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ELECTRODEPOSITED NANOCRYSTALLINE Ni-Co AND Co-Ni-P COATINGS FOR

HARD CHROMIUM REPLACEMENT

Chao Ma

This thesis describes the preparation and characterisation of environmentally friendly

and low-cost nanocrystalline Ni-Co coatings and Co-Ni-P coatings to replace hard chro-

mium coatings for anti-wear and anti-corrosion applications.

The nanocrystalline Ni–Co coatings with different cobalt contents were electrodepos-

ited. The investigation on the role of tribofilms and wear debris in the tribological beha-

viour sliding against AISI-52100 stainless steel under unlubricated conditions shows that

the tribofilms containing iron from the counterparts were formed on the worn surface of

the coatings (less than 60 at.% Co), which exhibited high coefficients of friction and wear

rates. In contrast, no tribofilm or iron transfer from the pin was found on the Co-rich

coatings (more than 70 at.% Co), which exhibited a dramatic friction reduction of 50 %

and improved wear resistance. The wear debris contains a mixture of face-centred cubic

(fcc) metallic phase and fcc oxidised phase, irrespective of the coating composition. The

oxidised debris cannot form an efficient lubricative film to promote separation of the slid-

ing surfaces. Ni-Co coatings exhibited the active-passive polarisation behaviour in 3.5 %

NaCl solution. The corrosion resistance of Ni-Co coatings needs to be further improved

in order to replace hard chromium for anti-corrosion applications.

A new approach to fabricate single-layer Ni-Co coatings with high cobalt content onto

mild steel substrates has been developed by optimising of additives (saccharin and 2-

butin-1,4-diol (BD)). The present method is more feasible in industry with a competitive

cost compared to other techniques, e.g. developing graded coatings and applying pulse

current waveforms. The effect of saccharin and BD on the properties of the coatings were

investigated, including surface morphology, grain size, crystalline texture, hardness and

tribological performance against a steel counterpart. The coating microstrain could be
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manipulated from tensile to compressive and the fibre texture could be modified from the

(101̄0) for hexagonal close-packed (hcp) structure to (0002)hcp / (111)fcc. The inhibition

effect of absorbed species on electrodeposited nanocrystalline coatings is explained via

grain size and texture analyses. The coating from the bath with an optimised additive

content had high hardness (500 HV) due to its reduced grain size (11±2 nm) and improved

tribological properties due to the high proportion of hcp structure.

The Hall-Petch relationship can fail when the grain size is below a critical value of

tens of nanometres. This occurs particularly for coatings having porous surfaces. In

this study, electrodeposited nanostructured Ni-Co coatings with different porosities were

obtained by controlling the concentration of nickel sulphate and nickel chloride within

electroplating baths. The coatings with the grain size in the range of 11-23 nm had

varying surface morphologies and different porosities. A cluster-pore mixture model has

been proposed by considering no contribution from pores to the hardness. As the porosity

effect is taken into consideration, the calculated pore-free hardness is in agreement with

the ordinary Hall-Petch relationship even when the grain size is reduced to 11 nm for

the Ni-Co coatings with 77±2 at% cobalt. The present model has been applied to other

porous nanocrystalline coatings, and the Hall-Petch relationship is maintained.

In order to further improve the microhardness, wear resistance and corrosion resistance

of Ni-Co coatings to match the properties of hard chromium, a new Co-Ni-P coating has

been developed by combining the precipitation hardening of Ni-P alloys with the lubricity

of cobalt-rich Ni-Co coatings. The evolution of composition and microstructure, hardness,

thermal stability and tribological properties have been investigated. The local pH near the

cathode played an important role in the change of the microstructure from nanocrystalline

to amorphous along the growth direction as the phosphorus content increased from 7 at.%

to 26 at.%. The highest microhardness (980 HV) and the lowest wear rate (an order of

magnitude lower than that of hard chrome coatings under the same dry sliding conditions)

were achieved by annealing the coatings at 400 °C facilitating precipitation hardening.

Furthermore, the coefficients of friction of both the as-deposited Co-Ni-P coating and the

heat-treated samples were approximately 0.3, only half of that of hard chrome coatings.

The roll-like debris found on the worn surfaces of the coating annealed at 500 °C were

oriented perpendicularly to the sliding direction. The Co-Ni-P coating annealed at 400 °C

exhibited improved anti-corrosion properties, which can be attributed to the formation of

a protective oxide layer.
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Chapter 1

Introduction

1.1 General Introduction

For over a century, chromium plating has been widely used to produce decorative and

functional coatings. In 2003, the world wide output value of decorative chromium plat-

ing was approximately $16 billion and $3.2 billion for functional chromium plating [1].

Decorative chromium coatings, typically with a thickness of less than 250 nm, are plated

over the layer of electrodeposited nickel or copper depending on the intended use. They

provide an attractive blue-white metallic lustre and are resistant to corrosion, tarnishing

and scratch [2]. Functional or hard chromium plating with the thickness of 2.5 µm to

500 µm delivers high hardness (typically 850-1100 HV), excellent wear and corrosion res-

istance. It has been widely used as a fundamental coating in aerospace, automotive and

general engineering industries, e.g. aircraft engines, automobile valve components, piston

rings, oil well equipment, dies and hydraulic cylinders [3, 4]. However, chrome plating

solution consists of chromic acid with hexavalent chromium, which is extremely toxic and

carcinogenic. A large amount of chromic acid mist at the surface of the plating tank results

in the exposure of workers to hexavalent chromium due to the inhalation and skin contact,

which can cause liver and kidney damage or failure, burns, and anaemia [5]. Moreover, the

presence of hexavalent chromium ions in the environment is toxic to organisms. Therefore,

it has been identified as one of the 17 chemicals posing the greatest threat to humans by

the United States Environmental Protection Agency (EPA) [6]. Due to both work safety

and environmental issues, hard chromium coatings are facing strict regulations [1, 7]. For

many years, the permissible exposure limit for hexavalent chromium compounds in work-

place air addressed by United States Occupational Safety and Health Administration was

52 µg m-3. It has been reported that the US Department of Defence spent over $10 mil-
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lion dollars per year in hazardous material disposal costs associated with hard chromium

deposition [8]. The standard has been set to a much lower value at 5 µg m-3 in 2006 [4],

which further increases the cost of chromium plating. In the European Union, the direct-

ive 2002/95/EC to restrict the use of certain hazardous substances including hexavalent

chromium in electrical and electronic equipment became effective on the 1st July, 2006

[7]. The hexavalent chromium eliminations in car manufacture were in operation on the

1st July 2007 in USA [1]. Besides, hard chromium plating has inherent disadvantages,

including poor coverage power, poor throwing power and requiring high average cathode

current densities [9]. Therefore, there is currently tremendous pressure to develop envi-

ronmentally friendly and cost-effective coatings to replace hard chromium. Substitutable

materials, alternative technologies and new designs have attracted increasing scientific

and industrial attention, including thermal spray [10], vapour deposition [11], functional

trivalent chromium plating [12], electroless nickel-based coatings [13], non-chromium elec-

trodeposited nanocrystalline coatings [14] and welding facing methods [15]. Among these

current methods, chromium-free electrodeposition is versatile, technologically feasible and

economically competitive. It allows the use of existing hard chromium plating infrastruc-

ture, which can significantly reduce the cost. Additionally, numerous benefits associated

with hard chromium plating are retained, e.g. non-line-of-sight application, dimensional

consistency, good coating adhesion and surface finish [8]. Various electrodeposited nickel-

based and cobalt-based coatings have been considered as possible replacements for hard

chromium [14, 16, 17].

Electrodeposited Ni-Co alloys exhibit enhanced tribological properties, high strength,

excellent magnetic properties and unique electrocatalytic activity, which have the potential

to be used in aerospace, automobile and general engineering industries [18, 19]. Previous

studies showed that experimental variables, such as cobalt ions concentration, current den-

sity, additive type and bath temperature, can influence the cobalt content and grain size,

thus determining the microstructure and mechanical properties [20–22]. Electrodeposited

nanocrystalline Ni coatings and nickel-rich Ni-Co coatings have an fcc structure. With a

further increase in the cobalt content, the hcp structure is formed [23, 24]. Recent findings

showed that cobalt-rich alloys with hcp structure exhibited a reduced coefficient of friction

and improved wear resistance against an AISI-52100 stainless steel ball compared to the

nickel-rich coatings [24]. However, the coating hardness is relatively low (below 350 HV)

due to its large grain size (above 1.5 µm measured by X-ray Diffraction (XRD)). It has

been found that the hcp structure of cobalt-based alloys (Co-Re, Co-Mo and Co-Cr) leads
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to lower coefficient of friction and wear rate than their counterparts with fcc structure

[25, 26]. Inman et al. [27, 28] reported that the presence of hcp structure in a Co-Cr

alloy (Stellite 6) restricted material removal and reduced material transfer when sliding

against body centred cubic (bcc) structured Incolony MA956. Moreover, Persson et al.

[29] suggested that the excellent low friction properties and galling resistance of Stellite 21

were attributed to the transformation from fcc structure to easily sheared hcp structure in

the tribofilm which is enriched with Co. The switch in tribological performance between

nickel-rich and cobalt-rich Ni-Co coatings [24] was thought to be related to the formation

of a tribofilm. However, there has been no further investigation of the participation of

tribofilms and wear debris in the friction and wear of Ni-Co coatings that could explain

such behaviour.

If the generated wear debris is not simultaneously removed from the contact surfaces,

it can form a three-body contact which results in physical and chemical interactions [30].

The layer of compacted wear debris, referred to as a tribofilm, may be inadvertently

formed on the rubbing surfaces. A majority of studies show that the formation of sta-

ble tribofilms leads to a significant reduction in the coefficient of friction and the wear

rate by redistributing contact stresses and establishing mild wear with the oxide films as

solid lubricants [31, 32]. For example, for a TiAlN/VN coating [33], the presence of a

thin hydrated tribofilm resulted in a relatively low coefficient of friction (0.53) at room

temperature (compared to those obtained at elevated temperatures). However, quite a

number of inconsistent experiments have also been reported. For example, the coefficient

of friction of the TiAlN/VN coating increased to approximately 1 at 300 °C due to the

breaking of the -OH bonds and the transformation of the monohydrate to an amorphous

(TiAlV)NxOy with higher inherent friction [33]. Luo et al. [34] reported that the coef-

ficient of friction of TiAlCrYN coatings increased from less than 0.2 to a high value of

0.6-0.7 after the formation of an adhesive tribofilm. Olofsson and Jacobson [35] found

the coefficient of friction was under 0.4 during the sliding contact between two alumina

smooth surfaces where no tribofilm was formed. It increased to above 0.7 after surface

treatment by grit blasting, which contributed to the formation of the tribofilm by building

up the agglomerated wear particles. This was explained by lower hardness of the tribofilm

compared to the alumina counterpart. As the role of tribofilm is disputed and poorly

understood, it is interesting to study the function of tribofilms on Ni-Co coatings with

varied triboloigical properties under the same tribological conditions.

The electrodeposition of cobalt-rich nanocrystalline coatings onto steel is challenging
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since the coating can be highly stressed (tensile or compressive) during crystal builtup.

Also, the mismatch of crystal lattice between the coating and substrate can cause the

development of cracks within the coatings and even delamination from the substrates.

The internal stress in the coating has been reported to change from compressive to tensile

stress as the cobalt content increases [18]. A number of strategies have been employed

to combat internal stress in cobalt-rich coatings. Examples include (a) graded Ni-Co

coating by gradually changing the composition of alloys from nickel-rich to cobalt-rich

via a number of baths, but the deposition process is complex for industrial uses [18]

and (b) pulse current waveforms to electrodeposit coatings, but this method has only

been successful in depositing a low-cobalt content alloy on steel and needs to employ a

sophisticated, pulsed current power supply [36–38]. Additionally, recent findings showed

that cobalt-rich coatings with hcp structure exhibit low coefficient of friction, but still

need further improvement to enhance their tribological properties and microhardness [24].

Industry expects a simpler electrodeposition approach, which avoids the need to develop

a graded coating or employ a sophisticated power supply.

Nickel coatings commonly deposited from the baths containing one or two types of

nickel salts - sulphate and chloride for different applications. For example, coatings depos-

ited from a nickel chloride bath can be used in the decorative industry for anti-corrosion

applications but not in engineering applications as a high internal stress limits the coat-

ing thickness (less than 2.5 µm). Although the effect of baths with different nickel salts

on mechanical properties has been studied on coarse-grained (grain size of the order of

microns) nickel coatings with a low hardness, typically below 300 HV [39], there are few

comparable studies for nanocrystalline Ni-Co coatings. Polycrystalline metals show an

increase of yield stress with the decrease of grain size. This effect is known as the Hall-

Petch effect [40]. It can be applied to Vickers hardness which is approximately three times

the compressive yield stress if a small amount work-hardening occurs. Nanocrystalline

materials (grain size below 100 nm) can show enhanced physical, mechanical and chem-

ical properties compared with their coarse-grained counterparts [41]. However, with a

further refined grain size of nanocrystals, it has been reported that the Hall-Petch slope

becomes smaller or even negative when the grain size is reduced to a threshold value [42].

Previous studies indicated that a deviation from the conventional Hall-Petch relationship

occurs when the grain size is below 50 - 60 nm for both electrodeposited Ni and Co

[43, 44]. Many mechanisms have been proposed, including increasing porosity of deposits

with small grain size [45], larger fraction of atoms at grain boundaries [42], suppression of
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dislocation pile-ups [46] and the thermally-activated grain boundary shearing model [47].

Although electrodeposition was claimed to produce porosity-free products [48], it has been

noticed that the as-deposited nickel and cobalt coatings [43, 44] consist of a mixture of

clusters and pores, in which a cluster contains tens and hundreds of nanocrystalline grains.

Deviation from the Hall-Petch relationship may derive from the porosity, which needs to

be clarified.

Although cobalt-rich Ni-Co coatings prepared from electrolytes with optimised amount

of additives exhibit low coefficient of friction and improved anti-wear resistance, their

microhardness and corrosion resistance need to be substantially improved to match the

properties of hard chromium. It has been reported that the as-plated Ni-P coatings had

high hardness (more than 640 HV) [49], which could further reach 1000 HV after heat

treatment at 400 °C due to the precipitation strengthening which resulted in a lower wear

rate than that of hard chromium coatings [14]. However, the coefficient of friction of

Ni-P is in the range of 0.45-0.7 on dry sliding conditions against different counterface

materials, including carbon steel, TiN-coated tool steel and Si3N4 [14, 50, 51]. Therefore,

by alloying Co into Ni-P, Co-Ni-P coatings are expected to exhibit a lower coefficient

of friction and improved wear resistance. Thin Co-Ni-P films (from 10 nm to 10 µm

thick) are generally used as magnetic recording media, and as hard magnetic materials

for microelectromechanical systems (MEMS) applications due to their unique magnetic

properties [52, 53]. In the engineering industry, they have been applied as anti-corrosion

coatings [54], microwave absorptive materials [55] and electrocatalytic materials for water

electrolysis [56]. However, few researchers have addressed the tribological properties of the

Co-Ni-P coatings. Co-Ni-P films can be electroplated from a sulphate bath [54], a Brenner

type chloride bath [57, 58], or a sulphamate bath [59]. The experimental parameters,

such as pH, current density and electrolyte compositions, have been reported to affect

the surface morphology, composition, microstructure, microhardness and their magnetic

properties. Pattanaik et al. [57] reported that the Co-Ni-P film with the P content

more than 12 at.% had an amorphous structure. Djokić et al. [60] found that Co-Ni-P

coatings exhibited an amorphous structure on the top surface but a crystalline structure

at the beginning of electrodeposition. It was suggested that the P content controlled the

transition. However, its mechanism needs to be further investigated.
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1.2 Objectives

The current work aims to develop environmentally friendly and low-cost nanocrystalline

Ni-Co coatings and Co-Ni-P coatings to replace hard chromium coatings for anti-wear

and anti-corrosion applications. The key performance characteristics for hard chromium

include: the hardness of 850-1100 HV, the coefficient of friction 0.6-0.8 when sliding against

an AISI-52100 stainless steel counterpart, the wear rate of 2.1×10-5- 4×10-5 mm3 N-1 m-1

obtained by the reciprocating sliding wear tests [61–64], the corrosion potential (Ecorr) vs.

saturated calomel electrode (SCE) of -299 mV and corrosion current (icorr) of 3.3×10-6

A cm-2 in 3.5 wt.% NaCl [62]. In order to match or exceed the unique properties of

hard chromium, the effects of electroplating variables on Ni-Co coatings as well as the

preparation and heat treatment of Co-Ni-P coatings have been investigated.

