. However, there are various advantages of
wet process of fabrication of coatings over the dry process which involves the use of
costly equipment, extreme reaction conditions and higher costs. Electrodeposition is
a simple and very commonly used method of wet process deposition of films. It is
extensively used to fabricate hard metal and alloy films on materials (for example Cr,

Ni-W alloy) [29, 101-103] to name a few.

Electrodeposited Ni-W alloy coatings have been able to serve as a replacement
to the hazardous hexavalent chromium coatings [3, 4, 104]. Various researchers report
that the hardness of the Ni-W alloy is mainly determined by the W content and grain
size of the electrodeposited Ni-W [54, 105-107]. The hardness of the as-deposited Ni-
W alloy has been reported to vary between 460-670 H, [54, 105-107]. However, the
hardness of the Ni-W alloy is significantly lesser than that of chromium coatings which
report high hardness of 1100 H, [55, 106]. Moreover, various literatures have stated
that addition of suitable particles (for example diamond, Al,0; WC and SiC) to a hard
alloy matrix can significantly enhance mechanical properties such as hardness, wear

resistance and corrosion resistance of the deposits [1, 3, 57, 108, 109]. However, for
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composite coatings of nanostructured Ni-W matrix reinforced by diamond particles
there are only a few publications. Hou et al. [110] prepared Ni-W/diamond composite
coatings and investigated it’s mechanical properties. They reported that the highest
level of incorporation of diamond was about 21.1 vol. % at diamond concertation in
bath of 1 ¢/L. In our previous study, Ni-W/diamond composite coatings were also
deposited by pulse electrodeposition[7] and sediment co-electrodeposition
method[2]. The results demonstrated that the pulse current can affect the diamond
incorporation and W content in the deposit. Further, the sediment co-
electrodeposition method could significantly improve the diamond content in
deposits, resulting high hardness of Ni-W/diamond composite coating. Combined with
previous research on Ni-W/diamond[2, 7, 21, 110], Ni/diamond [5, 13], Ni-
Co/diamond[6, 14], Ni-P/diamond[15-17], Ni-B/diamond[99] composite coatings, the
electrodeposition parameters and size of diamond particles can strongly affect the
properties of composite coating. Therefore, this paper aims to further investigate and
examine the effect of electrodeposition conditions on microstructure and mechanical

properties for the Ni-W/diamond composite coating.

In the present study, co-deposition of Ni-W/diamond composite coating was
prepared from Ni-W plating bath containing diamond particles in suspension. The effect
of electrodeposition parameters on the hardness, wear resistance and microstructure

of the deposits were investigated. Microstructural and mechanical properties of the
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obtained Ni-W/diamond composite coatings that were directly related to the

electrodeposition conditions were also determined.

4.1.2 Experimental details

Ni-W/diamond composites were fabricated by means of electrodeposition from
an ammonia-citrate bath. The bath composition was nickel sulphate 18 g/L, sodium
tungstate 53 g¢/L, tri-sodium citrate 168 g/L, ammonium chloride 31 g¢/L, sodium
bromide 18 ¢/L. The diamond concentration was varied in the bath (1 ¢/L, 2¢/L, 3 ¢/L,
5 ¢/L, 10 ¢/L and 20 g/L) and the particle size of diamond used were 0.2, 0.3, 0.9, 3
and 6pm, respectively. The operating temperature was 75 °C. The pH, stirring speed
and the deposition time was kept constant at 8.9, 200 RPM and 2 hours, respectively.

The current density was varied between 0.05-0.2 A/cm?.

The substrate was pre-treated before deposition by soap, 10% NaOH and 149%
HCL solution. Prior to insertion of the electrodes in the plating bath, the substrate was
activated by 149% HCLl. Except the deposition area the other undesirable parts of the

substrate was covered with polymer tape.

X-Ray diffraction (XRD) technique was employed to analyze the phases of the
deposits along identification and analysis of the crystalline structure of the coatings.

Brooker D8 advance X-ray diffractometer operated at Cu K? ? radiation at a rating of 40
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kV, 20 mA. The scan rate was 0.02" per step and the measuring time 0.5 second/step.
Scherer’s equation[110] was employed for the calculation of the grain size of the

electrodeposited coatings.

0.9A
D=8 cos 0

(1)

Where, D is the grain size, A is the X-ray wavelength (1.5418 A), B is the corrected peak

width at half maximum intensity (FWHM) and © is Bragg angle.

The samples were characterized in terms of morphology and microstructure by
JEOL JSM-6400 scanning electron microscope (SEM) with energy dispersive X-ray
spectroscopy (EDS) capability embedded into it. The volume percentages of the
incorporated diamond particles in the obtained Ni-W/diamond composite coatings
were determined from the cross-sectional SEM images by the image analysis software

(Imagel) to estimate the portion of diamond content in the coatings.

The coating hardness was measured on the surface using Mitutoyo hardness
tester with a Vickers’s diamond indenter under a load of 100 ¢ (0.98N) at seven
different locations of the coating. The dwell time for each indentation was 15 seconds.

The Vickers hardness can be calculated in accordance with the formula:
L
H,= 185401_2 (2)

Here, H, is the hardness in Vickers’s and L is the applied load and d is the diagonal of

the indentation. The average value of the five measurements (except the maximum
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and minimum values) is quoted here as the hardness of the obtained composite

coating.

The tribological property of the deposits was analyzed by wear test. The wear
test was carried out at an air humidity of 45 + 10 RH% and a temperature of 24 +1 °C
using a ball-on-disc tribometer with the sample placed horizontally on a turntable.
The tests were performed by applying a load of 20 N to a zirconium dioxide ball of
diameter 6 mm, a linear speed of 9.42 cm/s for a total sliding distance of 500m and
for the total wear duration of 53 minutes. Before each test, both the sample and the
ball counter face were ultrasonically cleaned in acetone for 10 min and dried by hot
air. The anti-wear performance of the films was estimated from the weight loss of the

specimens.

4.1.3 Results and discussion

Figure 20 (a-d) shows the SEM image of Ni-W/diamond (NWD) composite deposits
fabricated at 1 ¢/L, 3 ¢/L, 5 ¢/L and 10 ¢/L diamond concentration in plating bath at
current density of 0.15 A/cm?, respectively. Fewer diamond particles appear to be co-
deposited on the surface for samples fabricated at 1 ¢/L (Figure 20 (a)) and 3 ¢/L (Figure
20 (b)) diamond concentration in the plating bath. Upon increasing the plating bath

diamond concentration to 5 ¢/L (Figure 20 (c)) and 10 ¢/L (Figure 20 (d)) the number
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of diamond particles co-deposited along with the uniformity of distribution of diamond

particles appears drastically enhanced.

The increase in the diamond concentration of the deposits also enhances the
morphology of the Ni-W matrix in terms of crack reduction and uniform incorporation
of diamond particles. The sample fabricated with 10 ¢/L diamond concentration in the
plating bath (Figure 20 (d)) exhibits the highest level of incorporation and uniformity in
distribution of diamond particles throughout the matrix as compared to the samples

fabricated with lower values of diamond concentration in the plating bath.

Figure 20 (e-h) shows the cross-sectional SEM images for the samples with variation
in the diamond concentration in the plating bath. The cross-sectional SEM images also
suggest an increase in the diamond incorporation and relatively more uniform
distribution into the deposits upon increasing the diamond concentration in the plating
bath from 1 ¢/L to 10 ¢/L (Figure 20 (e-h)). The cross-sectional SEM images also
demonstrate clear enhancement in the number of diamond particles co-deposited
into the surface of the deposits as the concentration of diamond particles in the bath
is increased. The increase in the diamond concentration of the bath therefore

enhances the co-deposition of the diamond particles in the deposits significantly.
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Figure 20 Effect of diamond concentration in plating solution on morphology of Ni-
W/diamond composite coatings prepared at temperature of 75°C, pH 8.9, and
current density of 0.15 A/cm?, SEM images, (a) 1 ¢/L, (b) 3 ¢/L, (c) 5 ¢/L, (d) 10 ¢/,
and cross section SEM images, (e) 1 ¢/L, (f) 3 ¢/L, (¢) 5 ¢/L, (h) 10 ¢/L.

Figure 21 indicates the element map distribution of diamond particles co-deposited
into the Ni-W matrix. The diamond incorporation and carbon content in the deposits
increases significantly upon increasing the diamond concentration in bath from 5 ¢/L

to 10 ¢/L. The diamond distribution also seems more uniform for the sample containing

10 g/L diamond concentration in bath as compared to other concentrations.

The diamond content in the deposits increases upon increasing the diamond
concentration in bath from 1 ¢/L to 10 g¢/L (Figure 22). The samples with 10 g¢/L
diamond concentration in the plating bath and fabricated at current density 0.15 A/cm?
reports the highest value of diamond content in the deposits at 32 vol. %. Similar
results for increase in composite particle concentration in the deposits upon increasing
the particles concentration in bath have been reported by Ogihara et al.[1] for Ni-

B/diamond composite films and Guglielmi et al. [111] for Ni/Silicon carbide composite
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films. The composite co-deposition process has been explained by Guglielmi et al.
[111] wherein the composite particles are adsorbed onto the alloy surface and then
incorporated into the electrodeposited alloy matrix[111]. Upon an increase in the
diamond concentration in bath there is a corresponding increase in the number of
diamond particles that collide onto the surface of the electrode which in turn results

in the increase in the diamond content of the electrodeposited coatings[99, 111].

Figure 21 EDS element mapping images of Ni-W/diamond composite films fabricated
at current density of 0.15 A/cm?, temperature of 75°C, pH 8.9, and different
diamond concentrations in the plating bath, (a) 1 ¢/L, (b) 3 ¢/L, (c) 5 ¢/L, (d) 10 ¢/L.