The objects of the present research are to:

(1) electrodeposit Ni-Co coatings with different cobalt contents and examine their wear

and corrosion resistance;

(2) study the participation of tribofilms and wear debris in the friction and wear of

Ni–Co coatings with different cobalt contents by chemical and structural characterisations

of the worn surfaces and debris;

(3) electrodeposit single layer Ni-Co coatings with high cobalt content on steel sub-

strates by selecting and optimising electrolyte additives to control the internal stress;

(4) investigate the effect of additives on the grain size and texture of Ni-Co coatings

with high cobalt content;

(5) study the microhardness of nanocrystalline Ni-Co coatings with different porosities

obtained by controlling the concentration of nickel sulphate and nickel chloride within

electroplating baths;

(6) propose a cluster-pore mixture model to explain the deviation from Hall-Petch

relationship for porous materials;

(7) fabricate novel Co-Ni-P deposits with acceptable thickness as anti-wear and anti-

corrosion coatings;

(8) clarify the evolution of composition and microstructure, hardness, thermal stability

and tribological properties of Co-Ni-P coatings.
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1.3 Thesis Outline

Chapter 1 introduces the background, motivations and objectives of the present research.

Chapter 2 presents the literature review on surface engineering, hard chromium replace-

ment, electrodeposited nanocrystalline nickel, cobalt, Ni-Co binary alloys and Co-Ni-P

ternary coatings. Chapter 3 lists the experimental methodologies. Chapter 4 presents

the wear and corrosion properties of nanocrystalline Ni-Co Coatings with different cobalt

contents. The role of tribofilms and wear debris in the tribological behaviour has been dis-

cussed. Chapter 5 investigates the effects of additives on the microstructure and properties

of electrodeposited nanocrystalline Ni-Co coatings with high cobalt content. Chapter 6

studies the effect of porosity on the hardness of nanocrystalline Ni-Co coatings plated from

baths containing different nickel salts (nickel sulphate and/or nickel chloride). Chapter 7

presents the preparation and characterisation of the novel Co-Ni-P coatings for anti-wear

and anti-corrosion applications. Subsequently, the conclusions, novelties and future work

are shown in Chapter 8.
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Chapter 2

Literature Review

2.1 Introduction of Surface Engineering Techniques

High performance coatings provide an effective approach to control wear and corrosion,

which is an important topic from an economic point of view as illustrated in Fig. 2.1.

Surface deterioration represents the predominant factor of the materials degradation [65].

Surface engineering intends to tailor the properties of the surface and near-surface regions

of a material to meet the anti-wear and anti-corrosion requirements. The properties can

be enhanced metallurgically, mechanically, chemically, or by developing a coating [66].

2.1.1 Surface Coating Methods

Coatings can be applied by numerous processes in order to enhance the properties of the

surface, illustrated in Fig. 2.2 [67]. Surface coatings can be produced by depositing films

onto substrates or by reactions involving substrate materials. Hard chromium plating

Fig. 2.1. The causes of materials degradation showing a percentage estimate of the
economic importance of each [65].
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Fig. 2.2. Classification of coatings types [67].

and electrodeposited nanocrystalline coatings are classified to the coatings produced from

solutions by the reduction of ions.

Electrolytic deposition is a versatile and powerful method to synthesise dense coatings

with improved properties, such as good wear and corrosion resistance, high hardness and

excellent ductility. A coating can be built up on an electrically conductive surface by using

the electrolytic cell as represented in Fig. 2.3. A metal M is deposited from a solution of

its ions Mz+:

Mz+ + ze− → M (2.1)

In addition to pure metals, alloys and composites containing co-deposited particles can

be formed by electroplating, which is easy to control the thickness as well as the rate of

deposition and to produce different types of deposits for various applications, as demon-

strated in Fig. 2.4. The properties of electrodeposited metallic coatings (Fig. 2.4(a)) can

be favourably tailored by changing the experimental variables, e.g. current density, plating

temperature, electrolyte composition, additives and bath agitation. Composite coatings

as shown in Fig. 2.4(b) consist of a metal or alloy matrix with a dispersion of second phase

particles, which can be hard particles (e.g. Al2O3, SiC, WC and diamond), solid lubricants

(e.g. PTFE, graphite and MoS2), or nanotubes to improve wear and corrosion resistance
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Fig. 2.3. Schematic illustration of electrodeposition.

[66]. The deposition of the sub-layers and gradient coatings shown in Figs. 2.4(c, e) can

reduce the stress between coatings and substrates. In the meantime, the anti-wear and

anti-corrosion properties can be significantly improved [18, 68]. The patterned films shown

in Fig. 2.4(d) have a wide range of applications, such as optoelectronic devices, magnetic

storage media, gas sensors, and micro fluidic systems [69].

2.1.2 Surface Nanocrystallisation Technologies

Nanocrystalline coatings with the grain size below 100 nm exhibit unique properties due

to a large number of grain boundaries, which attract increasing scientific and industrial in-

terests [70]. Surface nanocrystallites can be produced by the following approaches as illus-

trated in Fig. 2.5 [71]: (a) Surface coating or deposition. The coated materials, which can

be either nano-sized isolated particles or polycrystalline powders with nano-sized grains,

are consolidated by means of various techniques such as PVD, CVD, sputtering and elec-

trochemical methods. The adhesion between the coated layer and the substrate is crucial

to the properties of the coating. (b) Surface self-nanocrystallisation. The surface lay-

ers of the materials can be transformed into nanocrystalline states without changing the

overall composition and/or phases after mechanical or thermal treatment, such as ball-

milling and high strain rate deformation [72]. (c) Hybrid surface nanocrystallisation. It

is a combination of two processes mentioned above, which includes the formation of a

nanostructured transformable layer and a chemical, thermal or metallurgical process to

produce a nanocrystalline layer with different compositions or phases.
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Fig. 2.4. Various types of electrodeposited coatings [67].

Fig. 2.5. Schematic illustration of three types of surface nanocrystallisation processes:
(a) surface coating or deposition, (b) surface self-nanocrystallisation and (c) hybrid
surface nanocrystallisation [71].
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2.1.3 Nanocomposite Coatings

In order to further optimise the properties of coatings, the second phase, particularly

nanoparticles, are added or formed in nanocrystalline deposits to produce various types of

composite nanostructures [73] where the size of nanoparticles and nanotubes is comparable

to the grain size of coatings. The intragranular dispersions can be achieved by adding

nanoparticles or nanotubes in order to anchor dislocations during processing, annealing,

cooling and to control the size and shape of matrix grains. Dispersing second-phase

particles, whiskers and nanotubes can improve the mechanical properties. The magnetic,

electric and optical properties can also be tailored in the composites. Electrodeposited

nanocomposite materials can be synthesised by two approaches. The first approach is the

same as the process to produce polycrystalline composite deposits used for many years by

adding particles, nanotubes or whiskers to electroplating solutions for the codeposition of

second phase particles and the nanocrystalline metal matrix. However, the particles tend

to easily agglomerate. The second approach is an in-situ two-step process. Firstly, the

nanocrystalline matrix is deposited as a supersaturated solid solution, which is followed

by an annealing step in which the second phase is precipitated. Meanwhile, little change

in the matrix grain size may occur [73].

2.2 Replacement of Hexavalent Chromium Plating

For over a century, hard chrome coatings have been applied in a wide range of indus-

tries but are facing strict regulations due to both work safety and environmental issues

[1, 7]. The chrome plating solution consists of chromic acid with hexavalent chromium,

which is extremely toxic and carcinogenic [5]. Substitutable materials, alternative tech-

nologies and new designs have attracted increasing scientific and industrial attention,

including thermal spray, vapour deposition, functional trivalent chromium plating, elec-

troless nickel-based coatings, non-chromium electrodeposited nanocrystalline coatings and

welding facing methods, which are discussed as follows.

2.2.1 Thermal Spray

2.2.1.1 High Velocity Oxy-Fuel (HVOF) Thermal Spray

HVOF thermal spray process, developed by James Browning in 1982, has been considered

as one of the most promising candidates for the replacement of hard chromium [10, 74]. As

illustrated in Fig. 2.6, the coating material in powder form of micrometre size is fed into the
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gun of the combustion chamber, where pure oxygen is mixed with fuels, such as kerosene,

propylene, acetylene, propane and hydrogen. The combustion propellant generates the

supersonic stream with an extremely high velocity which can reach to 2000 m/s at the

temperature of 3000 °C [75]. The powder particles with the high kinetic energy are sprayed

on the substrates, producing coatings with low porosity (<1%), high bond strength (>80

MPa) and low oxide content (<1%) [10, 76]. Tungsten carbides and chromium carbides

based coatings are the most common systems manufactured by HVOF for replacing hard

chromium. As listed in Table 2.1, WC-Co coatings exhibit much higher hardness and

superior wear resistance than hard chromium coatings [77–80]. Wood [81] found the

erosion resistance of 86WC-10Co-4Cr (wt.%) coatings was significantly improved compared

to hard chromium. Fedrizzi et al. [75] reported that the addition of Cr enhanced the

tribocorrosion behaviour of WC-based coatings. However, their applications at elevated

temperatures above 450 °C are limited due to the decarburisation of WC to W2C, W3C

and/or W. At high temperatures up to 900 °C, Cr3C2-NiCr coatings with higher thermal

stability can be used for reducing corrosion and wear, although the hardness is lower

than WC-Co systems [76, 80]. It was found that the use of nano-sized powders could

improve the tribo-corrosion properties of HVOF coatings due to the reduced interconnected

porosity, lower roughness and better distribution of chromium carbides in the matrix [82].

Picas et al. [76] also reported that by using the 75 wt.% Cr3C2-25 wt.% NiCr powder

with smaller size in the range of 1-12 µm, the wear rate of the coating was reduced by

50% compared to the coatings developed from the powder with the size of 10-30 µm. It

can be attributed to a better distribution and cohesion of smaller carbide particles in

the NiCr binder phase, which reduced the pullout of hard particles and decreased the

abrasive wear. The properties of the HVOF coatings can be further optimised by tailoring

process parameters, such as combustion pressure, fuel/oxygen ratio, spraying distance and

substrate temperature [83, 84].

As one of the leading candidates for replacement of hard chromium, HVOF coatings

have been applied on more than one hundred components of Boeing aircraft, including

landing gear, hydraulic actuators as well as flap and slat tracks, especially for overhaul

and repair [74, 85]. Compared to hard chromium plating, the HVOF process has some

advantages including [4, 86]:

• Can be applied to almost any material without causing hydrogen embrittlement

• Better fatigue performance

• Improved wear and corrosion resistance
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Fig. 2.6. Schematic diagram of HVOF process [86].

• Clean process without environmental costs associated with electroplating, such as

rinse water treatment, waste disposal and ventilation

• Reduced amount of rework/replacement costs and lower operating cost

However, there are some limitations, which are summarised as follows [4, 77, 78, 86, 87]:

• Line-of-sight.

• Limitations in the minimum internal diameter of a cylinder that can be coated (i.e.,

Φmini = 40–80 mm) .

• Low-strain-to-failure, and spalling can occur at high load.

• Cause more wear on adjacent components.

• More complex process which needs much higher capital and installation expense.

2.2.1.2 Plasma Spray

As one of thermal spray techniques, plasma spray requires a plasma generator powered by

an arc or a high frequency discharge. The melted powder in the plasma jet is propelled

towards a substrate and forms a deposit. The coating materials include metals, alloys,

ceramics and cermets [93]. Compared with HVOF, the principle advantage of plasma spray

is the ability to coat the components with non-line-of-sight geometries such as internal

diameters. By optimising the spray gun, the minimum diameter down to approximately
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Table 2.1. Summaries of HVOF coatings as alternatives to hard chromium

Powders
Specific
applica-
tions

Properties compared to hard chromium Ref.

WC-12Co

Repair
of Gas
turbine
shafts
(heavy
duty)

Higher hardness (>1000 HV), better performance in
fatigue tests, superior performances in wear

resistance, lower salt spray resistance
[77, 78]

WC-17Co
Aircraft
compon-
ents

Higher hardness (1300 HV), less loss of properties in
fatigue testing, lower abrasive wear rate, comparable
performance in salt fog testing, better performance
in atmospheric corrosion tests, less resistance on

aluminium alloy substrates

[79, 80, 88]

86WC-
10Co-4Cr

Aircraft
compon-
ents

Higher hardness (>1300 HV), better anti-wear
properties [80, 88]

75Cr3C2-
25NiCr

Piston
rings
and
valves

Comparable hardness (>700 HV), better wear
resistance, improved resistance to tribo-corrosion in
NaCl solutions, better corrosion resistance in salt

spray test, higher fatigue strength

[76, 77, 82,
89]

80Cr3C2-
20NiCr

N/A
Better performance against corrosion in chloride
solutions, but corrosion resistance is less stable as

immersion time increases
[90]

WC-CrC-
Ni

N/A
Comparable hardness, enhance fatigue strength,
better abrasive wear resistance, worse corrosion

resistance
[91]

NiCrBCSi N/A Comparable hardness and wear resistance after cyclic
heat treatment [92]

Tribaloy
400
(60%

Co, 28%
Mo, 9%
Cr, 3%
Si)

Aircraft
landing
gear

Comparable hardness (700-1150 HV), superior wear
resistance, slightly inferior performance in salt fog
testing, comparable performance in atmospheric

corrosion tests

[77, 87]
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6.5 mm can be coated, which is small enough for any landing gear outer cylinders, most

utility actuators, and flight surface actuators [94]. Heydarzadeh Sohi and Ghadami [95]

reported that the wear rate of air plasma sprayed WC-12Co coating against a sintered

alumina disc was three times lower than that of hard chromium coatings. However, the

limitations of plasma spray are listed as follows [94]:

• Minimum diameter cannot be lower than 6.5 mm. The limitation is due to the need

for an adequate gun-surface distance.

• Higher porosity (typically 2-10%) than HVOF.

• Not suitable for heat-sensitive materials.

2.2.2 Vapour Deposition

As a dry and clean technology, the PVD process starts from creating a vapourised coating

material by an electric arc or an electron beam from a solid or liquid source, and then the

material is transported through a vacuum, low pressure gas or plasma (which accelerates

the ions) followed by condensing on the substrate surface to form a thin and hard layer.

PVD processes can be classified with respect to the following types of evaporation: vacuum

evaporation (thermal evaporation), sputter deposition, arc evaporation and ion plating

[96]. Various coating materials can be applied, including CrN, TiN, Ni, Cr, TiAlN, ZrN,

CrC, SiC and diamond-like carbon (DLC) coatings [97]. PVD films can provide equivalent

or superior performance with respect to hardness, wear and corrosion resistance compared

to hard chromium coatings. Hurkmans et al. [98] have deposited a CrNx coating with the

thicknesses up to 50 μm by the unbalanced magnetron sputtering technique with high bias

voltages (>200 V). The coating exhibited the super hardness of 2700-3100 HV and excellent

tribological and electrochemical properties. Groshart [11] reported that PVD titanium

nitride coatings could be used to protect cutting tools as their lifetime was three times

longer than that of hard chromium. Brondum [99] developed chromium and chromium

nitride coatings by low temperature arc vapour deposition using a plasma created from a

mixture of evaporated metal, metal ions and gases. The hardness of PVD Cr was in the

range of 800-1400 HV and that of PVD CrN reached 2200 HV. Both of the coatings had

equivalent or better abrasion and corrosion characteristics than hard chromium. It was

found that multilayer PVD coatings, such as TiN/Ti/TiN, CrN/Cr/CrN and ZrN/Zr/ZrN,

exhibited better corrosion resistance than binary nitrides [97]. Additionally, DLC film can

be deposited by plasma process using a mixture of hydrocarbons and inert gases. The
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thin coating can be used as a protective coating on fatigue sensitive components [100].

Although the PVD process is versatile and environmentally friendly, it has the following

disadvantages [4]:

• Complex equipment and high capital cost.

• Line-of-sight restrictions for complex substrates.

• Not suitable for rebuilding.

• Limited by the reactor size.

Another vapour deposition method is CVD. In this process, the volatile precursors react

and/or decompose on the hot substrate surface to form the coatings. It can create the

same hard nitride and DLC coatings as PVD. However, the substrate needs to be heated

to at least 500 °C, which is unsuitable for heat-sensitive alloys. Unlike PVD, CVD can

coat complex objects [4].

2.2.3 Functional Trivalent Chromium Plating

Trivalent chromium plating with significantly fewer potential human health effects has

been considered to be a promising replacement technology for hexavalent chromium for

decorative applications since 1970s. Compared to hard chromium plating, the trivalent

process has the advantages in terms of the cathode efficiency, throwing power and disposal

cost. However, the maximum thickness of the coatings plated from commercial trivalent

baths is less than 10 μm, which restricts their applications for anti-wear and other func-

tional purposes [1, 101]. The inability of depositing thick coatings from trivalent chro-

mium baths can be ascribed to the formation of chromium hydroxides and a stable olation

production ([(H2O)Cr(OH)Cr(OH)Cr(H2O)4]), which inhibit the trivalent Cr from dis-

charging [102]. It can be minimised by adding complexants and decreasing the pH. With

the presence of complexants (e.g. formate and glycine), olation reactions are competed

with complexation reactions [103]. Zeng et al. [12] plated Cr-C alloys with the thickness

of 50 μm from the trivalent chromium bath containing formic acid. The doping of C was

attributed to the presence of organic substances. The as-deposited Cr-C alloy with crack-

free surface and amorphous/microcrystalline structure had the microhardness of 800 HV,

which increased to approximately 1400 HV after heat treatment in Ar2 atmosphere for 1 h

due to the crystallisation of chromium and precipitation of new phases. The Cr-C coatings

annealed at 200 °C exhibited better wear resistance against a steel ball under unlubricated

18



CHAPTER 2. LITERATURE REVIEW

conditions than conventional hard chromium and as-deposited Cr-C alloys, but the corro-

sion resistance in 0.1 M H2SO4 was reduced by introducing crystal interfaces and cracks.

Edigaryan et al. [104] added aluminium ions as a strong buffer in trivalent chromium

electrolytes in order to prevent the formation of chromium hydroxide. The thickness of

the coating was claimed to be at least 100 μm and the hardness was 1000 HV. Another

attempt to overcome the limitation of thickness is by applying pulsed current. Chromium

hydroxides can be dissolved under the countercurrent and the hydrogen film can also be

reduced [1]. Kagajwala et al. [105] developed an additive free trivalent chromium plat-

ing process though the use of sophisticated waveforms. The coatings exhibited equivalent

functional properties to the coatings produced from hexavalent chromium baths. Although

the process has been demonstrated as a drop-in replacement for hard chromium, it has not

been applied to produce hard thick chromium coatings at an industrial scale. Besides, the

trivalent chromium baths are more sensitive to foreign ions contamination than hexavalent

chromium plating. Impurities need to be removed by adding precipitating agents or using

ion exchange, which increases the cost [102].

2.2.4 Electroless Nickel-based Coatings

Electroless nickel based coatings, formed by an autocatalytic reduction reaction with re-

ducing agents, exhibit good corrosion and wear resistance and provide another cost effect-

ive solution to replace hard chromium coatings [13]. Actually, an intermediate electroless

nickel layer is used to prevent the corrosion of base metals through the characteristic cracks

of hard chromium [106]. Ni-P alloys turn out to be one of the most common autocata-

lytic nickel deposits, which have various applications in aircraft, automotive, marine and

electronics industries. The hardness of as-deposited Ni-P coatings ranges from 490 HV

to 660 HV depending on the phosphorus content, which can be significantly increased to

the comparable value to hard chromium after annealing at 400 °C due to precipitation

hardening by intermetallic compound Ni3P as shown in Table 2.2 [107]. Thanks to their

high hardness and good ductility, the wear resistance is equivalent to hard chromium [108].

Boron electroless nickel plating is another process which can produce coatings with higher

hardness, typically between 650-750 HV. After heat treatment, the hardness of 1200 HV

can be obtained by precipitating Ni3B intermetallic compound. The Ni-B coatings also

exhibit lower coefficient of friction and wear rates against steel ball in lubricated wear tests

[109]. In order to further improve the corrosion and wear resistance, electroless composite

coatings have been developed by co-depositing particles , for example, boron nitride, sil-
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Table 2.2. Hardness of as-deposited and annealed electroless Ni-P coatings with
different phosphorus content [107]

Phosphorus
content / wt.%

Hardness of
as-coated samples

/ HV

Hardness of
heat-treated

samples / HV

2-3 660 1080

6-9 520 940

10-12 490 880

icon carbide, alumina, MoS2 and PTFE [107]. Another advantage for electroless plating

is maintaining the uniformity of thickness, especially for products with complex geometry

and deep pores [108]. However, the process requires high standards of quality control of

surface preparation and plating solution because of unstable baths [107].

2.2.5 Non-chromium Electrodeposited Nanocrystalline Coatings

Nanocrystalline materials (grain size below 100 nm) exhibit enhanced physical, mechanical

and chemical properties compared with their coarse-grained counterparts [41]. Nanocrys-

talline coatings can be synthesised by numerous techniques as mentioned in Section 2.1.2.

Among them, nano-electrodepostion is one of the most widely applied methods due to its

capability to produce dense metals, alloys and metal-matrix composites at a relatively low

cost in a single-step process [110]. Various electrodeposited cobalt-based and nickel-based

coatings have been considered as potential replacements for hard chromium. Weston et

al. [17] deposited 16 at.% W-Co coatings with the hardness of approximately 900 HV.

The Co-W coatings demonstrated lower coefficient of friction and wear rate than hard

chromium in the dry sliding wear tests against stainless steel balls. By adding ferrous

sulphate to the Co-W baths, the hardness of the as-deposited Co-W-Fe ternary alloy con-

taining 30 wt.% Fe was 840 HV, close to that of hard chromium. The Co-W-Fe coatings

had better corrosion resistance but lower wear resistance [111]. Facchini et al. [112] in-

vestigated nanocrystalline Co-P coatings with average grain size in the range of 5 to 15

nm, which compared favourably with hard chromium in most respects as listed in Table

2.3. Moreover, the Co-P plating process had greater efficiency and higher deposition rate

than its counterpart. Wang et al. [14, 16] produced a novel Ni-P coating with a graded

change of phosphorus content in the direction of thickness by controlling current density

during electrodeposition. The coatings exhibited better wear and corrosion wear resist-

ance than hard chromium. However, similar to Co-P coatings, the high hardness (more
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Table 2.3. Properties of electrodeposited nanocrystalline Co-P coatings compared
to hard chromium [112]

Properties Nanocrystalline
Co-P coatings Hard chromium

Hardness (as-deposited) 530-600 HV 800-1200 HV
Hardness (annealed at 350 °C) 600-700 HV -

Ductility 2-7% elongation <0.1%

Pin-on-disk wear tests against
Al2O3 balls

Coefficient of
friction: 0.48-0.5

Coefficient of
friction: 0.7

Wear Volume:
6-7×10-6 mm3

N-1 m-1

Wear Volume:
9-11×10-6 mm3

N-1 m-1

Corrosion (salt spray)#
Protection

ranking 8 @ 1000
hours

Protection
ranking 2 @ 1000

hours
Hydrogen embrittlement None Yes

# The protection ranking numbers of the coatings exposed in salt-spray cabinets were de-
termined by ASTM B537 (Standard Practice for Rating of Electroplated Panels Subjected
to Atmospheric Exposure).

than 1000 HV) of Ni-P deposits was only obtained after heat treatment at 400 °C, while

the hardness of the as-deposited coatings was approximately 550 HV. It may limit their

ability to replace hard chromium. Additionally, the co-deposition of particles, such as SiC,

TiO2 and Al2O3, can further improve the anti-wear and anti-corrosion properties, which

broadens the prospect of their applications [113].

2.2.6 Welding Facing Methods

Laser cladding is one of the welding facing methods to join melting metallic power on to

substrates using a high energy laser beam. The generated heat during the process can be

localised at the surface of the substrate, but it is still unsuitable for high strength steel

used in aerospace which is quite heat sensitive [114]. Serres et al. [115] produced NiCrBSi

coatings by laser cladding, which were claimed to be a good alternative to hard chromium

for anti-wear applications. Electro-spark deposition is a pulsed-arc micro-welding process

to deposit the consumable electrode materials on a metallic substrate [4]. Johnson et al.

[15] studied several electro-spark deposits as replacement candidates. The hardness of

the as-deposited cobalt-based coating (Stellite 21) was equal to the lower range of that of

hard chromium, and it also exhibited better corrosion resistance. The WC-25TaC-13Co

coating had lower wear rate than hard chromium. Due to the very low deposition rate, the

method has been used for repairing small damage areas of moulds, dies and some aircraft

engine components which are not fatigue-critical [116].
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2.3 Electrodeposited Nanocrystalline Ni, Co and Their Al-

loys

2.3.1 Mechanism of Electrodepositing Nanocrystalline Coatings

Electrocrystallisation is a result of competition between the buildup of existing crystals and

the formation of new ones, which are influenced by the rate of charge transfer at the elec-

trode surface and the surface diffusion of adions on the crystal surface. Electrodeposited

nanocrystalline coatings allow the use of existing hard chromium plating infrastructure

with some modest modification. The grain dimension strongly depends on the surface

diffusion and overpotential. A low surface diffusion rate and high overpotential promote

the formation of new nuclei resulting in refined grain size. The former can be achieved

by adsorption of foreign species on the growing surface, such as grain refiners. Saccharin

has been proven to be an effective additive on grain refinement for nickel electrodeposition

[117]. The overpotential can be experimentally tailored by changing the current density

provided by the power supply [73].

2.3.2 Texture of Electrodeposits

The preferred orientation of electrodeposited metals depends mainly on the crystal struc-

ture of the substrate and the bath conditions. When the difference in lattice parameter

between the substrate and deposit exceeds 15%, the texture is independent from the sub-

strate structure [118]. The bath condition includes bath composition, current density,

temperature, type of anions, presence of impurities and pH [119]. Since the bath con-

dition can be varied over a wide range, it is hard to predict the texture based on the

existing studies. However, Pangarov [120] drew several conclusions about the effect of

certain bath conditions. Firstly, low current densities and high deposition temperatures

lead to the most densely packed crystallographic planes parallel to the substrate. The axis

of preferred orientation of the fcc metal is (111)*, (110)* for bcc structure and (0001)*

for hcp structure. In contrast, if the deposition is carried at high current density and low

temperature, the direction having the maximum atomic packing of the deposits is perpen-

dicular to the substrate. The axis of preferred orientation of fcc metal is (220)*, for bcc

(222)* and for hcp (112̄0)*. In many cases the preferred orientation does not comply with

the above conclusions. The absorbed substance on the electrode can change the axis of

preferred orientation of deposits. Pangarov developed the two-dimensional nuclei theory

which gives an explanation of the preferred orientation as the function of overvoltage.
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However, it is not in agreement with all the experimental results [121].

2.3.3 Health Risks of Nickel and Cobalt Compared to Hexavalent Chro-

mium

EPA has designated 17 chemicals as extremely hazardous substances, including chromium

and its compounds as well as nickel and its compounds [122]. As mentioned before there is

no doubt that hexavalent chromium is carcinogenic and can cause serious damage to health

by prolonged exposure through inhalation. The carcinogenic potency of various nickel

compounds varies widely on the basis of solubility and the route of exposure. EPA classified

nickel refinery dust and nickel subsulfide as Group A (carcinogenic to humans) and nickel

carbonyl as Group B (likely to be carcinogenic to humans), whereas it has not evaluated

soluble salts of nickel as a class of compounds for potential human carcinogenicity. Nickel

sulphate via inhalation is not carcinogenic in either rats or mice [123]. Although nickel-

refinery workers exposed primarily to soluble nickel compounds had a significant excess

risk of lung cancer, and injection of soluble nickel salts followed by barbital exposure

caused kidney cancer [124], there is no sufficient evidence to convince that inhalation

of a mist containing nickel during electroplating can cause cancer. Nickel sulphate is

classified as Category 2 (suspected human carcinogens) or even lower grade Category 3

according to REGULATION (EC) No 1272/2008 [125]. Cobalt sulphate is not on the

list of carcinogenic chemicals created by EPA, but is classified as Category 2 (suspected

human carcinogens) according to REGULATION (EC) No 1272/2008 [125]. Although

the categories are inconsistent, it is generally accepted that nickel and cobalt solute salts

used in the electroplating industry have much less carcinogenic potency than hexavalent

chromium. For nickel plating, it is more concerned about asthma caused by inhaling the

mist and skin sensitisation caused by skin contact [126, 127]. At present it is unrealistic

to substitute chromium for a non-hazardous material at low cost. Therefore, nickel [128]

and cobalt is a reasonable choice to fill the gap between chromium plating and future

non-hazardous coatings.

2.3.4 Electrodeposited Nanocrystalline Nickel

2.3.4.1 Plating Baths

The first bath to deposit nickel is formulated by Watts in 1916, which contains nickel

sulphate to provide nickel ions, nickel chloride or sodium chloride to assist the dissolution

of nickel anode and boric acid as buffering agent. Controlled current density and specific
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Table 2.4. Nickel electroplating baths [129].