The NWD samples exhibit slight increase in the deposition rate upon increasing the
diamond concentration in the plating bath (Figure 33 (a)). The thickness of the deposits

varied in the range of ~56-66 um. The thickness of the deposits increases slightly upon

an increase in the diamond concentration in the plating bath. The deposition rate was
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reported to be 28 uym, 30 um, 30 um and 33 pm for the samples fabricated with 1 ¢/L,
3 ¢/L, 5 ¢/L and 10 ¢/L diamond concentration in the plating bath, respectively. It
reveals that diamond incorporation doesn’t strongly affect the deposition rate. The
surface roughness of the NWD samples fabricated with different diamond
concentration in the plating bath exhibits minor variation in the values upon increasing
the diamond concentration in the plating bath (Figure 33 (b)). The roughness varies
between 0.8 to 2.1 microns for all the samples fabricated with different diamond
concentration. The sample fabricated with 1 ¢/L diamond concentration at current
density 0.05 A/cm? reports the lowest value of surface roughness at 0.8 um, whereas
the sample fabricated with the same diamond concentration at current density 0.2
A/cm? reports the highest value of surface roughness at 2.1 um. However, the samples
with 10 ¢/L diamond concentration in bath have relatively lower values of surface
roughness. This suggests that an increase in the diamond concentration in bath and

incorporation in the deposits tends to reduce the roughness of the deposits[112].
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Figure 22 Effect of diamond concentrations and current density on diamond content
of Ni-W/diamond composite deposits fabricated at temperature of 75°C and pH 8.9.

Figure 23 compares the effect of diamond concentration in bath on W content,
grain size, and hardness of the deposits at 0.15 A/cm? current density. The samples
report hardness values of 734 + 15, 810 + 36, 756 + 27, 757 + 31, 933 + 53 and 1207
+ 32 for the samples fabricated at current density 0.15 A/cm? with 0 ¢/L, 1 ¢/L, 2 /L,
3 ¢/L, 5 ¢/L and 10 ¢/L diamond concentration in the plating bath, respectively. As
per Figure 23 it is quite evident that the hardness increases sharply upon an increase
in the diamond concentration in the plating bath from 3 ¢/L to 5 ¢/L and 10 ¢/L,
respectively. The W content of the NWD deposits varies between ~17.7 -19 at. % for

the samples fabricated with different diamond concentration in the plating bath. The
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grain size of the deposits varies between 2-2.5 nm. The samples exhibit high hardness
even for the lower values of the W content in the deposits. However, an increase in
the diamond concentration in the plating bath amounts to an increase in the diamond
content of the deposits (Fig 3). The relatively uniform co-deposition of diamond
particles at 10 ¢/L diamond concentration (as shown in Figure 20 (d)) also has a role in
increasing the overall strength of the Ni-W alloy matrix as the hardness increases upon
an increase in the diamond content of the deposits. This suggests to the enhanced
role of the reinforced and co-deposited composite diamond particles towards
enhancing the hardness of the deposits. The maximum hardness reported was 1207 +
32 H, for the sample fabricated at 0.15 A/cm? current density and 10 ¢/L diamond

concentration (Figure 23)).
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Figure 23 Effect of diamond concentration in the plating bath on the hardness, W
content and grain size of the Ni-W/diamond composite deposits prepared at
temperature of 75°C, pH 8.9 and current density of 0.15 A/cm?.

The SEM images of the NWD coatings with 10 ¢/L diamond concentration in the
plating bath and fabricated at various current densities (0.05 A/cm?, 0.1 A/cm?, 0.15
A/cm? and 0.2 A/cm?) reveals a relatively high incorporation of diamond particles and
the co-deposited diamond particles also appear to be uniformly distributed
throughout the base Ni-W matrix (Figure 31 (a, b)), Figure 20 (d) and Figure 31 (c)).
Furthermore, the sample with current density of 0.15 A/cm? (Figure 20 (d)) exhibits a
higher degree of co-deposition of diamond particles as compared to the samples
fabricated at current densities 0.05 A/cm?, 0.1 A/cm? and 0.2 A/cm? (Figure 31 (a-c)) for

10 ¢/L diamond concentration in the plating bath.

The cross-sectional SEM images for the NWD samples fabricated with 5 g¢/L
diamond concentration and with different current densities (0.05 A/cm?, 0.1 A/cm?,
0.15 A/cm? and 0.2 A/cm?) exhibit noticeable diamond incorporation in the Ni-W matrix
for all current densities (Figure 32 (e-h). The cross-sectional images for various current
densities also reveal an increase in uniformity of distribution and incorporation of
diamond particles in the Ni-W matrix upon an increase in current density from 0.05
A/cm? to 0.2 A/cm?. The cross-sectional SEM results indicate that the thickness of
coating is strongly affected by the applied current density. Consequently, the

deposition rate increases with increase in current density (Figure 34 (a) and Figure 32
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(e-h)). The thickness of the deposits varied from ~32 to 93 um. The deposition rate for
the NWD samples was 16 uym, 24 um, 29 um and 46 um for the samples fabricated
with 5 ¢/L plating bath diamond concentration at current density 0.05 A/cm?, 0.1

A/cm?, 0.15 A/cm? and 0.2 A/cm?, respectively.

The comparison of element mapping images (Figure 35) along with the surface
SEM images for samples fabricated at various current densities (Figure 31 (a-c) and
Figure 20 (d)) confirms the uniform distribution of diamond particles into the base Ni-
W matrix at 0.15 A/cm? current density and 10 g/L diamond concentration. Figure 22
shows the comparison of diamond content (vol. %) in the deposits for various current
densities at 10 g/L diamond concentration. The samples fabricated at various current
densities with 10 g¢/L diamond concentration invariably reports a higher diamond
content at almost all current densities. The diamond content is reported to be quiet
high at 29 vol. % and 32 vol. % for the sample fabricated at current density of 0.05
A/cm? and 0.15 A/cm?, respectively (Figure 22). The EDS element mapping results
further confirm the SEM observation in respect of uniform distribution and

incorporation of diamond particles at the aforesaid current densities.
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Figure 24 Effect of the current density on the hardness, W content and ¢rain size of
the Ni-W/diamond composite coatings prepared at temperature of 75°C, pH 8.9, and
10 ¢/L of diamond concentration in the plating bath.

Figure 24 shows the effect of current density on the hardness, grain size and W
content of coatings prepared at 10 g¢/L diamond concentration in bath. The hardness
tends to increase upon increase in the current density from 0.05 to 0.15 A/cm?, and at
current density >0.15 A/cm?, the hardness decreases with current density. The values
of hardness are 744 + 49, 1127 + 29, 1207 + 32 and 973 + 28 for the samples fabricated
at 0.05 A/cm?, 0.1 A/cm?, 0.15 A/cm? and 0.2 A/cm?, respectively. The grain size of all
deposits was reported to be in the range of ~2-2.5 nm, which doesn’t have very big
difference (Figure 24). The W content varies between ~18 at. % - 21 at. %. There is a
marked decrease in the W content of the deposits at current density > 0.1 A/cm?

(Figure 24). The adsorption of diamond particles into the matrix tends to inhibit the
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deposition of Ni** and W¢*ions [110, 113]. Various researchers report that absorption of
hydrogen ions by the diamond particles near the cathode prevents the hydrogen ions
from being reduced to nascent hydrogen. The hydrogen ions that are, thus absorbed
by the diamond particles results in a decrease of the W content in the composite
deposits [114, 115]. This is in agreement with the low W content values for samples

having high diamond incorporation (Figure 35 (a, c)).

The surface roughness of the NWD composite coatings as a function of the applied
current density was found to vary within a range of 0.8-2.1 um (Figure 34 (b)). The
sample fabricated with 10 ¢/L diamond concentration reports the least variation in the
values of the surface roughness (1.2-1.4 um) as the current density is increased from
0.05 A/cm? to 0.2 A/cm?. Thousgh, the deposits are relatively smooth, the sample with
10 ¢/L plating bath diamond concentration exhibits lower values of surface roughness
for various current densities than most other samples. The current density has little
impact on the surface roughness of the deposits as compared to the diamond
concentration in the plating bath and the diamond content of the deposits[112]. It is
also observed that the value of surface roughness is lower (Figure 34 (b)) for samples
which have a high diamond content (Figure 35 (c) and Figure 22). The high level of
incorporation of diamond particles therefore, makes the co-deposited surface
smoother as compared to samples having lower diamond content and incorporation
in the deposits. This behavior has been confirmed by various previous researchers for

other composite particles co-deposition [112, 116].
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Figure 25 SEM images of Ni-W/diamond composite coatings fabricated at current

density of 0.15 A/cm?, diamond concentration of 10 g¢/L, temperature of 75°C and pH
8.9, for different size of diamond particles, (a) 0.2 um, (b) 0.3 um, (c) 0.9 um, (d) 3
um, (e) 6 um. The inserted images are the SEM image at higher magnification for (a),
(b), and (), respectively.
Figure 25 (a-e) shows the SEM images of the NWD composite coatings fabricated

with diamond particles of various sizes. The inserted images depict the higher
magnification SEM observation of the corresponded sample. The diamond
incorporation and distribution appear to increase with the increasing particle size of
diamond up to 3 um at which the diamond particles are uniformly distributed and co-
deposited into the alloy matrix. However, upon further increasing the diamond size to

6 um the distribution ceases to be as uniform as in case of 3 um.

The element mapping results for the samples fabricated with diamond particles
of different size (fabricated at 10 ¢/L diamond concentration and current density 0.15
A/cm?) exhibits an increase in the carbon content of the deposits as the size of the

diamond particles is increased from 0.2 um to 3 pum (Figure 37). However, as the
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diamond particle size is increased from 3 uym to 6 pym the carbon content and in turn

the incorporation of diamond particles appears to be diminished to a large extent.
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Figure 26 Diamond content of Ni-W/diamond composite deposits for various size of

diamond particles fabricated at diamond concentration of 10 ¢/L, temperature of

75°C and pH 8.9.

The diamond content (vol. %) for the NWD samples fabricated with diamond

particles of different size (fabricated at 10 g¢/L diamond concentration and current

density 0.15 A/cm?) is reported in Figure 26. The diamond content of the deposits

increases from 2 vol. % to 32 vol. % as the diamond particle size is increased from 0.2

um to 3 um, respectively. Upon further increasing the size of diamond particles from

3 um to 6 pym the diamond particles content in the deposits exhibits a sharp decline.
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The sample fabricated with 3 um size diamond particles (Figure 26) reports a maximum
diamond content of 32 vol. %. Ogihara et al. [1] reported that the diamond content in
the deposits increases upon increasing the particle size of diamond because the weight
change caused by the diamond co-deposition increases and is proportional to the
mean particle radius( r’) of the diamond particles. Therefore, the diamond content
decreases as the size of diamond particles increases beyond 3 pm in this study because
of the sedimentation of larger diamond particles before being properly incorporated

into the matrix.