Baths Source of
Ni2+

Advantages Disadvantages

Nickel
sulphate
bath

NiSO4
with small
quantities of

NiCl2

Less expensive
Less corrosive to
equipment
Easy to use and
maintain
Lower internal stress
in deposits

N/A

Nickel
sulphamate

bath

Ni(NH2SO3)2
with small
quantities of

NiCl2

High rate of
deposition
Lower internal stress
in deposits

High sensitivity to
impurities
High cost of chemicals

Nickel
chloride bath

NiCl2 Higher electrical
conductivity

High cost
High corrosion
Higher internal stress
in deposits

Nickel
fluoborate

bath

Ni(BF4)2 Deposits obtained
similar to those from
nickel sulphate bath

High cost of chemicals

additives are used to refine the grain size. Three other baths, including nickel sulphamate

bath, nickel chloride bath and nickel fluoborate bath, are employed for nickel electroplating,

which are listed in Table 2.4 [129].

2.3.4.2 Microstructure

Jeong et al. [44] deposited nanocrystalline nickel coatings with the average grain size of

13 nm on mild steel substrates by pulse current electrodeposition in a modified Watt’s

bath. The bright field and dark field transmission electron microscopy (TEM) images

with electron diffraction patterns are shown in Fig. 2.7. The first four rings in Fig. 2.7(c)

represent (111), (200), (220) and (311) for the fcc structure.

The typical XRD pattern of nanocrystalline nickel is illustrated in Fig. 2.8. It can

be observed that the crystal structure is pure fcc and no characteristic peaks of other

structures have been recorded [130].
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Fig. 2.7. Bright field (a) and dark field (b) TEMmicrographs with electron diffraction
patterns (c) and grain size distribution (d) of electrodepsited nanocrystalline nickel
coating [44].

Fig. 2.8. XRD pattern of electrodeposited nanocrytalline nickel with the grain size
of approximately 25 nm [130].
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2.3.4.3 Microhardness

Jeong et al. [44] reported that the microhardness of coarse-grained polycrystalline nickel

with the grain size of 90 µm was approximately 120 HV. As shown in Fig. 2.9, it initially

increased with the decrease of grain size. The behaviour is known as the Hall-Petch effect

[40], which can be described as

H = H0 + kd−
1
2 (2.2)

where H0 is the intrinsic hardness, d is the grain size and k is a constant for a particular

material. However, at the grain size below 62 nm, the deviation from Hall-Petch relation-

ship was observed. Mishra et al. [46] also reported that by reducing the grain size from 28

nm to 10 nm, the microhardness of electrodeposited nickel coatings increased from around

570 HV to higher than 700 HV, but the deposit with the grain size of 8 nm was softer than

its counterpart with the grain size of 10 nm. Erb [48] found Hall-Petch relationship for

nickel electrodeposits broke down when the grain size was less than 30 nm, while Wang

et al. [43] claimed that the deviation occurred as the grain size was reduced to approx-

imately 45 nm as shown in Fig. 2.10(a). The critical grain sizes of the inverse Hall-Petch

relationship are not consistent and the mechanisms are not clear. It may be attributed

to a number of factors, including suppression of dislocation pile-ups [46], diffusional creep

[48], larger fraction of grain boundaries [42], and increasing porosity of deposits with small

grain size [45]. A detailed discussion is given in Chapter 6.

2.3.4.4 Tribological Behaviour

Higher hardness related to grain size reduction has been proven to play a dominating role

in the improved tribological behaviour of nanocrystalline nickel coatings. Nanocrystalline

nickel with 10-20 nm grain size exhibited higher wear resistance and 45-50% lower coef-

ficient of friction than polycrystalline nickel with the grain size of 90 µm in pin-on-disk

tests [44]. It has been reported that electrodeposited nickel of 8 nm grain size with smooth

surface had a much lower value of coefficient of friction (0.15) against steel in fretting wear

tests compared to that of its counterpart of 61 µm grain size [46]. The wear rate of the

nickel coatings produced by Wang et al. [43] decreased from approximately 2.5×10-3 mm3

N-1 m-1 to around 5×10-4 mm3 N-1 m-1 by reducing the grain size from 3 µm to 16 nm.

This was mainly attributed to the increase of microhardness from 200 HV to 600 HV.

Moreover, the morphologies of worn surfaces illustrated that the wear mechanism trans-

formed from severe adhesion wear and plastic deformation with delamination to abrasion

and oxidation wear as the hardness increased.
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Fig. 2.9. The change of hardness of nickel coatings with the average grain size [44].

2.3.4.5 Corrosion Behaviour

Rofagha et al. [131, 132] investigated the corrosion behaviour of nanocrystalline nickel of

22 nm grain size and coarse-grained nickel of 100 µm grain size in 1 M H2SO4. It was

found that both could form passive films in sulphuric acid, while the current density of

the former in the passive potential range was higher due to a more defective passive film

formed on the highly disordered nanocrystalline surface. Mishra and Balasubramaniam

[133] also reported the increased passive current density for nanocrystalline nickel com-

pared to microcrystalline nickel in the same corrosion media. However, the increased

breakdown potential with the decreasing grain size indicated that the tendency for local-

ised corrosion is lower for nanocrystalline nickel due to the more uniform distribution of

the impurities (sulphur). Moreover, it was revealed by Tafel and linear polarisation tests

that the corrosion rate of freshly exposed surfaces of electrodeposited nickel decreased

with grain size, which indicated greater hindrance to anodic dissolution in nanocrystalline

nickel. In alkaline solution, the corrosion resistance of nickel coating considerably in-

creased by reducing the grain size from 3 µm to 16 nm, which can be attributed to faster

formation of continuous Ni(OH)2 passive films on nanocrystalline nickel coatings [134].

Although nanostructure may accelerate corrosion by forming more microelectrochemical

cells between the large amount of grain boundaries and the matrix, the high density of
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(a)

(b)

Fig. 2.10. Hall-Petch plots for as-deposited (a) nanocrystalline nickel and (b)
nanocrystalline cobalt [43].
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grain boundaries and lattice defects can provide more nucleation sites for passive films,

which results in a high fraction of passive layers and low corrosion rate.

2.3.5 Comparison between Electrodeposited Nanocrytalline Ni and Co

Nanocrystalline cobalt can be electrodeposited from baths containing cobalt sulphate

and/or cobalt chloride as the source of cobalt ions [135, 136]. The microstructure and

properties compared with electrodeposited nanocrystalline nickel are discussed as follows.

2.3.5.1 Microstructure

Rather than the fcc structure of nanocrystalline nickel, the nanocrystalline cobalt coatings

with the average grain size of 25 nm exhibited the hcp lattice shown in Fig. 2.11. The

characteristic diffraction patterns of hcp Co included the (100), (002) and (101) innermost

rings followed by fainter (102), (110), (103) and (200) rings [137].

XRD pattern shown in Fig. 2.12 exhibited a strong basal (002) texture indicating that

the majority of grains are oriented with their close-packed plane parallel to the coating

surface, which is common in conventional polycrystalline cobalt electrodeposits [137].

2.3.5.2 Microhardness

Wang et al. [43] reported the hardness of both nanocrystalline Ni and Co coatings in-

creased with grain size reduction up to a similar critical value (approximately 45 nm)

shown in Fig. 2.10. The same deviation from the Hall-Petch relationship with further

reduction of grain size to 16 nm has been observed and the microhardness of nickel and

cobalt with the same grain size was comparable. However, Karimpoor et al. [138] claimed

that the hardness of cobalt increased from 250 HV to 460 HV with the grain size decrease

from 10 µm to 18 nm, which was consistent with the Hall-Petch relationship. The con-

clusion was drawn based on only three samples, which needs to be confirmed by more

experimental work.

2.3.5.3 Tribological Behaviour

Both the nanocrystalline and microcrystalline cobalt coatings with hcp structure exhibited

better anti-wear performance compared with nanocrystalline and microcrystalline nickel

with fcc structure against a steel ball under the same wear conditions [43]. As shown

in Fig. 2.13, with almost the same grain size and hardness, wear rates of cobalt coat-

ings were an order of magnitude lower than those of Ni coatings [43]. Additionally, the
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Fig. 2.11. Bright field (a) and dark field (b) TEM micrographs with electron diffrac-
tion patterns (c) and grain size distribution (d) of the as-deposited nanocrystalline
cobalt [137].

Fig. 2.12. XRD pattern of electrodeposited nanocrytalline cobalt with the grain size
of approximately 20 nm [137].
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coefficient of friction of nanocrystalline cobalt was 0.2, which was only one third of that

of nanocrystalline nickel. The hcp structure has been proven to have a significant effect

on friction-reduction by resisting adhesive interactions with the counterface, which is dis-

cussed in more detail in Chapter 4. The worn surface morphologies of nickel and cobalt

coatings are shown in Fig. 2.14. Although the nickel and cobalt coatings had similar grain

size and hardness, the smooth worn surface with fine grooves of cobalt coatings illustrated

much lower extent of damage. The tribological properties can be improved by reducing

the grain size [43].

2.3.5.4 Corrosion Behaviour

As mentioned in Section 2.3.4.5, both coarse-grained and nanocrystalline nickel coat-

ings exhibited an active-passive potentiodynamic polarisation behaviour in sulphuric acid

[132, 133] and alkaline solutions [134]. However, no obviously passive process has been

observed for nanocrystalline or microcrystalline cobalt coating in HCl or H2SO4 solutions

[135, 136]. Consequently, higher grain boundary density of nanocrystalline cobalt will

accelerate corrosion due to more active sites for preferential attack. In contrast, in NaOH

or NaCl solutions cobalt coatings can form protective passive films [136]. Thus nanocrys-

talline cobalt coating exhibits improved corrosion resistance than coarse-grained cobalt

in alkaline solutions. Wang et al. [136] suggested that the varying corrosion behaviour

of nanocrystalline cobalt coatings in different corrosion media could be explained by the

effect of a larger number of grain boundaries and defects in nanostructured coatings. As

illustrated in Fig. 2.15(a), the high fraction of grain boundaries in nanocrystalline coatings

provide a large number of active sites to quickly form a continuous and protective passive

film, which increases the difficulty of cobalt ions or electron migration to the surface to

participate in further electrochemical reactions. In the case of cobalt coatings in HCl or

H2SO4 solutions with no formation of passive films, nanostructured surfaces become more

electrochemically reactive due to the increasing number of defects as shown in Fig. 2.15(b).

It is worth noticing that nanocrystalline cobalt coatings had an order magnitude lower

passive current density than that of coarse-grained cobalt coatings, which is inconsistent

with the results of nanocrystalline nickel [133] as described in Section 2.3.4.5. Therefore,

more factors (e.g. impurities) need to be considered to explain the nature of passive films.

Additionally, by comparing the electrochemical behaviour of nanocrystalline cobalt [136]

and nickel with similar grain size, 18 nm and 16 nm respectively, it is found that the cor-

rosion resistance of nanocrytalline cobalt was worse than its nickel counterpart in NaOH
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(a)

(b)

Fig. 2.13. Variation of wear rates of (a) nanocrystalline nickel and (b) nanocrystalline
cobalt [43].
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Fig. 2.14. Worn surface morphologies of nickel coatings with grain size of: (a) 3 µm,
(b) 250 nm, (c) 16 nm and cobalt coatings with grain size of (d) 2.5 µm, (e) 220 nm
and (f) 18 nm. Double-pointed arrows show the reciprocating sliding direction [43].
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Fig. 2.15. Model for the corrosion mechanisms of nanocrystalline cobalt coatings
in different corrosion media; (a) positive effect and (b) negative effect of high grain
boundary density [136].

solutions [134, 136].

2.4 Electrodeposited nanocrystalline Ni-Co for Anti-wear

and Anti-corrosion Purposes

Nanocrystalline Ni-Co electrodeposits have the potential to be used in aerospace, auto-

mobile and general industries as an alternative to hard chromium coatings due to their

high hardness, anti-wear and anti-corrosion resistance [24]. Similar to nickel or cobalt

coatings, the Ni-Co alloys can be deposited from sulphamate baths, Watts type baths and

chloride baths. Tury et al. [21] reported that the coatings plated from the former two

baths were homogeneous through the whole cross section, but had much lower microhard-

ness than those produced from chloride baths. In the past few years, the preparation and

optimisation of the coatings have drawn extensive attention [22–24, 37, 139], especially

the relationship among experimental parameters, microstructure and properties.

2.4.1 Microstructure and Properties

2.4.1.1 Microstructure

The surface morphologies of Ni-Co alloys strongly depend on the cobalt content as shown

in Fig. 2.16 [24]. It changed from large polyhedral crystallites to small spherical clusters
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as the cobalt content increased from 7 wt.% to 66 wt.% Co. The 81 wt.% Co-Ni coating

exhibited the branched structure (Fig. 2.16(f)). The phase structure gradually changed

from fcc to hcp with the increase of cobalt content [24]. As shown in Fig. 2.17(e), the 66

wt.% Co-Ni coating contained a mixture structure of fcc and hcp, while the 81 wt.% Co-

Ni (Fig. 2.17(e)) had a strong hcp (002) texture with pronounced (100) and (101) peaks,

similar to the structure of the pure cobalt coating shown in Fig. 2.12. Myung and Nobe

[22] reported that the transition from fcc to hcp structure occurred as the cobalt content

was in the range of 72-78 wt.%.

2.4.1.2 Microhardness

Generally, the microhardness of nanocrystalline Ni-Co coating with different grain size

electrodeposited by direct current was in the range of 300-500 HV depending on the cobalt

content as shown in Fig. 2.18 [24]. It was found that the microhardness of Ni–Co alloys

increased initially as Co content increased from 0 to approximately 49 wt.%, and then

gradually decreased with a further increase of the cobalt content. The similar evolution

of microhardness as the function of cobalt content was also reported by Golodnitsky et al.

[23] and Srivastava et al. [139]. Wang et al. [24] claimed that the Ni-Co alloys exhibited a

nearly constant Hall-Petch gradient. However, it is inappropriate to apply the Hall-Petch

relationship to different materials because k in Eq. (2.2) is a material dependant constant

[140]. Srivastava et al. [139] attributed the decrease of hardness with the cobalt content

higher than 50 wt.% to the formation of fibrous structure and the transformation from

fcc to hcp crystal structure. Li et al. [37] reported that the Ni-Co coatings produced by

pulse current plating had higher hardness (400-600 HV) than the coatings plated by direct

current. The peak current density determined the composition and grain size, which led

to the variation of microhardness as shown in Fig. 2.19.

2.4.1.3 Tribological Behaviour

The research conducted by Wang et al. [24] revealed that the cobalt-rich alloys had

excellent friction–reduction behaviour against AISI-52100 stainless steel ball under dry

sliding conditions compared to nickel-rich alloys. As shown in Fig. 2.20, the coefficient

of friction of Ni–Co alloys with cobalt content lower than 49 wt.% was higher than 0.6,

similar to that of the pure nickel coating. It started to decrease when the cobalt content

was 66 wt.% and the 81 wt.% Co-Ni exhibited a dramatical reduction of coefficient of

friction, which was approximately 0.25. The friction reduction of cobalt-rich alloys was
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Fig. 2.16. Surface morphologies of Ni–Co alloy deposits with different cobalt contents
of (a) 0 wt.%, (b) 7 wt.%, (c) 27 wt.%, (d) 49 wt.%, (e) 66 wt.%, (f) 81 wt.%, and
(g) high-magnification of Ni–49 wt.% Co alloy [24].
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Fig. 2.17. XRD patterns of Ni–Co alloy deposits with different cobalt contents of
(a) 0 wt.%, (b) 7 wt.%, (c) 27 wt.%, (d) 49 wt.%, (e) 66 wt.% and (f) 81 wt.% [24].
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Fig. 2.18. Microhardness as the function of cobalt content [24].

Fig. 2.19. Microhardness of Ni-Co coatings produce by pulse deposition as the
function of peak current density [37].
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Fig. 2.20. Coefficient of friction as the function of cobalt content in Ni-Co alloys
[24].

attributed to the change of crystal structure from fcc to hcp. Fig. 2.21 illustrated the

improvement of wear resistance with the increasing cobalt content in the Ni-Co deposits.

When the cobalt content was lower than 49 wt.%, the wear rate gradually decreased due

to the increase of microhardness. In spite of its lower hardness, the wear rate of 81 wt.%

Co-Ni coating was more than an order of magnitude lower than that of pure Ni and

Ni-rich alloys. The difference in the wear behaviour of Ni–Co alloys can be verified by

the worn surface morphologies shown in Fig. 2.22. The wear tracks of pure nickel (Fig.

2.22(a)) and 27 wt.% Co-Ni (Fig. 2.22(b)) with fcc structure exhibited the larger extent of

adhesion wear and severe deformation in the sliding direction under the combined stresses

of compression and shear. However, smooth surface with smaller damaged regions, only

some light grooves and scars, was observed on the worn surface of the 81 wt.% Co-Ni with

hcp structure (Fig. 2.22(c)). It has been found that the hcp structure of cobalt-based

alloys (Co-Re, Co-Mo and Co-Cr) leads to lower coefficient of friction and wear rate than

their counterparts with fcc structure [25, 26]. A detailed discussion regarding the effect of

hcp structure on the tribological properties is given in Chapter 4.

2.4.1.4 Corrosion Behaviour

Myung and Nobe [22] investigated the corrosion resistance of Ni-Co alloys plated from

chloride baths with different cobalt contents in 0.5 M NaCl after 1h immersion. As shown
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Fig. 2.21. Wear rate as the function of cobalt content in Ni-Co alloys [24].

Fig. 2.22. Worn surface of (a) pure nickel and Ni–Co alloy deposits: (b) 27 wt.%
Co-Ni and (c) 81 wt.% Co-Ni [24].
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Fig. 2.23. Corrosion resistance of Ni-Co alloys in 0.5 M NaCl after 1 h immersion
[22].

in Fig. 2.23, the corrosion resistance increased slightly with the increasing cobalt content

until it reached the maximum at 70 wt.% Co and then sharply decreased. The nickel-rich

deposits with fcc structure had an order of magnitude higher corrosion resistance than

cobalt-rich coatings with hcp structure. Srivastava et al. [139] found that Ni–20% Co

alloy plated from sulphamate baths exhibited better corrosion resistance in 3.5% NaCl in

comparison to other Ni–Co alloys with higher cobalt content, which was attributed to its

dense surface and fcc structure. Hassni et al. [141] reported that the nanocrystalline 5

wt.% Co-Ni alloys with a smooth surface deposited from the bath containing saccharin

had higher corrosion resistance in 10 wt.% NaOH compared with the coatings with the

same composition plated from additive-free baths.

2.4.2 Experimental Parameters

In order to optimise the properties of nanocrystalline Ni-Co electrodeposition, the elec-

troplating variables, such as cobalt ion concentration, current density, additive, bath tem-

perature and bath agitation, should be appropriately adjusted. Previous studies have

shown that these factors had different effects on the microstructure and composition of

Ni-Co coatings and consequently led to different hardness, tribological and electrochemical

properties, which are discussed as follows.
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2.4.2.1 Effect of Cobalt Ions Concentration in Electrolytes

With a fixed concentration of nickel ions, the cobalt content in alloy deposits increased

gradually with the increasing Co2+ concentration in the electrolyte as shown in Fig.

2.24 [24]. It was found that the percentage of cobalt in alloys was higher than the

Co2+/(Co2++Ni2+) ratio in the electrolyte [20, 24]. The less noble metal (Co) was pref-

erentially deposited. Bai and Hu [142] explained the anomalous deposition by the higher

adsorption ability of Co(OH)+ than Ni(OH)+ on the cathode surface. The reaction mech-

anism of Ni-Co electrodeposition is as follows [142]:

2H2O + 2e− → H2 + 2OH− (2.3)

M2+ + OH− → M(OH)+ (2.4)

M(OH)+ → M(OH)+
ads (2.5)

M(OH)+
ads + 2e− → M + OH− (2.6)

where M indicates nickel and cobalt. The deposition of cobalt is promoted by the surface

enrichment of its corresponding adsorbed metal hydroxide ions (Co(OH)+
ads). The cobalt

content has a significant influence on surface morphology, phase structure, microhardness,

wear and corrosion resistance, which has been discussed in Section 2.4.1.

2.4.2.2 Effect of Current Density

Fan and Piron [143] reported that the current efficiency for Ni-Co codeposition in chloride

baths increased with increasing current density, and reached 96-98% at current densities

ranging from 0.5 to 10 A dm-2. It decreased with the further increase of current density.

The coating plated with the current density of l00 A dm-2 was porous and fragile, and

detached partially from the electrode due to vigorous hydrogen evolution during depos-

ition. High current density can be applied to produce nanocrystalline Ni-Co alloys by jet

electrodeposition [20] and pulse current deposition [37]. The cobalt content decreased as

the (peak) current density increased as shown in Fig. 2.25 [20] and Fig. 2.26 [37]. The

increase of cathodic current density leads to the cathodic overpotential which favours the

activation-controlled nickel deposition, whereas the diffusion-controlled cobalt deposition
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Fig. 2.24. The composition of Ni-Co alloys as the function of the ratio of
Co2+/(Co2++Ni2+) in electrolytes [24].

has fewer responses. Therefore, higher current density results in lower cobalt content in

deposits [20].

As shown in Fig. 2.27, the grain size of Ni-Co coatings plated by pulse electrodeposition

decreased rapidly with the increasing peak current density to around 20 nm at l00 A

dm-2 and then slowly reduced to 10 nm at l60 A dm-2. The reduction of grain size can

be attributed to the higher overpotential ηk, which is related to the crystalline nucleus

formation probability W expressed by the following equation [144]:

W = A exp
(
− b

η2
k

)
(2.7)

where A and b are constants. The overpotential increases with the increasing current

density as described in the following equation [37]:

ηk = a+ b log i (2.8)

where a and b are constants and i is the current density. Therefore, the increasing current

density leads to the increasing overpotential, which promotes the formation of crystalline

nucleus. The reduction in grain size can be achieved.
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Fig. 2.25. Effect of cathodic current density on the composition of Ni–Co deposits
produced by jet electrodeposition (a) without saccharin and (b) with 2.5 g dm-3 sac-
charin [20].

Fig. 2.26. Effect of peak current density on the composition of Ni–Co deposits
produced by pulse electrodeposition [37].
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Fig. 2.27. Effect of peak current density on the grain size of Ni–Co deposits produced
by pulse electrodeposition [37].

2.4.2.3 Additives

Organic compounds (e.g. saccharin, sodium lauryl sulphate and BD) in small concentra-

tions can be added to Ni-Co plating baths to modify the process of electrocrystallisation

for a variety of purposes, including obtaining a mirror-like surface, increasing hardness

and improving corrosion resistance [145]. The influences of additives on the composition,

grain size, microstructure and properties of Ni-Co deposits have been investigated.

Compared with the coatings obtained from additive-free baths, the addition of sac-

charine resulted in a slight reduction of cobalt content due to the increasing deposition

overpotential as shown in Fig. 2.25, which was in favour of activation-controlled nickel

deposition [20]. Li et al. [38] also reported that by increasing the concentration of sac-

charin from 3 g dm-3 to 5 g dm-3 in electrolytes containing 6 g dm-3 cobalt sulphate, the

cobalt content slightly decreased from 8.5 wt.% to 6.1 wt.%. The deposits from saccharin-

containing baths inevitably contain certain amounts of sulphur impurities [38, 146], which

may lead to poor ductility [147] and corrosion resistance [133].

Saccharin has a significant effect on the reduction of grain size. The grain size of 5 wt.%

Co-Ni alloys decreased from 44 nm for the coating plated from the additive-free bath to 22

nm by adding 1 g dm-3 saccharin [141]. At the same time, the texture changed from (200) to

(111) and the surface was much smoother. These changes led to higher microhardness and

improved anti-corrosion properties of coatings. The addition of sodium lauryl sulphate led

to a compact surface morphology, which improved the corrosion resistance. Marikkannu et
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Table 2.5. Properties of Ni-Co deposits plated from acetate baths in 5% NaCl
solution with different additives [145]

Additives Concentration
/ g dm-3

Ecorr vs. SCE
/ mv

icorr / 10-4

A cm-2
Microhardness

/ HV

Plain 0 -449 3.5 349

Saccharin 2 -501 1.7 385

Dextrin 3 -648 2.5 365

Coumarin 1 -684 2.3 375

Formaldehyde 2# -460 1.9 379

Glycine 2 -593 3.1 371

Crotonaldehyde 2# -585 2.9 367
# ml dm-3

al. [145] investigated the role of additives in Ni-Co deposits from acetate baths containing

any one of the additives, including saccharin, dextrin, coumarin, formaldehyde, glycine

and crotonaldehyde. As shown in Table 2.5, it was found that the corrosion resistance of

Ni-Co deposits with the cobalt content of approximately 45% in 5% NaCl solution was

improved by adding these additives. Furthermore, the microhardness of these coatings was

higher compared with the deposits from the additive-free bath. Additionally, saccharin

and formaldehyde gave the mirror bright deposits.

2.4.2.4 Bath Agitation and Temperature

The common methods used for bath agitation include air agitation, impeller [148], mag-

netic stirrer [24], high speed jet [20] and peristaltic pump [149] in order to keep the flow

of electrolytes at a constant and stable level. The increase of bath agitation results in

higher cobalt content in deposits because of the reduction of the diffusion layer thickness

accompanied by the rising metal ion concentration in it. As discussed above, diffusion-

controlled cobalt is preferentially deposited [20]. In addition, the agitation can increase

the limiting current density Jlim by reducing the thickness of the diffusion layer δ by the

equation [144]:

Jlim = nFDi
cb − ci
δ

(2.9)

where F is the Faraday constant; Di is the diffusivity of metal ions, Cb is the metal ion

concentration in bulk solution and Ci is the concentration at the interface. The increasing
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current density results in higher overpotential to produce coatings with finer grain size.

Qiao et al. [20] reported that with the increase of temperature from 30 °C to 50 °C,

the cobalt content in Ni-Co deposits decreased from 77 wt.% to 69 wt.%, because higher

temperature favoured the activation-controlled Ni deposition.

2.4.3 Approaches to Reduce Internal Stress

Wang et al. [18] reported that the internal stress of Ni-Co electrodeposits depended on

the cobalt content. As shown in Fig. 2.28, the internal stress gradually decreased with

increasing cobalt content. It changed from compressive to tensile as the cobalt content

exceeded 49 wt.%. A very high tensile stress in the range of 40-70 MPa was obtained for

the cobalt-rich coatings. The high internal stress can result in lower ductility and adhesion

between coatings and substrates [150], which restricts their applications for anti-wear and

anti-corrosion purposes. In order to decrease the internal stress, the Ni-Co coatings with

continuously graded composition and structure were produced by controlling the cobalt

ions concentration in baths during the electrodeposition process [18]. As shown in Fig.

2.29, the composition gradually changed from the Ni-rich region to the Co-rich region as

the function of distance from the interface between the coating and the AISI-1045 steel

substrate. The phase structure gradually changed from fcc to hcp with thickness due to

the increase of cobalt content. As shown in Fig. 2.28, the internal stress of the graded

Ni-Co coating was reduced to a much lower level (approximately 5 MPa). The graded

coating with the microhardness of 550 HV exhibited a much lower coefficient of friction

and improved wear resistance compared with ungraded nickel-rich coatings. Based on it,

Wang et al. [151] developed nanocrystalline Ni-Co/CoO graded coatings by a subsequent

cyclic thermal oxidation at 300 °C and quenching. As shown in Fig. 2.30, the graded

Ni–Co/CoO coating consisted of six sublayers with a different composition varying from

0 to 81 wt.% Co. The coating was approximately 100 µm thick with an oxide layer

of 3-4 µm. Compared to as-deposited Ni-Co graded coatings, the graded Ni–Co/CoO

coating exhibited significantly enhanced wear resistance under dry sliding conditions and

improved corrosion resistance in both 10 wt.% NaOH and 3.5 wt.% NaCl solutions due to

the formation of a dense and protective oxide layer.

2.5 Electrodeposited Nanocrystalline Co-Ni-P Coatings

Ternary Co-Ni-P films (from 10 nm to 10 µm thick) have generally been used as magnetic

recording media due to their unique magnetic properties [52, 53]. Furthermore, they
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Fig. 2.28. Variation of internal stress with cobalt content in Ni–Co alloys [18].

Fig. 2.29. Distribution of cobalt content with thickness of graded Ni–Co nanocrys-
talline alloys [18].
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Fig. 2.30. (a) Scanning electron microscopy (SEM) image of the cross section of
the graded Co-Ni/CoO coating with corresponding (b) nickel and (c) cobalt element
distribution maps [151].

are also applied as anti-corrosion coatings [54], microwave absorptive materials [55] and

electrocatalytic materials for water electrolysis [56].

2.5.1 Electrodeposition of Co-Ni-P Coatings

Co-Ni-P films have been produced by electroless deposition [52, 152, 153] and electrode-

position [54, 57–59, 154]. Compared to electroless plating, the electrodeposition has the

advantages, including lower cost, faster plating rate and more stable baths. The ternary

alloys can be electroplated from a sulphate bath [154], a modified Watts bath [54], a Bren-

ner type chloride bath [57, 58, 155], or a sulphamate bath [59] on copper or mild steel

substrates. Sodium hypophosphite is the common source of phosphorus. The electrode-

position of Co and Ni from the sulphate solution as well as the codeposition of phosphorus

follows the reactions below [60]:

Ni2+ + 2e− → Ni (2.10)

Co2+ + 2e− → Co (2.11)

H2PO2
− + e− → P + 2OH− (2.12)

Simultaneous hydrogen evolution can be described by:

2H+ + 2e− → H2 (2.13)
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2.5.2 Properties and Effect of Experimental Parameters

It has been found that properties of the Co–Ni–P coatings strongly depend on their

thickness, composition and microstructure, which are determined by the chemical species

present in plating baths and the operating conditions employed. The effects of electro-

plating variables on the properties of the films are discussed as follows.