The surface roughness of the NWD samples fabricated (at 10 ¢/L diamond
concentration and current density 0.15 A/cm?) with different size diamond particles
was reported to be 0.3 + 0.02 pm, 0.4 + 0.04 um, 1.5 £ 0.27 pm, 1.1 £ 0.11 pm, 1.2 +
0.12 pym for the samples fabricated with 0.2 pm, 0.3 pm, 0.9 pm, 3 um and 6 pm
diamond particle size, respectively (Figure 36 (a)). It can be seen that the NWD surface
gets rougher upon increasing the diamond particle size from 0.2 pm to 0.9 um. Beyond
0.9 um as the diamond particle size is increased to 3 um and 6 pm there is a slight
reduction in the value of surface roughness. The SEM image for different size of
diamond particles (Figure 25) also indicate the larger size diamond particles protruding
out of the Ni-W matrix as compared to the sub-micron size diamond particles which
are barely noticeable on the base Ni-W matrix. Therefore, it is natural to infer that the
deposits fabricated with sub-microns size diamond particles would result in smoother

surfaces as compared to samples with larger size diamond particles. Similar
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dependence of the surface roughness on the composite particle size has also been

reported by Ogihara et al. [1].
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Figure 27 Effect of the diamond particle size on the hardness, W content and grain
size of the Ni-W/diamond composite deposits fabricated at current density of 0.15
A/cm?, 10 ¢/L of diamond concentration, temperature of 75°C and pH 8.9.

The hardness was reported to be 638 + 31, 701+£20, 739 + 14, 1207 + 32, 879 +
68 for the samples fabricated 0.2 um, 0.3 pm, 0.9 um, 3 um and 6 pm size of diamond
particles, respectively. The hardness of the deposits increased as the size of the
diamond particles was increased from 0.2 ym to 3 um. However, for samples fabricated
with 6 um size diamond particles the hardness of the deposits reported a sharp decline
of more than 300 points on the Vicker’s scale. The maximum hardness (1207 + 32 H,)
was reported for the sample fabricated with 3 um diamond particles. The W content

of the deposits varied between ~11-16 at. %. The W content of the deposits was also
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reported to be high for the sample fabricated with 3 pm size diamond particles,
whereas the grain size was in the range of 2-3 nm for different sizes of diamond
particles. The high diamond content of the deposits for the samples fabricated with 3
pm size diamond particles (Figure 26) coincides with the high value of hardness for the
same sample (Figure 27). This suggests that the diamond content in the coating is a
major contributor towards enhancing the hardness of the deposits for the samples
fabricated with different size of diamond particles. The high value of hardness also
coincides with a higher value of W content in Figure 27. This indicates that the W
content is also a factor in determining the hardness of the deposits for variation in the
size of diamond particles. The hardness value is relatively low for samples fabricated
with sub microns size diamond particles as compared to the samples fabricated with
3 um diamond particles. Moreover, the hardness decreases even as the diamond

particle size is increased beyond 3 pm to 6 pm.
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Figure 28 The hardness of the Ni-W/diamond composite deposits presented as a

function of diamond content in the coatings.

The electrodeposition parameters and the diamond particle size could affect the
composition of the base alloys and the incorporated diamond content in the deposits
from this study, and this can influence the hardness of the obtained composite
coatings. To further understand the mechanism of hardness enhancement, the
hardness of the obtained deposits as a function of the diamond contents in the
composite coatings is shown in Figure 28. The hardness increases with the increase in
the diamond content of the deposits. The W content of the NWD deposits does not
tend to enhance the hardness of the deposits (Figure 36 (a)) as compared to the

diamond content in the deposits which tends to have a direct impact on the hardness
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of the deposits (Figure 22 and Figure 23). The samples with high values of W content
report a lower value of hardness (Figure 36 (a)), whereas the hardness of the deposits
increases significantly as the plating bath diamond concentration and in turn the
diamond content in the deposits increases (Figure 23 and Figure 22). The maximum
value of hardness (1207 + 32 H,) corresponds with the highest value of diamond
content in the deposits (32 vol. %), whereas the corresponding W content (18.25 at. %)
reported for the same isn’t the highest value among all samples. Moreover, the
hardness is quite high even for samples reporting a lower value of W content (Figure
36 (b)). The hardness reported for samples having lower diamond content is lower and
there is a near linear relationship between the diamond content of the deposits and
the film hardness (Figure 28). This indicates that the hardness depends more on the
diamond content in the deposits as compared to the W content for the Ni-W/diamond

composite coatings.
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Figure 29 Effect of diamond concentration in the plating bath on the wear rate of

Ni-W/diamond composite coatings fabricated at temperature of 75°C and pH 8.9.
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Figure 30 The friction coefficient of the Ni-W alloy and Ni-W/diamond (10 ¢/1)
composite coatings fabricated at temperature of 75°C and pH 8.9.

The wear performance of Ni-W/diamond composite coatings was also performed
by using a ball-on-disc tribometer. Figure 29 shows the wear rate for various diamond
concentrations in the plating bath. The wear rate was reported to be 0.15 mg/mm?,
0.098 mg/mm?, 0.071 mg/mm?, 0.067 mg/mm?, 0.044 mg/mm?, 0.014 mg/mm? and
0.24 mg/mm? for the NWD samples fabricated at current density 0.15 A/cm? and plating
bath diamond concentration of 0 ¢/L, 1 ¢/L, 2 ¢/L, 3 ¢/L, 5 ¢/L, 10 ¢/L and 20 ¢/L,
respectively. Moreover, additional comparisons for the friction co-efficient data of the
samples with 10 ¢/L and 2 g/L diamond concentration and the samples with 10 ¢/L
and 20 g¢/L diamond concentration has been shown in Figure 38 (a) and (b),
respectively. The samples with the high plating bath concentration and content of
diamond particles exhibit lower wear rate as compared to samples fabricated from
plating baths having lower diamond concentrations and content (Figure 29). It is
evident in Figure 29 that the wear rate decreases continuously upon increasing the
plating bath diamond concentration and reaches a minimum value at 10 g¢/L beyond
which it rises sharply at 20 g/L. This is because at higher plating bath concentration of
diamond particles the co-deposition rate is considerably reduced due to aggregation
of diamond particles at the electrode[1]. The diamond content values for the different
diamond concentration in the element mapping images also co-relates to the wear

rate data. The samples with the high diamond content (Figure 21, Figure 22) also report
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a low wear rate (Figure 29) compared to samples having lower diamond content. The
effect of diamond particles towards enhancing the wear resistance of the NWD deposits
is clear by the wear rate results in Figure 29. The samples having a low wear rate (Figure
29) also report a lower value of surface roughness (Figure 33 (b)) and lower values of
friction co-efficient (Figure 30) [117]. The variation in the friction co-efficient also is
relatively lower for the samples having low wear rate as in case of sample having 10
¢/L diamond concentration in the plating bath compared to pure Ni-W alloy (0 ¢/L
diamond concentration in the bath) (Figure 30). The friction co-efficient of the Ni-W
alloy varied from 0.37 to almost 0.75, whereas the variation was within the range of
0.5 to 0.65 for the NWD sample fabricated with 10 g¢/L diamond concentration in the
plating bath. The variation in friction co-efficient was also higher for the 2 ¢/L (Figure

38 (a)) and 20 g/L (Figure 38 (b)) NWD samples as compared to the 10 g/L samples.

4.1.4 Supplementary Information

This supplementary information consists of the SEM images of Ni-W/diamond
composite coatings prepared at temperature of 75°C and pH 8.9 at various current
densities and diamond concentration as an additional illustruation to the SEM images
reported in the manuscript for 10 ¢/L diamond concentration and 0.15 A/cm? current
density. The surface roughness, wear test friction co-efficient for various

concentrations, effect of the W content on the deposits and deposition rates of the
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Ni-W/diamond composite deposits have also been reported as additional information
to further explain the effect of the operating conditions on the mechanical properties
and deposition parameters of the deposits. Various surface and mechanical properties
and results have been reported in the paper whereas, this additional file serves as an
extension to further demonstrate the effect of the variation of the operating

parameters on the Ni-W/diamond composite deposits.

Figure 31 (a-c) SEM images of Ni-W/diamond composite coatings prepared at

temperature of 75°C, pH 8.9, and diamond concentration in plating bath of 10 ¢/L,
for various current densities, (a) 0.05 A/cm? (b) 0.1 A/cm? (c) 0.2 A/cm?.

Figure 31 (a-c) show the effect of variation of the current density for the NWD
samples fabricated with 10 g/L diamond concentration in the plating bath. The
diamond is distributed throughout the base Ni-W matrix. The sample fabricated at
current density of 0.05 A/cm? (Figure 31 (a)) appears to have a higher level of diamond

incorporation into the base matrix.
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Figure 32 EDS elemental mapping images of Ni-W/diamond composite coatings

fabricated at diamond concentration of 10 g/L, temperature of 75°C, pH 8.9, and
different current densities, (a) 0.05 A/cm? (b) 0.1 A/cm? (c) 0.15 A/cm? (d) 0.2 A/cm?.

The sample fabricated at current density of 0.15 A/cm? exhibits the highest value of
diamond content at 32 vol. % and relatively higher level of incorporation of co-

deposited diamond particles into the base Ni-W matrix.
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Figure 33 (a) Effect of diamond concentration in the plating bath on the deposition
rate of the Ni-W/diamond composite deposits fabricated at current density of 0.15
A/cm?, temperature of 75°C and pH 8.9 (b) Surface roughness for different diamond
concentration in the plating bath at various current densities for Ni-W/diamond
composite deposits fabricated at temperature of 75°C and pH 8.9.

The deposition rate slightly increases with an increase in the diamond concentration
except for 5 ¢/L where it reduces slightly as shown in Figure 33 (a). There is a very
small variation in surface roughness (Figure 33 (b)) of the samples for different values

of current density at any diammond concentration in the bath.
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Figure 34 SEM images for the surface and cross section of Ni-W/diamond composite
coatings prepared at temperature of 75°C and pH 8.9, for various current densities at
5 ¢/L diamond concentration in the plating bath (a) surface SEM image for 0.05
A.cm?, (b) surface SEM image for 0.1 A/cm? and 5 ¢/L, (c) surface SEM image for 0.15
A/cm?, (d) surface SEM image for 0.2 A/cm?, (e) cross-section SEM image for 0.05
A.cm?, (f) cross-section SEM image for 0.1 A/cm?, (g) cross-section SEM image for 0.15

A/cm? and (h) cross-section SEM image for 0.2 A/cm?.