2.5.2.1 Composition

Parente et al. [54] reported that the cobalt content in deposits increased with the in-

crease of cobalt ion concentration in the modified Watts bath. However, there was no

obvious relationship between phosphorus content and Co2+ concentration. Similar phe-

nomenon has been found for the ternary alloys plated from chloride baths [156]. For

the Co-Ni-P coatings plated from the electrolyte containing 100 g dm-3 cobalt sulphate

(Co2+/(Co2++Ni2+)=0.31), the cobalt content in deposits increased from 26 at.% to 40

at.% as the current density increased from 30 mA cm-2 to 120 mA cm-2. Meanwhile, the

P content decreased from 18 at.% to 14 at.%. Kirkwood et al. [157] studied the effect of

current density varying from 1 mA cm-2 to 50 mA cm-2 on the composition of the Co-Ni-P

coatings plated from Brenner-type chloride baths with the ratio Co2+/(Co2++Ni2+) of 0.5

at the solution pH of 3.0. As shown in Fig. 2.31, the cobalt content was approximately

72 at.% at a current density of 1 mA cm-2. It jumped to 85 at.% as the current density

increased to 5 mA cm-2. Afterwhich, it gradually decreased to around 55 at.% with the

corresponding increase of nickel content. The phosphorus content varied slightly around

12 at.%. However, Lew et al. [154] reported that the cobalt content of Co-Ni-P coatings

plated from sulphate baths with the same Co2+/(Co2++Ni2+) ratio at the same solution

pH initially varied between 52 at.% and 54 at.% with the current density increasing from

5 mA cm−2 to 10 mA cm−2 , and then the cobalt content gradually decreased to approx-

imately 40 at.% at the current density of 20 mA cm-2, lower than the content of nickel.

The P content remained constant at around 6 at.%. In contrast, Djokić et al. [60] found

that the P content decreased as the current density increased from 10 mA cm−2 to 30 mA

cm−2 for the Co-Ni-P deposits from modified Watts baths (Co2+/(Co2++Ni2+)=0.43) at

the pH of approximately 1.5. The authors explained the phenomenon by the increase of

partial current for hydrogen evolution reaction due to the increase of current density. Ac-

cording to Eq. (2.13), it led to an increase in the pH near the electrode surface. Therefore,

the codeposition of phosphorus was hindered (Eq. (2.12)). Although the results are not

consistent depending on different plating baths, it has been accepted that the composition
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Fig. 2.31. Relationship between current densities and the composition of Co-Ni-P
coatings plated from Brenner-type chloride baths with the Co2+/(Co2++Ni2+) ratio
of 0.5 at the solution pH of 3.0 [157].

of Co-Ni-P coatings can be tailored by applying different current densities. Additionally,

the Co2+/(Co2++Ni2+) ratio [54], the concentration of sodium hypophosphite [156, 158],

the solution pH [154] and the bath temperature [59] have an effect on the composition of

the alloys.

As shown in Table 2.6, the Co-Ni-P alloy exhibited a gradient in composition with

thickness [60]. With the increase of the thickness up to 100 µm, the cobalt content was

around 70 wt.%, while the nickel content decreased from 21 wt.% to 10 wt.%. The content

of phosphorus continuously increased from 11 wt.% to 20 wt.%. The mechanism is not

clear and relevant research is presented in Chapter 7.

2.5.2.2 Microstructure

As shown in Fig. 2.32, the surface morphology changed from a fine granular structure

for the Ni-P alloy to a columnar structure for Co-Ni-P coatings plated from a modified

Watts bath with the current density of 20 mA cm-2. As the cobalt content increased

from 26 at.% (Fig. 2.32(b)) to 40 at.% (Fig. 2.32(c)), this characteristic became more

accentuated. Kirkwood et al. [58] reported the Co-Ni-P coating with a thickness of 10

nm was deposited from chloride baths using the current density of 7 mA cm-2 , and the
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Table 2.6. Composition evolution with thickness for the Co-Ni-P coatings plated
from modified Watts baths with the current density of 10 mA cm−2 [60]

Thickness /
µm

Co content /
wt.%

Ni content /
wt.%

P content /
wt.%

1 68 21 11

50 71 16 13

95 71 11 18

99 70 10 20

morphology was influenced by the substrate as shown in Fig. 2.33(a). In contrast, a 10 µm

thick alloy shown in Fig. 2.33(b) exhibited the granular morphology. The composition of

the coating was 82 at.% Co-7 at.% Ni-11 at.% P. However, the composition with varying

thickness was not given.

The cross-sectional morphologies of Co-Ni-P coatings plated from chloride baths with

the different current densities are shown in Fig. 2.34 [58], and the corresponding compos-

itions are shown in Fig. 2.31. The 80 at.% Co-8 at.% Ni-12 at.% P alloy deposited at the

current density of 7 mA cm-2 exhibited a columnar structure. With increasing current

density, the structure changed to a laminar form accompanied by the decrease of cobalt

content. The mechanism of the transition of growth mode was not clear.

With low phosphorus content (< 10 at.%), Co-Ni-P films exhibited the transition from

fcc structure, to a mixture of hcp and fcc, and then hcp structure depending on the cobalt

content [59, 154], which is similar to the structure evolution of Ni-Co alloys mentioned

in Section 2.4.1.1. The XRD peaks became broader due to the inclusion of phosphorus

atoms as the cobalt content increased [154]. The as-deposited Co-Ni-P coatings with the

phosphorus content more than 12 at.% exhibited an amorphous structure [53, 57, 60].

Sankara Narayanan et al. [53] suggested that the presence of phosphorus prevented the

nucleation of nickel/cobalt phase and resulted in the amorphous structure. As shown in

Fig. 2.35, the broad peak indicated the amorphous structure of the as-deposited ternary

alloy. After heat treatment at 500 °C in a N2 atmosphere for 1 h, the sample showed a

typical spectrum of a crystalline structure containing NixPy phases [54].

Djokić [60] reported that the XRD pattern taken from the top surface of the Co-Ni-P

coating exhibited an amorphous structure, while its counterpart taken from the bottom

exhibited two sharp peaks (indicating crystalline structure) and one broad peak (indicating

amorphous structure) as shown in Fig. 2.36. The change in the structure was related to the
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Fig. 2.32. Surface morphologies of (a) 83 at.% Ni-17 at.% P, (b) 26 at.% Co-60
at.% Ni-14 at.% P and (c) 40 at.% Co-46 at.% Ni-14 at.% P coatings deposited from
modified Watts baths with the current density of 20 mA cm-2 [54].

(a) (b)

Fig. 2.33. Surface topographies of Co-Ni-P coatings deposited from chloride baths
using the current density of 7 mA cm-2 for the thickness of (a) 10 nm and (b) 10 µm
[58].
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Fig. 2.34. SEM cross-sectional morphologies of Co-Ni-P coatings deposited from
chloride baths with different current densities indicated by the numbers at the top left
of each figure in mA cm-2 [157].

phosphorus content in the coatings. As mentioned above, the phosphorus content increased

with the increasing thickness of the deposit. At the beginning of electrodeposition, lower

phosphorus content led to the mixture of crystalline and amorphous structure, which

transformed to the amorphous structure due to higher phosphorus on the top surface.

However, the author did not mention the exact composition of the top and bottom parts

of the coating. Although it was suggested that the phosphorus content controlled the

transition, its mechanism needs to be clarified.

2.5.2.3 Microhardness

Cojocaru et al. [59] reported that the as-deposited 28 at.% Co-68 at.% Ni-4 at.%P coating

plated from a sulphamate bath had the highest microhardness (630 HV) compared to other

cobalt-rich coatings obtained with lower bath temperature. The latters were found to be

fragile and easy to detach from substrates. Emerson et al. [159] studied the effect of urea

on the microhardness of Co-Ni-P coatings with the phosphorus content less than 1 at.%

plated from chloride baths. The 83.4 at.% Co-16 at.% Ni-0.6 at.%P coating deposited

from an urea-free bath had the hardness of 432±1 HV, which decreased to 366±1 HV by

increasing the urea concentration to 5 g dm-3. However, the addition of urea increased

the coercivity of the films.

2.5.2.4 Corrosion Resistance

Parente et al. [54] evaluated the effect of structure on the corrosion behaviour of Ni-P

coatings with 17 at.% phosphorus and 40 at.% Co-46 at.% Ni-14 at.%P coatings before
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Fig. 2.35. XRD patterns of 55 at.% Co-26 at.% Ni-19 at.% P coatings before and
after heat treatment at 500 °C in a N2 atmosphere for 1 h [54].

Fig. 2.36. XRD pattern of as-deposited Co-Ni-P coatings (77 wt.% Co-13 wt.% Ni-10
wt.%P) with the thickness of 100 µm: (a) top surface and (b) bottom surface: peak
at about 41° (Co2P), peak at about 53° (CoP3) [60].
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Fig. 2.37. Effects of the structure on the polarisation behaviour of Ni-17 at.% P
(amorphous (M) and crystalline (N)) and 40 at.% Co-46 at.% Ni-14 at.% P alloys
(amorphous (#) and crystalline ( )) in 0.1 M NaCl [54].

and after heat treatment at 500 °C in a N2 atmosphere for 1 h. As shown in Fig. 2.37,

both as-deposited Ni-P and Co-Ni-P alloys with amorphous structure exhibited the current

plateau due to the formation of passive films in 0.1 M NaCl solutions. The current plateau

of the amorphous Co-Ni-P coating was broader than that of the amorphous Ni-P alloy,

indicating the improvement of corrosion resistance by the presence of cobalt. It might be

associated with a more efficient passivation process. However, the mechanism is not clear.

Structure modification produced by heat treatment can affect the polarisation behaviour.

For Ni-P alloys, the crystalline structure led to narrower passivation plateau and a shift of

the curve to higher current values. The plateau of the crystalline Co-Ni-P coating almost

disappeared and a steady current increase was observed with the increase of polarisation,

suggesting the non-protective nature of the passive film. The amorphous structure can

provide better corrosion resistance to both Ni-P and Co-Ni-P coatings. Raicheff and

Zaprianova [160] suggested that it might be due to the homogenous amorphous structure

without grain boundaries, dislocations and other surface defects.
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2.6 Summary

The chapter began with an introduction of surface engineering techniques, and sub-

sequently discussed the current promising alternatives to hard chromium, including thermal

spray, vapour deposition, functional trivalent chromium plating, electroless nickel-based

coatings, non-chromium electrodeposited nanocrystalline coatings and welding facing meth-

ods. These substitutes have demonstrated the potential to provide equivalent or better

properties for anti-wear and/or anti-corrosion purposes. However, they also have some

limitations in specific applications as discussed above. Among them, non-chromium elec-

trodeposition is the preferred substitute from the point of view of the balance between

cost and performance. The recent studies on electrodeposited nickel, cobalt, Ni-Co binary

alloys and Co-Ni-P ternary coatings have been summarised. Further research is needed

in order to better understand the microstructure and properties of Ni-Co coatings and to

develop novel Co-Ni-P coatings with improved wear and corrosion resistance to replace

hard chromium. The key questions are listed as follows and provide the basis for setting

the specific aims and objectives of the present research project.

(1) The recent findings showed that electrodeposited nanocrystalline cobalt-rich Ni-Co

alloys with hcp structure exhibited better tribological properties than Ni and nickel-rich

Ni-Co coatings. It may be associated with the participation of tribofilms and debris.

However, no studies on the role of tribofilms and the microstructure of debris have been

reported. More experimental work needs to be conducted in order to further understand

the tribological behaviours of Ni-Co coatings with different cobalt contents. Besides, the

corrosion resistance of Ni-Co alloys in 3.5 % NaCl solutions needs to be examined to

compare with that of hard chromium.

(2) It has been reported that cobalt-rich nanocrystalline coatings with improved tri-

bological properties were difficult to be electrodeposited onto steel substrates due to high

internal stress. Current methods (developing graded coatings and applying pulse current

waveforms) have the limitations including complex equipment and high cost. Moreover,

the microhardness needs to be further increased. Thus in the present research single layer

Ni-Co coatings with high cobalt content are synthesised on steel substrates by selecting

and optimising electrolyte additives. The effect of additives on the microstructure and

properties needs to be studied.

(3) Although the effect of baths with different nickel salts on mechanical properties

has been studied on coarse-grained (grain size of the order of microns) nickel coatings, a

lack of comparable investigation on nanocrystalline Ni-Co coatings was observed. Besides,
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numerous mechanisms have been proposed to explain the deviation from the conventional

Hall-Petch relationship for nanocrystalline materials when the grain size is reduced to a

threshold value. However, none of them focused on the influence of pores on the surface,

which are common for electrodeposited nanocrystalline coatings. Deviation from the Hall-

Petch relationship may derive from the porosity, which needs to be clarified.

(4) Considering that no studies on the tribological properties of Co-Ni-P coatings has

been reported in literature, one of the objective of the present research is to design exper-

iments to deposit Co-Ni-P coatings for anti-wear applications. The novel ternary alloys

are expected to combine the lubricity of cobalt-rich Ni-Co coatings and the precipitation

hardening found in Ni-P alloys to exhibit comparable or superior wear resistance to hard

chromium. Meanwhile, anti-corrosion properties need to be characterised.

(5) The composition gradient and microstructure changes from nanocrystallie to amor-

phous structure with thickness of Co-Ni-P coatings have been reported in literature, How-

ever, the mechanism and the influencing factor are not clear, which need to be investigated

in the present research.

58



Chapter 3

Experimental Methodologies

3.1 Electrodeposition

Ni-Co and Co-Ni-P coatings were electroplated on mild steel substrates by direct current

provided by a TTi QL355T power supplier. The bath temperature was maintained at

45 °C by a Grant LTD6G water bath. The electrodeposition arrangement is shown in

Fig. 3.1. The solution was continuously stirred by a PTFE-coated magnetic stirrer bar

(6 mm diameter × 30 mm length) at 200 rpm. The anode for electrodeposition was a

pure Ni sheet (purity 99.99%) with the thickness of 1 mm supplied by Advent Research

Materials Ltd. (Oxford, UK). The cathode substrate was 3 mm thick AISI 1020 mild steel

with the hardness of 115 HV. The chemical composition of as-received mild steel sheets

is given in Table 3.1. Both the anode and cathode were cut by a guillotine in sizes of

80 mm × 10 mm or 80 mm × 30 mm to produce larger coatings for potentiodynamic

polarisation measurements. Prior to deposition, the substrate was ground with 320, 800

and 1200 grit SiC paper followed by cleaning to remove any remaining contamination.

Subsequently, the substrate was immersed into a 10 % hydrochloric acid bath for 20 s to

be activated, and then rinsed by distilled water. As shown in Fig. 3.2, the anode and

the substrate were fixed to the holders by polyester tape supplied from Cole-Parmer, UK,

leaving an area of 40 mm × 10 mm or 40 mm × 30 mm on one side to be exposed to

electrolytes. During the deposition, the cathode was held parallel to the anode with an

interelectrode gap of 25 mm. The chemicals in the electrolytes include nickel sulphate

hexahydrate NiSO4•6H2O (≥99.0%), nickel chloride hexahydrate NiCl2•6H2O (≥98%),

cobalt sulphate heptahydrate CoSO4•7H2O (≥99%), sodium hypophosphite monohydrate

NaH2PO2 •H2O (≥99%), boric acid H3BO3 (≥99.5%), sodium chloride NaCl (≥99.5%),

saccharin C7H5NO3S (≥99%) and BD HOCH2C≡CCH2OH (99%). Sodium dodecyl sulph-
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Fig. 3.1. Electrodeposition arrangement for Ni-Co and Co-Ni-P plating. Details of
the electrode holders is given in Fig. 3.2.

ate CH3(CH2)11OSO3Na (≥99.0%) was added as a surfactant to lower surface tension

between the electrodes and the electrolyte in order to control surface pitting. All the

chemicals were from Sigma-Aldrich, UK. The electrolyte compositions can be tailored to

meet different functional requirements. In order to further improve the wear and corrosion

resistance, the as-deposited Co-Ni-P coatings were subsequently annealed in air at 200 °C,

300 °C, 400 °C and 500 °C for 1 h, respectively. As a comparison, hard chromium coatings

with the thickness of 40±5 µm were electrodeposited on AISI 1020 mild steel substrates

from a conventional chromic acid bath (CrO3 160 g dm-3, H2SO4 2.5 g dm-3) containing

2 g dm-3 CrCl3 with a direct current of 100 A dm-2 at 45 °C.