In Figure 34 the diamond particles appear to be uniformly distributed and embedded
in to the Ni-W base alloy matrix. The cross-sectional SEM images (Figure 32 (e-h)) exhibit
enhancement in the uniformity of the deposits upon increasing the current density from

0.05 A/cm?to 0.2 A/cm?.
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Figure 35 (a) Effect of the current density on the deposition rate of the Ni-
W/diamond composite deposits fabricated at diamond concentration of 10 ¢/L,
temperature of 75°C and pH 8.9 (b) surface roughness of Ni-W/diamond composite
deposits fabricated at temperature of 75°C and pH 8.9, for different diamond

concentration in the plating bath and current density.

The deposition rate as shown in Figure 35 (a) increases upon an increase in the current

density. The surface roughness of the deposits shows a slight variation in the range of 1
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micron for most values of current densities. However, the samples fabricated with 10
¢/L diamond concentration exhibit the least variation in values of surface roughness with

an increase in the applied current density.

Figure 36 EDS elemental mapping images of Ni-W/diamond composite films
fabricated at current density of 0.15 A/cm?, diamond concentration of 10 g/L,
temperature of 75°C, pH 8.9, and different size of diamond particles, (a) 0.2 um, (b)
0.3 um, () 0.9 pm, (d) 3 um, (e) 6 um.

The diamond content and incorporation are reported to be at the maximum value
for samples fabricated with 3 um sized diamond particles. The apparent difference in
size of the co-deposited diamond particles can also be seen in the Element mapping

images for the NWD samples fabricated with various sizes of diamond particles.
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Figure 37 (a) Surface roughness values for Ni-W/diamond composite deposits at

different size of diamond particles fabricated at 10g/L of diamond concentration,

current density of 0.15 A/cm?, temperature of 75°C and pH 8.9 (b) The effect of the

tungsten content on the hardness of the Ni-W/diamond composite deposits

fabricated at current densities ranging from 0.05-0.2 A/cm?, diamond concentration
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Figure 38 The wear properties of Ni-W/diamond composite coatings fabricated at

temperature of 75°C and pH 8.9 (a) The friction co-efficient of the Ni-W/diamond (10

¢/L and 2 ¢/L) composite coatings (b) The friction co-efficient of the Ni-W/diamond

(10 ¢/L and 20 ¢/L) composite coatings.

The surface roughness of the deposits varies within the range of 1 micron for most

of the samples (Figure 37 (a)). The value of surface roughness remains fairly constant

for samples with diamond particles of size 0.9-6 microns. The effect of the W content

in the deposits has been shown in Figure 37 (b). The samples exhibit high hardness
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even with considerably lower values of W content in the deposits. This suggests the
lesser influence of the W particles towards enhancing the hardness of the deposits as
compared to the diamond particles. The friction co-efficient range and variation during
the wear test of the 2 g/L samples (Figure 38 (a)) and of 20 ¢/L sample (Figure 38 (b))

was reported to be higher than the sample with 10 g¢/L diamond concentration.

4.1.5 Conclusion

(1) The diamond content in the deposits increases upon increasing the diamond
concentration in the plating bath upto 10 g¢/L and current density upto 0.15
A/cm?. The maximum diamond content in the deposits was reported at 32
vol. %.

(2) The W content of the deposits reports a relative decline as the diamond
content increases.

(3) The hardness of the deposits is found to depend more on the diamond
content of the deposits as compared to the W content. The deposits with
high diamond content report a high value of hardness despite having lower
values of W content in them. The maximum value of hardness reported was
1207 Hv.

(4) The samples with high diamond content are relatively smoother and report

a lower value of surface roughness. Moreover, the surface roughness varies
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the least for the sample fabricated at 10 ¢/L diamond concentration in the
plating bath.

(5) The wear resistance is also improved upon increase in the diamond content
in the deposits and the wear rate is the least for the sample fabricated at 10
¢/L diamond concentration in the plating bath. The values of friction co-
efficient is also lower for the samples fabricated with 10 ¢/L diamond
concentration in the plating bath as compared to the samples with a lower
plating bath concentration (2 g/L), higher diamond concentration in the bath

(20 ¢/L) or the Ni-W alloy samples fabricated without diamond.

4.2 Effect of diamond particles on the microstructure and composition of pulse

plated multilayer Ni-W/diamond composite coatings
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Abstract

The research encompasses the fabrication of multilayer Ni-W-diamond composite
deposits by pulse current electrodeposition. The mean surface diameter of the
diamond used for the research was 0.9 microns. The composites were fabricated
under various conditions and characterized by means of SEM, EDS and XRD to
investigate and analyze their microstructure, grain size and elemental distribution
along with variations in morphology under different conditions. The effect of
variations in forward and reverse current density along with duty cycle and the
combination of various aforesaid conditions on the coatings were studied and

analyzed.

4.2.1 Introduction

Nanocrystalline Ni-W alloys and composites have a wide arrays of applications
such as fabricating the alloys in some sort of barrier/capping layers for ultra large scale
integration applications in copper metallization and also potential applications in
Microelectromechanical systems and also various allied applications in mold inserts,

magnetic heads and relays, bearings, resistors, electrodes accelerating hydrogen
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evolution from alkaline solutions, environmentally safe substitute for hard chromium
plating in the aerospace industry, etc.[59]. Hard-chrome plating has been used as a
surface finishing technique in various engineering industries because it has good
advantages such as high hardness, corrosion resistance, wear resistance, aesthetic
qualities and durability. However, Hard-chrome plating solutions are toxic, carcinogenic
and hazardous to human health [60, 118] to substitute chromium; the new alternate
surface finishing method must maintain hard-chrome’s advantages. One very important
and sustainable prospect is to substitute Hard-Chrome plating with metal
alloys/composites plating which is certainly better than plating metals with alloys as
alloys and composite plating directly on a suitable substrate tends to enhance the
abrasion resistance and resistance to surface erosion phenomena while on the other
hand acts as a highly viable and suitable substitute to hard chrome plating[118]. In
various industrial applications (for example boilers) it has been documented that the
surface of the equipment and components involved in the running of the plant are
highly to prone to mechanical stress, corrosion and damage by wear. This in turn leads
to plant closures and subsequent loss in revenue and operations in related industries
like mining, mineral processing etc. Hence it becomes imperative to work upon
strategies to enhance the surface properties rather than bulk properties [62, 63, 80] in
a wide scope of engineering materials and components used in industries. It is also an

interesting prospect to try and introduce various composites
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Ni-W/diamond composite coatings were electrodeposited by means of pulse plating
on a 2*2 carbon steel substrate. The operating conditions were modified to obtain a
multilayer electrodeposited coating of varying properties, thickness, composition and
attributes constituting the aforesaid composites. Diamond composite incorporation
into the Nickel-Tungsten alloy matrix could significantly enhance the mechanical
properties of the Ni-W base coated matrix in terms of hardness[119], wear resistance,
corrosion resistance, abrasion resistance, increased durability, thermal resistance and
also the overall roughness of the coatings. However, the major issue that needs to be
fixed before embarking on the fabrication of multilayer coatings is to ensure the
uniform distribution of diamond particles on the coated matrix. Various contemporary
researchers have employed the means of pulse plating to fabricate ni-w and other
alloys and composites[120]. Employing suitable pulse parameters is quite crucial to
obtain desirable deposits. Fabrication of Multilayer coatings also enhance the versatility
of the deposits in terms of varying layers of different surface roughness, friction and
wear resistance along with hardness. The influence on the microstructure of a
multilayer coating is also profound and very important in terms of enhancement of

film structure and quality.

4.2.2 Experimental Details



71

Ni-W-diamond composites were fabricated by means of electrodeposition from an

ammonia-citrate bath (200 ml). The bath composition was nickel sulphate 15.8 ¢/L,

sodium tungstate 46.20 ¢/L, tri-sodium citrate 147 ¢/L, ammonium chloride 26.7 ¢/L

and sodium bromide 15.8 g¢/L respectively. The operating temperature was 75 °C the

pH, stirring speed and the deposition time was kept constant at 8.9, 200 RPM and 2

hours, respectively.

4.2.2.1 Preparation of Steel

The substrate was subjected to pre-treatment before deposition by means of

washing it with soap solution, keeping it immersed in 10% NaOH solution and 14% HCL.

Prior to insertion of the electrodes in the plating bath, the substrate was activated by

14% HCL. Except the deposition area the other undesirable parts of the substrate were

covered with polymer tape.

4.2 2.2 Pulse Parameters

Table 4 Pulse Parameters for the Experiments

Sample Diamond Forward  Forward
Concentration  Current  Duration
(g/L) Density (ms)

A/cm?

Reverse

Current

Density

A/cm?

Reverse Duration
Duration  of Each
(ms) Layer

(minutes)
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A 0.2 20 0.3 3 -
B 0.2 20 0.15 2 -
C 0.2 20 0 3 -
D 0.2 20 0 0 -
A ND 0.2 20 0.3 3 -
AB 0.1 A=0.2 A=20 A=0.3 A=3 A=0.1
B=0.2 B=20 B=0.15 B=3 B=0.1
AC 0.1 A=0.2 A=20 A=0.3 A=3 A=0.1
C=0.2 C=20 C=0 C=3 C=0.1
AD 0.1 A=0.2 A=20 A=0.3 A=3 A=0.1
D=0.2 D=2 D=0 D=0 D=0.1
AC 1 A=0.2 A=20 A=0.3 A=3 A=1
C=0.2 C=20 C=0 C=3 C=1
AC 2 A=0.2 A=20 A=0.3 A=3 A=2
C=0.2 C=20 C=0 C=3 C=2

4.2.2.3 Estimation of crystalline size by XRD

X-Ray Diffraction technique was employed to analyze crystalline size of the

coatings. Brooker D8 advance X-ray diffractometer operated at Cu K& radiation (nickel

filtered) at a rating of 40 kV, 20 mA. The scan rate was 0.02° per step and the measuring
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time 0.5 second/step. Scherrer’s equation[121] was employed for the calculation of

the grain size of the electrodeposited crystals

0941
“BcosO

Where, D is the crystalline size, A is the incident radiation (1.5418 A), ﬂ is the corrected

peak width at half maximum intensity and @ is the angular position.

4.2.2.4 Scanning Electron microscope (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS) Analysis

The samples were characterized in terms of morphology and microstructure by
JEOL JSM-6400 SEM with EDS capability embedded into it. The coated deposits were
viewed at 15KV with 2000, 3000 and 5000X magnifications. The deposit surface was
subjected to EDAX/EDS analysis (relative’s ratios) at 20KV for the elemental analysis

and chemical composition of the deposits.

4.2.3 Results and Discussions

4.2.3.1 Effect of the Pulse plating on the Grain size

Upon analyzing the grain size, a progressive reduction in grain size is observed from
A to D. For the Multilayer AD has the optimal size of 7 nm whereas grain size is
subsequently enlarged in case of AB and AC with each alternating layer deposited for

0.1 minutes respectively. The incorporation of diamond composites into the alloy
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matrix/grains increases the grain size from 18 to 23 nm. Therefore, the incorporation
of diamond particles into the coating matrix is subsequently established. It is clear that
the diamond particles have been embedded into the coating matrix by means of a
chemical bonding with the base alloy matrix and not merely by means of physical
adhesion or mechanical cohesion. This is a relevant result to further study the means
to enhance the level of incorporation of diamond particles and the distribution of

diamond particles in the coatings.

Table 5 Grain size of the coatings

Sample Grain size(nm)
A_ND 18
A 23
B 19
C 4
D 5
AB 0.1 16
AC 0.1 8

AD 0.1 7
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4.2.3.2 SEM and EDS Analysis

Comparative analysis for Figure 39 and 40 reveals the morphological differences
between the samples with and without diamond addition. This reveals the importance
and the indispensability of diamond composites addition in the Nickel-Tungsten. There
is a marked difference in the microstructure for samples with and without diamond
addition. Figure 39 depicts a uniform film structure and distribution of diamond
particles. Moreover, there are no cracks and pit formations in the samples containing
diamond composites encapsulated into the matrix. Unlike the former the samples
without diamond have a lot of quasi circular formations for almost all magnifications.
There seems to be a lot of pit formations in all of the images without diamond. There
is a clear evidence of numerous cracks and fissures on the microstructure for Figure 40
(b). The coating is discontinuous with evidence of internal strain which causes cracks
and lack of continuity and uniformity in the film thereby severely affecting the
microstructure and in turn the properties associated with them. The coatings with
diamond reveal uniform crystalline formations also with no sharp grain boundaries
unlike the samples without diamond which has highly discontinuous formations on the
surface with no uniformity in terms of deposition and film quality. The comparison
between the morphologies of Figure 39 and 40 clearly established the need for use of

diamond composites in Ni-W alloy matrix in order to enhance the properties of the
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coatings. This is a very relevant and substantial result in terms of our justifications for

the use of the diamond particles as composites in the coating matrix.

y
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Figure 39 SEM Images of (a) A monolayer layer (b) B monolayer (c) C monolayer (d) D

monolayer

Figure 40 depicts the SEM images for the Multilayer coating AB 0.1, AC 0.1 and
AD _0.1. The image 3 (b) exhibits stark differences in terms of distribution of diamond
particles, cracks and irregularity in crystal structure. The pairs AB_0.1 and AD 0.1 are
similar and have a uniform crystal structure. The important results that is evident from

Figure 41 is that the while fabrication of multilayer AC layer is not desirable in terms
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of morphology and microstructure. Therefore, either AB or AD should be used a

template layer for fabrication of multilayer Ni-W-Diamond.
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Figure 40 SEM Images for A layer without diamond (a) for 1000X (b) for 2000X (c) for
3000X (d) for 5000X

The diamond content in the coatings of AC 0.1 also appears to be considerably
lesser than both AB 0.1 and AD_0.1. However, upon close analysis it is revealed that
the surface contamination is greater in case of AB 0.1 as compared to AD 0.1, an idea
which is corroborated by the presence of a large number of white spots which are

most likely to be oxygen and carbon contaminates encapsulated into the coating
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during the deposition process. The SEM analysis acts as an important tool to identify

and ascertain the optimal and suitable conditions for the NI-W-diamond coatings.

Figure 41 SEM Images for (a) AB_0.1 (b) AC 0.1 (c) AD_0.1

4.2.3.3 EDS analysis

Table 6 Elemental composition of Ni and W in the deposits as reported by the EDS

results
Sample Ni (At %) W (At %)
A ND 95.42 4.58
A 99.06 0.94
B 97.62 2.38
C 78.58 21.42

D 85.56 14.44
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AB 0.1 92.97 7.03
AC 0.1 82.87 17.13
AD 0.1 75.75 24.25

The EDS results suggest enhanced Tungsten content in the AD_0.1 layer. This is
possibly because D is the direct current which allows for an enhanced duty cycle and
thereby and enhanced plating rate leading to a higher co-deposition of tungsten.
However, the Tungsten Content decreases drastically when diamond is added to the
A layer. This is due to the encapsulation of diamond particles into the coating matrix.
The carbon content results in the EDS analysis might also contain carbon contaminates
on the coated surface which is why the diamond content by weight in the coatings
needs to be investigated by dissolving the coating and the entire substrate in iron and

in turn measuring the difference in weight to give the diamond content.

4.2.3.4 Relationship between Grain Size and Tungsten content

Table 7 shows a clear relationship between grain size and tungsten content wherein
the smaller grain size facilitates an increased concentration of tungsten in most cases.
Upon analysis of AD_0.1, A_ 0.1, C and D it’s clear that a smaller grain size enables
more co-deposition of tungsten in the coated matrix thereby enhancing the tungsten
content in the deposits. However, the nature of the current that causes the deposition

is also an important factor to determine the tungsten content in the coating which is
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evident from the fact that the samples AD_0.1 which has D layer as direct current
deposited layer has the highest tungsten content among all the coated layers.
However, the tungsten content probably follows a limiting value of grain size beyond
which tends to violate the aforesaid trend which is why a very reduced tungsten
content is observed in case of single layers A, B, C and D and also in case of A ND
layer without diamond. The substantial reduction in grain size for the A single layer
without diamond and with diamond can also be credited to the fact that diamond
encapsulation into the base matrix tends to reduce the tungsten content. The SEM
images as in Figure 39 and 40 along with the relative data of tungsten content reduction
and grain size increment can be used as arguments to prove that diamond has been
embedded into the coatings uniformly by means of a chemical bonding and not mere

physical adhesion or mechanical cohesion.

Table 7 Grain Size and Tungsten Content comparison for various conditions

Layer Conditions Grain Size(nm) W (At %)
A ND 18 4.58
A 23.1 0.94
B 19.1 2.38

C 4.1 21.42
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D 5.1 14.44
AB 0.1 16.5 7.03
AC 0.1 8.4 17.13
AD 0.1 7 24.25

4.2.4 Conclusion

The following conclusions can be drawn from the above-mentioned results:

> AD_0.1 has an optimal grain size of 7 nm and the most suitable SEM
morphology in terms of uniform distribution of diamond particles, film
quality, finer grain size and less pronounced grain boundaries as
compared to AB and AC 0.1 min multilayer deposits. There are also
almost nil cracks as per SEM morphology for AD 0.1 and AB_0.1 unlike
AC 0.1

» The incorporation of diamond is meagre, and the distribution also not
uniform in the case of AC 0.1. AC 0.1 layer also doesn’t have the most
suitable grain size, or the tungsten content as compared to AD_0.1layer.

» The tungsten content is the maximum in case of AD_0.1 layer and it is
the most desirable in terms of both SEM morphology and grain size.
However, the actual values of diamond content in the deposits along

with various other mechanical properties namely hardness, wear and



82

corrosion resistance need to be figured out before attributing it as the
most suitable condition for multilayer

Smaller grain size and suitable layer conditions facilitate larger
deposition rate of tungsten in the coatings and an overall increased
tungsten content as per EDS results

Lack of NiCy phase in the AD_0.1 multilayer deposits also suggests that
it more desirable as per experiment conditions and requirements.
However, further characterization is essential to hold credence and
finality to the conformation of AD 0.1 to the required standards of

properties and microstructure.
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4.3 Influence of Co?* ions on the microstructure and mechanical properties of Ni-
W/diamond nano-composite coatings
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Abstract

The Co®* ions were introduced in the Ni-W/diamond plating bath in varying quantities
before the electrodeposition process of the Ni-W/diamond coatings. The effect of the
Co content in the deposits was analyzed in terms of various mechanical properties
and microstructure. The morphology and the composition of the deposits were

investigated by means of SEM and EDS, respectively. The addition of small quantities
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of Co®" ions in the plating bath tends to enhance the hardness and wear performance
of the Ni-W/diamond deposits. Upon increasing the amount of CoSO4 beyond 0.2 ¢/L
in the plating bath both the hardness and the wear resistance of the deposits decrease
sharply. The Co content in the deposits also increases progressively upon increasing

the amount of CoSOyin the plating bath.

Keywords: Composite coatings, electrodeposition, hardness, wear resistance
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4.3.1 Introduction

Metal alloy composites exhibit advanced surface and mechanical properties which
have been established by the means of various classical as well as recent research
findings. The emergence of nanoscale materials in the recent times has successfully
led to the fabrication of various nanomaterials including nano-crystalline deposits,
nano-scale multilayer deposits and nano-composites. The above-mentioned deposits

find applications in a wide array of appliances and industries. This includes improved


mailto:jiaqian.q@chula.ac.th
mailto:xyzhang@ysu.edu.cn

85

performance of functional coatings, applications in printed circuit boards, memory
storage systems and also enhanced micro hardness in devices such as micro-electrical-
mechanical systems (MEMS)[122]. The pioneering work for the development of
composite coatings by electrodeposition was carried out in 1950’s and 1960’s [123].
Further research in this filed during the next two decades was more dedicated towards
enhancement of the mechanical, corrosion and tribological properties of the

electrodeposited composite coatings developed in the previous two decades.