Table 3.1. The chemical composition of as-received AISI 1020 mild steel sheets [161].

Substrate Element / wt.%
C Si Mn P S Cr

AISI 1020 0.20 0.189 0.45 0.04 0.050 0.16
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Fig. 3.2. Electrode holders for electrodeposition of Ni-Co and Co-Ni-P coatings.

3.2 Characterisation Techniques

The characterisation techniques used in the research are listed in the Table 3.2. These

test methods include microscopy, spectroscopy, mechanical measurements, tribological

tests and electrochemical tests.

3.2.1 SEM and Energy Dispersive X-ray Spectroscopy (EDS)

SEM allows observation of the surface morphology on a nanometre to micrometre scale

by collecting the imaging signals from secondary and backscattered electrons generated

by a finely focused electron beam. The latter can form the image which shows the distri-

bution of elements or compounds within the top micron of the sample. Both qualitative

identification and quantitative elemental information can be analysed from characteristic

X-radiation emitted as a result of bombardment [162]. A JEOL JSM 6500 SEM was em-

ployed for the observation of surface morphologies of as-deposited coatings, as well as worn

surface and wear debris. The resolution can attain 1.5 nm at 15 kV, while the magnific-

ation is up to 500,000 ×. The composition was studied by an Oxford Instruments INCA

300 EDS equipped in the SEM operating at 15 kV. Backscattered electrons images (BEI)

were obtained by detecting the contrast between areas with different compositions.

3.2.2 TEM

TEM was applied in bright field images, dark field images and selected area electron

diffraction (SAED) mode to determine the grain size as well as its distribution and to
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Table 3.2. Summaries of characterisation techniques

Technique
Principle Information Gained

SEM&EDS

Secondary electrons, backscattered
electrons, characteristic x-rays

produced from the interaction of
the electron beam with atoms at or

near the surface

Surface morphology,
distribution of elements or
compounds, qualitative and

quantitative elemental
information

FIB
A gallium ion source employed to
remove the material by sputtering Cross-sectional images

AFM

Conversion of the tip deflection of
the repulsive force between the tip

and the sample into
three-dimensional images of the

sample surface

Surface morphology and
surface roughness

TEM
Interaction of the electrons

transmitted through the specimen

Grain size and its
distribution, phases and
crystallographic texture

XRD

Diffraction effect of X-ray
depended on the periodic structure

of material

Average grain size, texture,
microstrain, internal stress

Microhardness
test

Vickers microhardness indenter Microhardness

Reciprocating
wear test

Reciprocating sliding of steel ball
against the surface of samples

Coefficient of friction, wear
rate

Potentiodynamic
polarisation

Measurement of polarisation
behaviour by continuously scanning
the potential while monitoring the

current response

Corrosion potential, corrosion
current density
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discriminate phases and crystallographic texture, which can be achieved by changing lens

strength or deactivating a lens. A TEM image is formed from the interaction of the

electrons transmitted through the specimen [163]. A JEOL JEM 3010 operating at 300

kV with a resolution of 0.21 nm is used to observe thin coatings, which are prepared using

twin jet polishing by an electrolyte comprising 10 % perchloric acid, 15 % acetic acid

and 75 % methanol at a temperature of -40 °C with a voltage of 30 V [44]. The TEM

equipped with Oxford Instruments INCA 100 EDS was employed to study the composition

of collected wear debris powders, which were dispersed in absolute alcohol by ultrasonic

agitation. A droplet of each suspension was dried on a copper grid with carbon film for

subsequent characterisation.

3.2.3 Focused Ion Beam (FIB) Technology

In order to study the morphology change along the growth direction, the cross section of

Co-Ni-P coatings was characterised by FIB 1540 XB CrossBeam, Leo/Zeiss. The samples

were tilted to align the surface normal to the gallium ion beam. The material can be

removed by sputtering, which allows the cross-sectional analysis [164].

3.2.4 Atomic Force Microscopy (AFM)

Agilent 5500 AFM in contact mode is used in the present work to investigate the surface

morphology and surface roughness of coatings. It requires neither a vacuum environment

nor any special sample preparation. As shown in Fig. 3.3, the AFM tip attached to

the end of a cantilever probes the surface of the sample, causing the cantilever to bend,

which changes the position of the laser spot reflected on to a position-sensitive photodiode

detector. The tip deflection or the repulsive force between the tip and sample can be

recorded and then converted into three-dimensional images of the sample surface [165]. A

line profile (5 µm) with height measurements was used to determine the surface roughness.

Five measurements were performed on each coating.

3.2.5 XRD

A Bruker GADDS diffractometer with a Cu Kα radiation is used to determine the texture

of coatings. Besides, the average grain size can be estimated by applying the Scherrer

equation [167]:

d = 0.9λ
Bcosθ

(3.1)
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Fig. 3.3. Principles of AFM [166].
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where λ is the wavelength of the X-rays (0.154 nm for Cu Kα radiation) and θ is the Bragg

diffraction angle. B is the full width at half maximum height of the peak. However, the

peak broadening in the XRD pattern may also be caused by internal strain (Be). If the

microstrain of coatings is not negligible, the grain size calculated by the Scherrer equation

is not accurate. A detailed discussion is given in Chapter 5.

The internal stress was measured by a computer programmed Philips X-Pert X-ray

diffractometer by the sin2
ψ technique. The d-spacing dφψ of the (hkl) lattice plane can be

described as [168]:

dφψ =
(1 + ν

E

)
σd0sin

2ψ + (1− 2ν
E
σ)d0 (3.2)

where E and ν are the Young’s modulus and the Poisson’s ratio, respectively. σv is the

internal stress, d0 is the lattice spacing at stress-free condition, and ψ is the off-axis angle

with respect to the sample surface normal. The internal stress is related to the slope

and the intercept of the plot of dφψ versus sin2
ψ. In the present research, the d-spacing

measurements were conducted on the (111) plane at ψ ranging from -17° to 17°.

3.2.6 Microhardness Measurement

The hardness of deposits was measured by a MHT-1 Vicker’s microhardness indenter under

an applied load of 100 g for 15 s. The indenter is a diamond pyramid. An average of five

measurements was carried out on each coating. The depth of indentation is less than 3

µm.

3.2.7 Reciprocating Wear Tests

The friction and wear behaviour was tested on a reciprocating TE-77 tribometer (Phoenix,

UK) (Fig. 3.4) under the dry sliding conditions with relative humidity of 40-50% at room

temperature (25 °C) in air. An AISI-52100 stainless steel ball (diameter 6 mm) with a

hardness of 700 HV was used as the counter body. The surface roughness (Ra) of the

pin is 0.48 µm. The calibrated load was 14 N corresponding to initial Hertzian contact

pressure of 1.12 GPa (see Appendix: A) with the sliding frequency of 1 Hz. The sliding

stroke was 2.69 mm, while the average sliding speed was 5.38 mm/s. The total sliding time

was 25 min. The friction force was measured by a piezo electric transducer and recorded

automatically during the tests. The coefficient of friction was calculated by dividing the

friction force by the normal load. The average dynamic friction for the entire test was

obtained. The line profile of wear tracks was measured by an Alicona InfiniteFocus Real3D
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surface profilometer after wear tests, which illustrated the shape and depth of wear tracks

for calculating the wear volume. The average cross sectional area was determined by the

profiles at five locations perpendicular to the wear track. The wear volume was calculated

by multiplying the worn cross sectional area by the sliding stroke (i.e. the wear track

length). Subsequently, the specific wear rate (K ) in mm3 N-1 m-1 can be calculated

following the equation:

K = V

SN
(3.3)

where V is the wear volume in mm3, S is the total sliding distance in metres and N is

the normal load in newtons [151]. Additionally, morphology and composition of the worn

surface and debris were studied by SEM/TEM and EDS.

3.2.8 Electrochemical Measurements

Potentiodynamic polarisation technique allows the measurement of polarisation behaviour

by continuously scanning the potential while monitoring the current response [169]. The

electrochemical measurement was carried out in a three-electrode cell as shown in Fig. 3.5.

The electrodeposited coating (40 mm × 30 mm × 3 mm) was used as the working electrode

(exposed area: 2 mm diameter circular spot), with a platinum counter electrode and a SCE

as reference electrode. Polarisation experiments were performed in 3.5% NaCl solution at

room temperature with an AUTOLAB PGSTAT30 potentiostat/galvanostat system at

sweep rate of 50 mV/s from cathodic to anodic currents in a range of ± 1000 mV vs the

rest potential. The scan rate was slow enough to ensure that the capacitance remains fully

charged during the experiment. The corrosion potential and the corrosion current density

were obtained with the Tafel extrapolation method from potentiodynamic polarisation

curves. Additionally, electrodeposition potential-time dependence for the electrodeposition

of Co-Ni-P coatings was obtained by the potentiostat/galvanostat system with a nickel

counter electrode (40 mm × 10 mm × 1 mm) and a SCE reference electrode.
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(a)

(b)

Fig. 3.4. (a) Image of reciprocating TE-77 tribometer and (b) its schematic diagram.
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Fig. 3.5. Three-electrode cell employed for potentiodynamic polarisation measure-
ments.
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Chapter 4

Wear and Corrosion Properties of

Nanocrystalline Ni-Co Coatings

with Different Cobalt Contents

4.1 Introduction

Recent studies have shown that electrodeposited microcrystalline cobalt-rich Ni-Co alloys

with hcp structure exhibited better tribological properties than Ni and nickel-rich Ni-Co

coatings. However, the microhardness needs to be further increased by reducing the grain

size. Furthermore, there is a lack of understanding regarding the role of tribofilm and

debris on the varied tribological behaviours. Therefore, in the present research, the elec-

trodeposited nanocrystalline Ni-Co coatings with different cobalt contents were prepared.

Chemical and structural characterisations of the worn surfaces and debris were conducted

by surface analysis techniques. The mechanisms of the tribofilm formation are discussed.

Additionally, the corrosion behaviour of Ni-Co coatings in 3.5% NaCl solution has been

investigated.

4.2 Experimental Details

Nanocrystalline Ni-Co coatings were electrodeposited from the all-sulphate baths contain-

ing varying concentrations of cobalt sulphate. The electrolytic bath composition is listed

in Table 4.1. The current density was 4 A dm-2. The electroplating process lasted for 1 h

and produced a coating of 50±5 µm thickness.

The surface of the as-deposited Ni-Co coating was investigated by AFM. The composi-
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Table 4.1. Bath composition of electrodeposited nanocrystalline Ni-Co coatings.

Chemicals Concentration / g dm-3

CoSO4•7H2O 0-200
NiSO4•6H2O 200

H3BO3 30
NaCl 20

Saccharin 2
BD 0.5

tion of the alloys was studied by SEM equipped with EDS. The hardness and tribological

properties of deposits were characterised. Additionally, the morphology and composition

of the worn surfaces, debris and the counter body were studied by SEM and EDS. The

microstructure of debris was characterised by TEM equipped with EDS. Polarisation ex-

periments were performed in 3.5% NaCl solution. The procedure is described in Chapter

3.

4.3 Results

4.3.1 Composition and Microstructure

Fig. 4.1 shows that the cobalt content in the coatings gradually increased with the increase

of the Co2+/(Co2++Ni2+) ratio in the electrolytes. The cobalt content of the coatings was

always higher than expected from the bath composition reference line. The anomalous

deposition has been explained by the formation and adsorption of metal hydroxide cations

on the cathode surface [142]. As the adsorption ability of Ni(OH)+ is lower than Co(OH)+,

the formation of a Co(OH)+-enriched film on the substrate surface inhibits the adsorption

of Ni(OH)+ and consequently the reduction of cobalt is promoted.

The AFM images of Ni-Co coatings deposited from electrolytes having different con-

centrations of cobalt sulphate are shown in Fig. 4.2. The coatings deposited from the bath

with 0, 40 and 100 g dm-3 CoSO4 (Fig. 4.2a-c) are characterised by their smooth surface

with a low value of roughness (Ra=15-30 nm). The deposits from the bath containing

150 g dm-3 CoSO4 exhibits the same dense and smooth surface morphology. In contrast,

83 at.% Co-Ni alloy produced from the bath with 200 g dm-3 CoSO4 has the lens-shaped

structure with relatively high surface roughness (Ra=190 nm) as shown in Fig. 4.2(d).

XRD patterns of the as-deposited Ni-Co coatings with different cobalt content are

shown in Fig. 4.3. The pure nickel coating (shown in Fig. 4.3(a)) exhibits fcc lattice with

(111) growth orientation, indicated by the strong peak at 2θ ≈44.4°. As the cobalt content
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increases, the intensity of the peak at 2θ ≈51.8° corresponding to (200)fcc planes gradually

decreases. The 75 at.% Co-Ni alloy has only one peak at 2θ ≈44.4°, which is consistent

with the spacing of (0002)hcp/(111)fcc. At a deposit content of 83 at.% cobalt, the texture

of the coating changes to (101̄0)hcp, indicated by the peak at 2θ≈42° as shown in Fig.

4.3(g). With the increase of cobalt content, the phase structure of Ni-Co alloys changes

from fcc to hcp structure, which is consistent with previous findings [22, 24]. Compared

to the XRD patterns (Fig. 2.17) of Ni-Co deposits reported by Wang et al. [24], two

main differences have been observed. Firstly, the pure nickel shown in Fig. 2.17(a) has a

strong (200)fcc texture. And the intensity of the peak corresponding to (200)fcc planes for

the coatings with 7 wt.% and 27 wt.% cobalt (Figs. 2.17(b, c)) is higher than that of the

deposits with the similar composition in the present research (Fig. 4.3(b, c)). Secondly,

the peaks shown in Fig. 4.3 are much broader. The grain size calculated by the Scherrer

equation (Eq. (3.1)) of the present samples is in the range of 12-19 nm. The cobalt-rich

coatings have slightly smaller grain size than their nickel-rich counterparts. However, the

sharp peaks shown in Fig. 2.17 indicate a larger grain size between 200 nm to 5 µm.

The differences can be attributed to the addition of additives in the present research.

Saccharin can promote the formation of (111)fcc texture, which is the most close-packed

plane in the fcc structured Ni lattice. Additionally, the additives (saccharin and BD) can

modify electrocrystallisation and lead to the grain refinement. The effect of additives is

discussed in Chapter 5.

4.3.2 Microhardness

Fig. 4.4 presents the microhardness as the function of cobalt content in the coatings. The

microhardness of pure Ni coating is 580 HV. It remains in the range of 470-500 HV as

the cobalt content increases up to 82 at.%. However, it drops sharply to 270 HV for

the 83 at.% Co-Ni coating deposited from the electrolyte with 200 g dm-3 CoSO4. The

low microhardness can be attributed to the existence of pores introduced by the loose

lens-shaped microstructure [170] as shown in Fig. 4.2(d).

4.3.3 Friction and Wear Behaviour

As shown in Fig. 4.5, the coefficient of friction against a steel ball under unlubricated

conditions varies in the range of 0.45-0.5 as the cobalt contents in the coatings increase

from 0% to 58 at.%. It is reduced to approximately 0.25 when the cobalt content exceeds

70 at.%. The variation of the wear rate as the function of cobalt content is shown in
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Fig. 4.1. Variation of cobalt content as the function of the ratio of
Co2+/(Co2++Ni2+) in the electrolyte. The composition was determined by EDS.