The introduction of various ceramics (Diamond, SiC, WC, TiO and Al,O3) as
reinforcing particles into electrodeposited nickel based alloy matrix has been able to
bring about significant enhancements in the mechanical properties of the deposits
such as hardness, wear resistance and corrosion resistance[2, 3, 7, 56-58, 124]. Diamond
is known to possess a high hardness, excellent oxidation resistance and chemical
stability along with good anti wear and corrosion performance[13, 125]. The above-
mentioned properties of diamond have been used to reinforce nickel based alloy
deposits by various contemporary researchers [2, 7, 13, 21, 110, 125]. Ni-W/diamond
(NWD) composite coating is one such diamond reinforced Ni-W alloy coating which is
known to be a super hard material with enhanced anti-wear and anti-corrosion
performance. The higher diamond content in the NWD composite deposits have been

known to enhance the hardness and wear resistance of the deposits[7].
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Various additives have been introduced in electrodeposited Ni based alloy and
composite coatings to enhance the properties of the deposits. Pramod Kumar U et al.
studied the effect of salicylaldehyde additives on the microstructure and corrosion
resistance of Ni-W nanocrystalline alloy coatings[126]. Their results exhibit that the
deposits fabricated with salicylaldehyde additives were more uniform and smoother
in texture as compared to the Ni-W deposits fabricated without the presence of
aforesaid additive. The thickness of the deposits was also found to increase as the
additive concentration was increased up to 100 ppm in the plating bath. Das et al.
studied the effect of saccharin sodium on the microstructure and hardness of
electrodeposited Ni-W coatings and exhibited that the saccharin sodium additives
enhance the hardness and W content of the Ni-W coatings[127]. Golonka et al. studied
the effect of MgO addition to Ni-W/A,O5 composite coatings. The researchers observed
that the addition of magnesium oxide controlled the microstructure of Al,O5 poly-
crystals, thereby limiting abnormal grain growth. However, in case of the Ni-Al,Os
composites a pinning effect emanating from the nano-nickel particles mostly caused

the reduction of alumina grain size.

Ni-Co electrodeposited coatings serve as a viable alternative for conventional Ni
deposits because of high hardness, strength and wear resistant properties. Li et al.
investigated the effect of Co concentration (in the electrolytic solution) on the surface
morphology and micro hardness of Ni-Co alloys. They reported that addition of Co in

an appropriate amount (up to 4 g/L) in the plating bath could result in a finer structure
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of Ni-Co alloys and also enhance the hardness of the Ni-Co electrodeposits. However,
further increase in the Co concentration to 5 ¢/L (beyond the optimal 4g/L) in the
plating bath resulted in the decline of the hardness of the deposits as per the inverse
Hall-Petch relationship [128]. The introduction of cobalt ions in the Ni based plating
bath tends to reduce the need of addition of organic grain refiners (saccharin, SDS etc.)
during the electrodeposition process. The organic grain refiners are responsible for the
Sulphur and carbon impurities in the electrolytic solution. Therefore, Co as an additive
plays an important role in improving the microstructure of Ni based alloy deposits and
decreasing the need for addition of organic grain refiners, in turn leading to a reduction
in the level of impurities in the plating bath during the process of fabricating Ni- based
nano-crystalline deposits [128, 129]. However, for NWD composite coatings no
significant literature is available on the use of Co (Co?") as an additive during the
fabrication of NWD composite deposits. Therefore, this paper aims to investigate the

effect of the Co cation additive on the electrodeposited NWD composite deposits.

In the present study, varying amounts of CoSO, additives were added to the NWD
plating bath and its effect on the NWD deposits was investigated. The effect of Co**

ions on the microstructure and mechanical properties of the NWD deposits was

analyzed.
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4.3.2 Experiment details
The NWD samples were co-electrodeposited in a 200 ml plating bath. The bath

composition and the experimental conditions for the samples have been mentioned

in Table 8.

Table 8 Plating bath composition and deposition conditions for the NWD composite

coatings with varying amounts of CoSOy.

Chemicals) g/L( Deposition parameters

Nickel sulphate 18 Temperature 75 °C
Sodium tungstate 53 Current density 0.15 A/cm?
Tri-sodium citrate 168 pH 8.9

Ammonium chloride 31 Electrode distance 35 mm

Sodium bromide 18 Stirring speed 200RPM
Cobalt sulphate 0-1.5 Deposition time 2 hours
Diamond )3 pm( 10

Carbon steel substrates were pre-treated with 10% NaOH and 14% HCl solution
before being immersed into the plating bath for the deposition process. The material
for the anode was a platinum mesh. The samples were coated for a fixed area of 2x2

cm?. The uncoated parts of the substrate were insulated from the electrolyte by

means of a plastic tape.
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X-Ray diffraction was used as a means to characterize phase and the structure of
the samples. The samples were analyzed at a scan rate of 0.02° and the measuring
time was 0.5 second/step. Scherer’s equation [110] was used as a means to analyze

the grain size of the deposits.

SEM/EDX integrated analysis system (Horiba Limited) was used to investigate the
surface and the structure of the coatings, cross-section and also the element (Ni, W,
Co, etc.) content in the co-deposited coatings. A Vickers diamond indenter equipped
hardness testing equipment (Mitutoyo hardness tester) was used to determine the
hardness of the NWD coatings under a normal load of 0.1 kgf (0.98 N). Seven different
indentations were made on the coating surface and the average value was calculated
to determine the hardness. The wear test was performed with a zirconia ball (Zicronia
ball hardness~ 1300) on disc tribometer under a normal load of 20 N for a linear sliding

distance of 300 m.

The roughness and the wear volume loss of the sample was calculated by Taylor
Hobson surface profilometer. The scan rate was fixed at 1500 ym/second and the X-
spacing at 5 microns for the wear track scanning and the calculation of roughness of
the deposit. The Y-spacing was fixed at 25 microns while scanning the wear track. The
wear volume loss was calculated by 3-d scanning of 4 different sections of the wear

track to calculate the average volume loss per unit area of the track and then the net
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volume loss was calculated by multiplying the unit volume loss of the sample with

the total area of the wear track. The wear rate was calculated by the following formula:

M )
"FS

Where, K is the specific wear rate coefficient, V; is the wear volume, F is the normal

load applied during the wear test and S is the sliding distance.

The Archard equation is expressed as:
Q= KNL/H (2)

Here, Q is the wear volume loss, K is the wear co-efficient, L is the applied normal

Load, N is the sliding distance and H is the hardness of the deposit.

4.3.3 Results and Discussion

4.3.3.1 Effect of the cobalt concentration on the NWD deposits

@0 i

Figure 42 (a-d) SEM micrographs for the Ni-W/diamond composite coating samples
fabricated with varying amounts of CoSO, additive (a) 0 ¢/ (b) 0.1 ¢/L (c) 0.5 ¢/L (d)
1.5 ¢/l at 75° C (e-h) cross-sectional SEM micrographs for the Ni-W/diamond
composite coating samples fabricated with varying amounts of CoSO, additive (e) 0

o/L () 0.1¢/L (¢)0.5¢/L and (h) 1.5 ¢/L.
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Figure 42 (a-d) shows the SEM micrographs of NWD composite deposits fabricated
with 0 ¢/L, 0.1 ¢/L, 0.5 ¢/L and 1.5 ¢/L of CoSQy in the plating bath, respectively. The
element mapping image for the diamond particles has been inserted in Figure 42 (a,
b and c). This particles in the inserted image correspond to the diamond particles that
have been co-deposited into the Ni-W matrix in the Figure 42. The diamond particles
appear to be uniformly incorporated and distributed on the base Ni-W matrix for all
the NWD samples fabricated with varying amounts of CoSO,. Addition of CoSOq4
additive to the plating bath does not significantly alter the distribution of the diamond
particles on the base Ni-W matrix. However, the diamond particles incorporation in
the base matrix appears to be slightly diminished as the amount of CoSQyg is increased
in the NWD plating bath from 0 to 1.5 g/L. Figure 42 (e-h) shows the cross-sectional
SEM micrograph for the NWD samples fabricated with 0 ¢/L, 0.1 ¢/L, 0.5 ¢/L and 1.5
g/L of CoSQq in the plating bath, respectively. The diamond particles also appear to
be uniformly distributed throughout the matrix in the cross-sectional SEM micrograph.
The coating thickness has been estimated by calculating the average of 12 random
points on the cross-section of the NWD deposits. The thickness of the deposits varies
between 58-62.8 um. The deposition rates of the deposits were 28.5 um/hr, 30.4
pm/hr, 30.94 pum/hr, 31.43 um/hr, 29.98 um/hr and 29.66 pm/hr for the samples

fabricated with 0 ¢/L, 0.1 ¢/L, 0.2 ¢/L, 0.5 ¢/L, 1 ¢/L and 1.5 ¢/L of CoSO, added to the
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NWD plating bath, respectively. The effect of CoSO, addition on the deposition rate
of the NWD deposits has been shown in Figure 43. The deposition rates vary marginally
for various quantities of CoSOy in the plating bath. The NWD sample fabricated without
CoSO4 exhibits the lowest deposition rate in all the samples. However, the deposition
rate and consequently the thickness of the deposits exhibit marginal variation as the

CoSO,4 amount is increased in the NWD plating bath.
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Figure 43 Effect of CoSO4 on the deposition rate of the Ni-W/diamond samples.
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Figure 44 Effect of CoSO,4 on the hardness, Co content, W content and grain size of
the Ni-W/diamond samples

Figure 44 (a) shows the effect of the addition of CoSO4in the NWD plating bath on
the hardness, Co content, W content and the grain size of the deposits. The samples
report hardness values of 1207 + 19, 1364 + 12, 1254 + 12, 1067 + 37, 1017 + 14, 983
+ 27,941 + 17 for 0 ¢/L, 0.1 ¢/L, 0.2 ¢/L, 0.25 ¢/L, 0.5 ¢/L, 1 ¢/L and 1.5 ¢/L of CoSO,
in the NWD plating bath, respectively. The W content of the NWD varies between ~18-
24 at. %. The diamond content of the deposits was reported to be ~32.06 %, 33.63%,
32.81 %, 29.56 %, 28.91 %, 28.36 % and 28.05 % for the NWD samples fabricated with
0g/L,0.1¢L,0.2¢L,0.25¢/L,05¢/L,1¢L,and 1.5¢/L of CoSO, in the NWD plating
bath, respectively. It is observed that the diamond content in the NWD deposits
exhibits a progressive decline as the amount of CoSQy is increased beyond 0.2 ¢/L in
the NWD plating bath. The correlation of the diamond content with the hardness for
the varying amounts of CoSOy in the plating bath has been reported in Figure 44 (b).
The samples with a higher value of hardness report a higher diamond content.

Diamond co-deposition is decreased as the amount of Co®" is increased in the plating
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bath. The decline of W, diamond content and the simultaneous increase of Co content
in the deposits suggest that the Co®* tend to be deposited into the base matrix as a
Ni-W-Co alloy instead of being additives in the Ni-W base matrix as the amount of Co®*
is increased in the plating bath. The hardness of the deposits shows a very close
correlation with the diamond content underlining the role of the co-deposited
diamond particles towards enhancing the hardness of the deposits. The Co content in
the deposits also increases as the amount of CoSOq is increased in the plating bath
(Figure 44). The Co content in the deposits varies between ~2-12 at. % for the different
amounts of CoSO4 added to the NWD plating bath. The increase of Co content in the
deposits is because of the increase in the Co®* cation concentration in the plating bath
[127, 130]. The hardness is reported to be highest for the NWD sample fabricated with
0.1 ¢/L CoSO4. However, as the amount of CoSOq in the plating bath is increased
beyond 0.2 ¢/L the hardness value exhibits a continuous decline. The decline in the
value of hardness is small for 0.2 ¢/L of CoSOqin the NWD plating bath and it tends to
get steeper upon increasing the CoSO4 content in the plating bath beyond 0.2 ¢/L. The
lowest value of hardness is reported for the sample with 1.5 ¢/L of CoSO4 and there
is a significant difference in the hardness of the sample fabricated with 0.1 and 1.5 ¢/L
of CoSO,in the NWD plating bath, respectively. It is therefore, evident that the addition
of small amounts of CoSO, in the NWD plating bath tends to cause a progressive
enhancement in the value of hardness of the deposits and as the amount of CoSOy is

increased (beyond 0.2 ¢/L), the hardness drops significantly. Therefore, the introduction
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of small quantities of Co?* cation in the NWD plating bath causes an enhancement in
the micro hardness of the NWD deposits. The addition of small quantities of Co®* ions
in the plating bath also tends to decrease the deviation from the mean value of the
hardness of the coatings which is evident by the lower error margins in the values of
the hardness for the NWD samples with 0.1 and 0.2 g/L CoSOy, respectively. The value
of hardness tends to decrease as the diamond content in the deposits decreases in

the NWD samples. The grain size of the coatings varied in the range of 1.7-2.3 nm.
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Figure 45 Effect of CoSO, on the surface roughness of the Ni-W/diamond samples.

Figure 45 shows the effect of CoSO4 addition on the surface roughness of the

fabricated deposits. The roughness of the deposits varies between 1.1 to 1.8 microns.
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The samples tend to get rougher with an increase in the amount of CoSO,4 beyond 0.2
¢/L in the plating bath. Ni is the most abundantly used wear resistant electrodeposit
after hard chrome coatings [131]. NWD composite coatings have also been found to
exhibit excellent anti-wear properties [2, 110]. Therefore, the wear performance of
NWD composite coatings with varying amount of Co?* cation additive was analyzed to

investigate the effect of Co?* additive on the wear performance of NWD deposits.

4.3.3.2 Wear results
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Figure 46 Effect of CoSO, on the wear rate of the Ni-W/diamond samples.

Figure 46 shows comparison between the wear rate of the Ni-W alloy as well as

NWD composite deposits fabricated with different amount of CoSOy in the NWD plating
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bath. The friction co-efficient data of the samples for the samples with 0, 0.1 and 1.5
g/L of CoSOq4 in the plating bath has been reported in Figure 47. The tests were
performed at a load of 20 N, a linear speed of 9.42 cm/s for a total sliding distance of
300m. The volume of the coating material removed during the wear test was 0.286
mm?, 0.0164 mm?, 0.033 mm? and 0.702 mm? for the NWD samples fabricated with 0
¢/L, 0.1 ¢/L, 0.2 ¢/L and 1.5 ¢/L of CoSQq, respectively. The wear rate was reported to
be 48x10° mm?/Nm, 2.7x10° mm?/Nm, 5.5x10° and 117.02x10° mm?>/Nm for the
NWD samples fabricated with 0 ¢/L, 0.1 ¢/L, 0.2 ¢/L and 1.5 g/L of CoSQq, respectively.
The wear rate for the NWD deposits with 0.1 ¢/l CoSO, declines sharply (by a factor
of ~17.8) as CO*" cations are introduced in the NWD plating bath are co-deposited on
the base Ni-W matrix to fabricate NWD composite deposits. The increase of Co content
in the deposits (Figure 44 (a)) results in the wear rate to decline (Figure 48). This suggests
that as the amount of Co?" is increased in the plating bath the Co?" tend to be
deposited into the base matrix as a Ni-W-Co alloy instead of being as independent
additives in the Ni-W base matrix. The wear rate increases slightly as 0.2 g/L of CoSO,
is added into the NWD plating bath. However, the wear rate exhibits a significant
increase in value (by a factor of ~21) when the amount of CoSQq is increased to 1.5
¢/L in the NWD plating bath. The sharp decrease in wear rate for NWD composite
deposits (with 0.1 and 0.2 g/L of CoSO, additives) establishes the role of the co-
deposited diamond particles and Co?* additives towards enhancing the anti-wear

performance of the base Ni-W matrix. It is shown in Figure 46 that the wear rate of
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the NWD deposits increases upon increasing the amount of CoSO, (beyond 0.2 ¢/L) in
the plating bath. Consequently, the wear resistance of the NWD deposits decreases
upon increasing the amount of CoSOy4 in the plating bath. The anti-wear performance
of the NWD deposits is slishtly enhanced upon addition of small quantity of CoSOy in
the NWD plating bath. The anti-wear performance for NWD samples fabricated with 0.1
g/L of CoSQq is significantly better than that of NWD sample without Co?* additive.
However, the sample with 1.5 g/L of CoSO4 exhibits a relatively lesser degree of anti-
wear performance as compared to NWD samples with no Co?" additives. The samples
reporting a low wear rate (Figure 46) also report a lower value of surface roughness
(Figure 45) and lower values of friction co-efficient (Figure 47) [132]. The smoother
samples as a result tend to be more resistant to wear as compared to samples with a

high value of surface roughness.
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4.3.3.3 Wear and Friction co-efficient correlation
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Figure 47 Effect of CoSO, on wear friction co-efficient of the Ni-W/diamond samples.

Figure 47 shows that the values of the friction co-efficient is also relatively lower
for the NWD samples with 0.1 g¢/L of CoSO, as compared to NWD samples fabricated
with 0 ¢/L and 1.5 ¢/L of CoSOy, respectively (Figure 47). The improvement of wear
resistance (Figure 46) also corresponds to an increase in the hardness (Figure 44) of the
NWD deposits fabricated with 0.1 and 0.2 g/L CoSOq, respectively. This phenomenon
can be explained using the Archard’s equation[133] which states that the volume of
the debris removed during the wear is proportional to the work done by the friction

forces on the sample subjected to wear test. It is clear from Archard equation that the
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volume of the debris removed during the wear test of the sample is inversely
proportional to the micro hardness of the deposit. Therefore, the samples reporting a
higher value of hardness would tend to have a lower volumetric loss of material during
the wear test and in turn an enhanced resistance to wear as compared to the other

samples with lower values of hardness.
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Figure 48 Section of the Wear track profile of NWD coatings fabricated with (a) 0 ¢/L
CoSOq (b) 0.1 g¢/L. CoSOy (c) 1.5 ¢/ CoSOq4 as reported by the surface profilometer.

Figure 48 shows the wear track profile for a section of the wear track as obtained
by the surface profilometer. The mean depth of the wear track was estimated by the
surface profilometer. The sample fabricated with 0 ¢/L, 0.25 ¢/L and 1.5 g/L CoSOy in
the plating bath reported wear track depths of 6.1 um, 4.13 pm and 4.83 um,
respectively. The coating thickness was calculated in the range of 58-62.6 um.
Therefore, the zirconia ball was able to penetrate through roughly 10% of the deposit
thickness during the wear. The track profile for the NWD sample fabricated with 0 g¢/L
CoSQ, (Figure 48 (a)) and 1.5 ¢/L CoSO, (Figure 48 (c)) exhibits a wider track which

corresponds to a higher volume of material lost by the wear effect of the zirconia ball



101

on the sample as compared to the sample fabricated with 0.1 ¢/L CoSO, (Figure 48
(b)). The wear track width for the NWD sample fabricated with 0.1 ¢/L of CoSO, (Figure
48 (b)) in the plating bath appears to be significantly narrower as compared to the
wear track width of the other NWD samples fabricated with 0 ¢/l CoSOq4 (Figure 48 (a))
and 1.5 g/l CoSQq (Figure 48 (c)), respectively. The narrower track for the NWD sample
fabricated with 0.1 ¢/L CoSQOq is due to a higher degree of resistance to wear offered
by the coating material to the wear effect of the zirconia ball. This also corresponds
with the wear volume loss of the NWD sample fabricated with 0.1 ¢/L CoSO, (0.0164
mm?) which is several times lower than the wear volume loss for the NWD samples
fabricated with no CoSO, (0.286 mm?®) or with 1.5 ¢/L CoSO, (0.702 mm?). This
establishes the role of Co?* additives in the enhancement of the wear performance of

the NWD deposits when they are added to the NWD plating bath in small quantities.

‘Wear impact

Figure 49 SEM (BSE mode) micrograph of worn surface of Ni-W/diamond composite
coatings fabricated with (a) 0 ¢/L. CoSO, (b) 0.1 ¢/L CoSO, and (c) 1.5 ¢/L CoSOy.
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Figure 49 shows the SEM micrograph for the worn surface of the NWD composite
coatings fabricated with 0, 0.1 and 1.5 ¢/L of CoSO,4 additives, respectively. The inserted
image in Figure 49 (a, b) shows the SEM micrograph of the zirconia ball. The arrow
marks in the images represent the impact on the sample due to the wear by the
zirconia ball during the wear test. The wear nodules for the sample fabricated with 0.1
¢/L of CoSOq (Figure 49 (b)) in the plating bath appears to be less abundant as
compared to the nodules as seen for the other NWD samples fabricated with 0 ¢/L
CoSOy (Figure 49 (a)) and 1.5 g/L CoSOy (Figure 49 (c)), respectively. The nodules
signify the impact on the deposits due to wearing of the sample by the zirconia ball.
The smeared appearance of the wear track in Figure 49 (c) indicates that more material
of the deposits has been worn out and there is significant plastic deformation for the
NWD samples fabricated with 1.5 ¢/L of CoSO, as compared to the other samples. The
worn morphology of the NWD sample fabricated with 0.1 ¢/L of CoSO4 also exhibits a
smoother surface than the worn surface of NWD samples fabricated with 0 g¢/L CoSOq4
and 1.5 ¢/L CoSO,. The worn surface also exhibits that the wear loss and plastic
deformation of the NWD sample fabricated with 0.1 ¢/L CoSOy is significantly lesser
than the other NWD samples. The worn morphology of the NWD deposits suggests
that the wear mechanism is dominated by adhesive wear along with abrasive
wear[110]. The EDS analysis for the various sections of the wear track reveals that
various amounts of Zirconia is present in the wear track for the different samples. The

samples with 0 ¢/L and 0.1 ¢/L of CoSO, report 8.82 at. % and 7.15 at. % of Zirconia
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on the surface of the wear track. However, the samples fabricates with 0.25 ¢/L and
1.5 ¢/L of CoSOq report 3.30 at. % and 1.95 at. % of Zirconia on the wear track. The
SEM micrograph inserted for the ball in Figure 49 (a) clearly shows a higher amount of
of debris from the deposit on the surface of the zirconia ball as compared to the SEM
micrograph for the ball inserted in Figure 49 (b). The EDS analysis of the zirconia ball
for 0 g/L CoSO, shows 48 at. % of the debris (C, Co, Ni and W) on the surface of the
zirconia ball and 31 at. % of the debris is reported for the sample fabricated with 0.25
g/L of CoSOy. The EDS for the wear track, zirconia ball and zirconia SEM data suggests
that the wear mechanism is adhesive for the NWD samples with 0 and 0.1 g/L CoSOq
(Figure 49 (a, b)) as the presence of zirconia on the wear track (8.82 at. % and 7.15
at. %, respectively) and the amount of debris on the zirconia ball (48 at. % and 31
at. %, respectively) is comparatively higher for the above mentioned samples and
also the hardness of the zirconia ball (~1300 H,) is comparable to the hardness of the
samples which is 1207+19 and 1364+12 for the samples fabricated with 0 and 0.1 g¢/L
CoSQOy in the NWD plating bath[134]. The wear track for both the aforesaid samples
doesn’t have any sharp cuts, edges, scratches or a high degree of plastic deformation
and the wear impact appears to be typical of an adhesive wear on the samples.
However, for the NWD sample fabricated with 1.5 g/l CoSO, (Figure 49 (c)) the wear
mechanism appears to be abrasive because the hardness of the sample (941+17 H,)
is much lower than the hardness of the zirconia ball used during the wear test[135].

This can also be observed by the presence of sharp edges, scratches and with
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significant plastic deformation on the surface of the deposits caused by the abrasion
during the wear test. The SEM micrographs in Figure 49 corroborate with the friction
co-efficient (Figure 46) and the wear rate data (Figure 47) as the NWD sample with 0.1
g/L CoSO, exhibits a smoother wear track (Figure 49 (b) also reports a lower value of
friction coefficient and the least wear rate (in turn the best wear performance) as
compared to the other NWD samples fabricated with 0 ¢/L and 1.5 ¢/L CoSO,4 additive,

respectively.

4.4 Conclusion

(1) The NWD samples with 0.1 g/L CoSO, additive report the highest value of
hardness (1364 + 12 Hv). Upon increasing the concentration of CoSOyq in the bath from
0.1 ¢/L to 1.5 ¢/L the value of the hardness drops to 941 + 17 Hv. The Co content of
the deposits also increased progressively as the CoSO4 concentration in the plating
bath is increased. The deposition rates and the coating thickness of the NWD deposits
vary marginally as varying amounts of CoSQy is introduced in the NWD plating bath.
(2) The NWD samples tend to get rougher as the CoSO,4 concentration is increased
in the plating bath.

(3) The wear volume loss for the NWD sample fabricated with 0.1 ¢/L CoSOy is
significantly lesser than the other NWD samples fabricated with different amounts of

CoSO;.
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(4) The results also establish that the wear resistance of the NWD deposits (without
Co?" ions) is lesser than that of the NWD deposits fabricated with small quantities of
Co?* (0.1 and 0.2 g/L CoSQ,, respectively) additive in the NWD plating bath. The wear
rate of the NWD samples increases drastically as the concentration of CoSO, is

increased in the NWD plating bath.
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CHAPTER V

CONCLUSIONS AND FUTURE PRESPECTIVE

5.1 Conclusions

The Ni-W alloys and composite coatings as designed and fabricated during the course
of the research threw up several significant findings which can be further exploited in
various other systems for the overall clarity of basic metal forming and protective
coatings in general and enahncement of structure and mechanical properties of such
binary alloys and composite coatings systems in particlar. The various portions can be

concluded as below:

(@) The study on the effect of operating conditions and surfactants on the
electrodeposition of Ni-W alloys higlishted the significant effect that the
cuurent density and various organic as well as inorganic surfactants have on
the morphology, hardness and various other surface propeties of the deposits
such as crack density and the grain size. The use of SDS and NaBr tends to
enhance the hardness and the W content of the depsoits when used in optimal
quantities (0.1 ¢/L and 25 ¢/L, respectively). Moreover , the effect of NaBr is
more pronouced in terms of refinement of the grain structure, enhancement
of the W content in the deposits and reduction of the crack density while

nominally affecting hardness of the deposits.



107

(b) Synthesis of Ni-W/diamond composite deposits was the most significant step
during the course of entire research. Operating conditions (current density,
concentration of diamond particles in the plating bath) and composite particles
attributes (diamond particle size) were reasonably varied to arrive at an optimal
conclusion of a set of conditions which yeilded the best result in terms of
hardness, surface morphology, diamond particle distribution and the
reasonable and significant incorporation of diamond particles into the base Ni-
W alloy matrix. The progressive and increased encapsulation of diamond
particles tended to report an enhancement of the surface hardness of the base
matrix which was significantly higher than the know hardness of the base Ni-W
matrix. Moreover, a decline in the W content of the deposits was also observed
as the diamond concentration in the plating bath and the diamond content in
the deposits reported an increase in values. This result highlights the sole and
significant impact of the diamond particles in enhancing the hardness of the
base Ni-W matrix. The surface also tended to get smoother as the diamond
content in the deposits was increased successively, while the coatings reported
an enhanced anti-wear performance with an increase in the level of diamond
incorporation into the base matrix. Also, the friction co-efficient decreased as
the diamond content of the coatings were enhanced highlighting a very
significant phenomena where the surface are hard and smooth enough for a

counter material to scratch against it and remove the surface due to wear
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impact of the counter material against the surface of the deposits, thereby
rendering the significantly resistant against wear damage. Upon fabrication of
pulse plated multilayer Ni-W/diamond nanocomposite coatings using a
multitude of variations in the pulse parameters (forward current, reverse
current, layer duration, forward/reverse current duration) it was revealed that
the multilayer coating with alternating layers fabricated by direct current
reports the optimal grain size, relative reduction in crack density and a
significant enhancement in the W content, diamond particle distribution and
incorporation of the deposits is reported.

(c) Ni-W/diamond coating were also fabricated with a varying amount of CoSOq4
additive to investigate the impact of Co®" additives on the the coatings. It is
observed that the addition of cobalt sulphate contributes towards enhancing
the hardness and wear resistance of the deposits only when miniamal amount
of cobalt sulphate is introduced into the deposits (upto 0.1 ¢/L). The increase
in the amount of cobalt sulphate in the plating bath also directly enhances the
cobalt content of the deposits as fabricated which in turn directly translates
into the fact that successive increase in the cobalt content in the plating bath
tends to directly alter the composition of the NWD deposits as fabricated
without any cobalt sulphate additive in the plating bath and beyond a

particular concentration in the plating bath, the Co** ceases to be a composite



109

addtive and perhaps interferes in the NI-W alloy matrix and thereby, altering

the composition of the base matrix.
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5.2 Future Perspective

The study of the various modifications both at the operational level and the
experimental levels during the fabrication of binary metal deposits and composite
coatings is a very encompassing field which needs significant further research and
analysis to develop a relationship between various metal alloy and composite
systems. The super-hard, wear resistant diamond composite deposits can also find
several varied applications in industry and civic society. Moreover, there is a pressing
need to reduce the net cost of fabrication of such deposits by investigating and
optimizing various other binary and ternary alloy system (Ni-P, Ni-P-Co, Ni-Al-Fe, Ni-Fe
as few examples) as base matrix for super hard composite particle co-deposition. Cost
reduction is one such significant factor that if not addressed properly can lead to
detrimental impact in the development of this technology to its prime. Moreover, the
coatings can be redesigned with a different base alloy system and a mixture of
diamond particles of various size so as to enable a variety of applications and also to
ensure a matrix that can encapsulate higher volume % of composite particles to the

tune of 80 volume % as. The few applications that can be targeted further can be:

(a) Development of a water-resistant coating system with similar mechanical as
well as morpholoical attributes as Ni-W/dimond composite coatings. This can
lead to significant benefits in the automobile industry. In the power plant
industries as the car bodies are usually prone to damage by rainfall and
corrosion damage while in the power plant industries also there is a significant
loss incurred by means of corrosion of the inner walls of boilers and heat
exchangers due to the intermittent moisture present in water vapours or the
water that flows through them. Coating the inner surface of such boilers and

heat exchangers by the above-mentioned coating can contribute towards



(b)

(0
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significantly reducing the damage to these vital industrial equipments that drive

the economy of various countries

Development of heat-resistant nanocomposite insulating coatings which can
possibly be used in industrial parts prone to fire hazard, short-circuiting due to

over-heating of the underlying materials

Development of suitable coatings for gear driving and driven tooth of
automobiles which are prone to significant damage and loss due to wear of
moving parts/machinery and need to be replaced adding to the maintenance

cost of automobiles.
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