Fig. 4.6. The wear rate of a pure nickel coating with higher hardness is relatively low

(approximately 1.2×10-4 mm3 N-1 m-1). It increases to approximately 2.5×10-4 mm3 N-1

m-1 with 5 at.% cobalt and remains constant until it reaches the highest value for a cobalt

content at 58 at.%. With a further increase of the cobalt content, the wear rate decreases

to 2.2×10-5 mm3 N-1 m-1, which is comparable to that of hard chromium coatings under

the same conditions. Fig. 4.7 shows the wear track of the 83 at.% Co-Ni coating is much

narrower and shallower compared with those of the pure nickel coating and Ni-58 at.%

alloy. The worn surface of the pure nickel coating is shown in Fig. 4.8 (a). As listed in Table

4.2, the highlighted area A in the wear track contains a high amount of iron (20 at.%),

which was transferred from the pin because of the severe adhesive wear. Fig. 4.9 shows

the EDS spectrum of the worn surface compared to that of the as-deposited pure nickel

coating (Fig. 4.9(a)). The low-energy peaks O-Ka and the peaks representing Fe were

found in the spectrum of the worn surface as shown in Fig. 4.9(b). It is worth mentioning

that the analysis depth of EDS at the accelerating voltage of 15 kV is approximately

1 μm. Although the EDS results of the worn surface may contain the signal from the

coating beneath the tribofilm, the presence of oxygen and iron confirms the existence of

the tribofilm because none of them was detected in the as-deposited coatings. Most of
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(a) (b)

(c) (d)

Fig. 4.2. AFM images of as-deposited Ni-Co alloys: (a) pure Ni, (b) 58 at.% Co-Ni
from the electrolyte with 40 g dm-3 CoSO4, (c) 75 at.% Co-Ni from the electrolyte
with 100 g dm-3 CoSO4 and (d) 83 at.% Co-Ni from the electrolyte with 200 g dm-3

CoSO4.
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Fig. 4.3. XRD patterns of as-deposited Ni-Co alloys with different cobalt contents.
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Fig. 4.4. Variation of microhardness with cobalt content. Vertical bars above each
mean data point indicate the standard deviation.

the fine debris particles were found at the end of the wear track, and some of them are

attached on the wear scar (Fig. 4.8(a)). The debris contains 40 at.% O, 50 at.% Ni and

10 at.% Fe as listed in Table 4.3. The worn surface of the 58 at.% Co-Ni (Fig. 4.8(b))

exhibits three different areas: the smooth area B containing 7 at.% Fe, the transition zone

with superficial cracks on it, and the area covered by the debris, which contains 2 at.%

Fe. There is more debris on the worn surface. The reason why the 58 at.% Co-Ni coating

has a higher wear rate than the Ni-rich coatings can be attributed to its higher internal

stress. As more cobalt atoms are accommodated in the fcc lattice of nickel, a larger

mismatch of the lattices (0.4%) generates higher internal stress, which causes cracks and

more debris on the worn surface shown in Fig. 4.8(b). As the cobalt content increased to

75 at.%, no iron was detected either on the smooth area C as shown in Fig. 4.8(c) or in

the much reduced amounts of debris. The EDS spectra shown in Fig. 4.10 confirms that

no tribofilm containing oxygen and iron was formed. The worn surface (Fig. 4.10(b)) has

similar composition as the as-deposited coating (Fig. 4.10(a)). The 83 at.% Co-Ni coating

shows the least debris on the worn track (Fig. 4.8(d)), which corresponds to the lowest

wear rate among the present samples. The asperities of the as-deposited coating shown

in Fig. 4.8(d) was uniformly removed to form the smooth wear scar. Iron was not found

either in the area D or in the debris. Furthermore, there is no evidence of oxidation during
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Fig. 4.5. Variation of coefficient of friction with cobalt content during unlubricated
reciprocating sliding wear tests against AISI-52100 stainless steel with the sliding
stroke of 2.69 mm, the sliding frequency of 1 Hz and the sliding time of 25 min.

the sliding tests in areas C and D. The pin wear scars were also examined by SEM and

EDS. The size of the pin wear scar is in accordance with the wear rate. The pin sliding

on the 83 at.% Co-Ni coating has the smallest wear scar. The pin surfaces are not totally

covered by the transferred debris.

The structure of the debris accumulated at the end of the wear scars was further

investigated by TEM. Fig. 4.11 shows the corresponding SAED patterns. The continuous

rings indicate the presence of the nanocrystals. As shown in Fig. 4.11(a) a new set of

diffraction rings appears compared to the diffraction pattern of nanocrystalline nickel

coatings [44]. Based on the calculations of atomic plane spacings, it is found that the

debris of the pure nickel coating contains a mixture of two phases: a nickel fcc metallic

phase and a NiO fcc oxidised phase. The structure of iron or iron oxide cannot be detected.

The patterns are indexed in Fig. 4.12, and all diffraction patterns are consistent with those

in Fig. 4.11. While the composition of the debris varies as listed in Table 4.3, the four

SAED patterns are similar to each other due to the similar lattice constants of fcc NiO

(a=0.4177 nm) and fcc CoO (a=0.4260 nm).

4.3.4 Corrosion Resistance

The comparison of the potentiodynamic polarisation curves of the Ni-Co coatings with

different cobalt contents is provided in Fig. 4.13. The corrosion of the alloys involves the

following reactions [171]:
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Fig. 4.6. Variation of wear rate with cobalt content after unlubricated reciprocating
sliding wear tests against AISI-52100 stainless steel with the sliding stroke of 2.69 mm,
the sliding frequency of 1 Hz and the sliding time of 25 min.

Fig. 4.7. Average surface profile of the wear tracks of pure nickel, 58 at.% Co-Ni
and 83 at.% Co-Ni coatings after unlubricated reciprocating sliding wear tests against
AISI-52100 stainless steel with the sliding stroke of 2.69 mm, the sliding frequency of
1 Hz and the sliding time of 25 min.
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(a) (b)

(c) (d)

Fig. 4.8. Worn surface morphology of (a) pure nickel, (b) 58 at.% Co-Ni, (c) 75 at.%
Co-Ni and (d) 83 at.% Co-Ni coatings after unlubricated reciprocating sliding wear
tests against AISI-52100 stainless steel with the sliding stroke of 2.69 mm, the sliding
frequency of 1 Hz and the sliding time of 25 min. The rectangular zones corresponding
to the smooth areas were analysed by EDS.

Table 4.2. Composition of the area highlighted in the four white rectangles on the
worn surface shown in Fig. 4.8

Content / at.% worn surface
Area A Area B Area C Area D

O 63 48 0 0
Ni 17 18 23 16
Co 0 27 77 84
Fe 20 7 0 0
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(a)

(b)

Fig. 4.9. Comparison of EDS spectra of (a) the as-deposited pure nickel coating and
(b) its worn surface.

Table 4.3. Composition of the debris of pure nickel, 58 at.% Co-Ni, 75 at.% Co-Ni
and 83 at.% Co-Ni coatings

Content / at.% Debris
Ni coating 58 at.% Co-Ni 75 at.% Co-Ni 83 at.% Co-Ni

O 40 39 36 49
Ni 50 28 16 4
Co 0 31 48 47
Fe 10 2 0 0
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(a)

(b)

Fig. 4.10. Comparison of EDS spectra of (a) the as-deposited 75 at.% Co-Ni coating
and (b) its worn surface.
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(a) (b)

(c) (d)

Fig. 4.11. SAED patterns of the wear debris of (a) pure nickel, (b) 58 at.% Co-Ni,
(c) 75 at.% Co-Ni and 83 at.% Co-Ni coatings after unlubricated reciprocating sliding
wear tests against AISI-52100 stainless steel with the sliding stroke of 2.69 mm, the
sliding frequency of 1 Hz and the sliding time of 25 min.
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Fig. 4.12. Schematic showing the indices of the diffraction patterns with the solid
and dashed lines representing the oxidised phase and metallic phase.

Ni→ Ni2+ + 2e− (4.1)

Co→ Co2+ + 2e− (4.2)

O2 + 4H2O + 4e− → 4OH− (4.3)

The electrode was anodically polarised to a more positive potential whereas the corre-

sponding current remained limited as shown in the rectangle in Fig. 4.13. The passivation

behaviour of nickel coatings has been reported in 10 wt.% NaOH solution [134] and in 3.5

wt.% NaCl solution [172]. The passive films can also be formed on the cobalt coating sur-

face in 10 wt.% NaOH solution [136]. In the present research, the four coatings exhibited

the active-passive polarisation behaviour in 3.5% NaCl solution. Take the polarisation

curve of the 83 at.% Co-Ni coating for example. AB represents cathodic behaviour (Eq.

(4.3)), while BC is the active zone. At more positive potential than B, corrosion rate

increased and reached a maximum at the passivation potential C. A protective film be-

gan to form and therefore the current density was maintained at a steady level until the

breakdown of the protective film at D. The formation of the passive film on the electrode
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surface includes the following steps [134, 173, 174]:

M + H2O→ M(H2O)ads (4.4)

M(H2O)ads → M(OH)+ + H+ + 2e− (4.5)

M(OH)+ + H2O→ M(OH)2 + H+ (4.6)

where M represents Ni and Co. The dissolved oxygen in Eq. (4.3) can accelerate the

formation of the M(OH)2 passive film. As the potential increases in the active region,

the anodic current density increases because of the dissolution of the adsorbed species

M(H2O)ads [174]:

M(H2O)ads + 2Cl− → MCl2 + H2O + 2e− (4.7)

As the adsorbed species dissolve, new active sites on the working electrode surface appear

which lead to the breakdown of the passive film. The breakdown potential (Eb) of the 25

at.% Co-Ni and 75 at.% Co-Ni are similar, while the anodic current density of the 83 at.%

Co-Ni coating with the most negative Eb dramatically increased when the increased po-

tential exceeded Eb. It is found that the 58 at.% Co-Ni coating has the highest breakdown

potential. It might be caused by the interaction of nickel and cobalt adsorbed species to

stabilise the passive film when the content of nickel and cobalt is close, which needs to be

confirmed in a future study.

The corrosion current density calculated by the Tafel extrapolation method and the

corrosion potential compared with those of hard chromium coatings on carbon steel are

summarised in Table 4.4. It was observed that the corrosion potential vs. SCE positively

increased from -603 mV to -487 mV as the cobalt content in deposits decreased from 83

at.% to 25 at.% . The corrosion current density of the 75 at.% Co-Ni and 83 at.% Co-Ni

coatings was higher than other two coatings with less cobalt content. The 58 at.% Co-Ni

coating had the lowest corrosion current density among the four Ni-Co coatings. Myung

and Nobe [22] investigated the corrosion resistance of Ni-Co alloys plated from chloride

baths with different cobalt contents in 0.5 M NaCl after 1h immersion. As shown in Fig.

2.23, the corrosion resistance slightly increased with the increasing cobalt content until

it reached the maximum at 70% Co and then sharply decreased, which is generally in

agreement with the results in the present research. The worst corrosion resistance of 83
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Fig. 4.13. Polarisation curves of Ni-Co alloys with different cobalt content in 3.5%
NaCl solutions.

Table 4.4. Corrosion potential and corrosion current of Ni-Co alloys in 3.5% NaCl
solutions compared with hard chromium [62]

Parameters Coatings

25 at.%
Co-Ni

58 at.%
Co-Ni

75 at.%
Co-Ni

83 at.%
Co-Ni

Hard Cr
[62]

Corrosion potential vs.
SCE / mV -487 -517 -546 -603 -299
Corrosion current
density / 10-6 A cm-2 5.05 2.85 6.85 7.65 3.30

at.% Co-Ni among the present coatings can be attributed to the high porosity of its lens-

shaped morphology shown in Fig. 4.2(d), which provides more active areas than the dense

surface of the coatings with less cobalt content.

All of the present Ni-Co coatings had more negative corrosion potential than hard

chromium [62]. With the exception of the 58 at.% Co-Ni coating, the other three coatings

exhibited higher corrosion current density than hard chromium, which indicates that the

corrosion resistance of Ni-Co coatings needs to be further improved in order to replace

hard chromium for anti-corrosion applications.
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4.4 Discussion

4.4.1 Influence of Tribofilm Formation

In the present work, the results show that there is the oxidation product containing Fe on

the worn surface of the pure Ni and the 58 at.% Co-Ni coatings showing a higher coefficient

of friction and wear rate. However, for the 75 at.% Co-Ni and 83 at.% Co-Ni coatings

shown in Fig. 4.8(c) and (d), there is no evidence of oxidation or material transfer from

the pin. Without formation of the tribofilm, the latter surprisingly exhibited remarkable

friction reduction and improved wear resistance.

For the pure Ni and the 58 at.% Co-Ni coatings, the debris generated by the asperity

contact between the pin and the coatings forms a three-body contact. It leads to physical

and chemical interactions and the adhesive tribofilms are developed (area A and B in

Fig. 4.8 (a, b)). Other debris particles are generated, oxidised, detached and most of

them are pushed to the end of the wear scars, i.e. not over-rolled. Formation of the

tribofilm depends on the adhesion between the coating and the counterpart. With the

strong adhesion, the tribofilm consisting of the oxides of both surfaces is favoured to be

generated due to the extensive transfer from the counterpart and the frictional heat [175].

Conversely, no tribofilm is found on the worn surface of the 75 at.% Co-Ni and 83 at.%

Co-Ni coatings which have hcp structure with a (0001) preferred orientation [170]. The

typical hcp structure has a smaller number of slip systems (one slip plane with three

slip directions) than that of fcc-structured metals (four slip planes each with three slip

directions). The preferred slip plane in cobalt-rich coatings is the (0001) plane with the

largest spacing between planes (c/a=1.623), which leads to less cohesive forces between

(0001) planes. Therefore, much lower rate of shearing occurs and the extent of adhesion

between the 75 at.% Co-Ni and 83 at.% Co-Ni coatings and the pins is significantly reduced.

In this case, the tribofilm cannot be formed under the condition of much weaker adhesion

and lower friction heating. No iron transfers from the pin to the worn surface. The

enhanced lubricity of the hcp structure of cobalt results in less debris generated and a

lower coefficient of friction compared with the that of the pure Ni and 58 at.% Co-Ni

coatings. The high friction coefficient of the latter can be attributed to higher ductility

of fcc structure [176] and the lack of a low-shear strength lubricious component in the

tribofilm [34]. Inman et al. [28] reported that the superior wear resistance of a cobalt-

based Stellite 6 alloy was attributed to fewer slip planes and shear-introduced alignment

of the operational basal plane of hcp phases, which agrees with the present study. It was

also found that at elevated sliding temperature the phase transformation from hcp to fcc

85



CHAPTER 4. WEAR AND CORROSION PROPERTIES OF NANOCRYSTALLINE
NI-CO COATINGS WITH DIFFERENT COBALT CONTENTS

led to enhanced material removal of Stellite 6 [177].

4.4.2 Role of the Debris on Friction and Wear Properties

The EDS results and SAED patterns show that the pulverised debris is partially oxidised.

As shown in Fig. 4.11, the debris generated on the four coatings with different compositions

have a similar fcc phase structure, the performance of which as a solid lubricant is not as

good as the hcp structure. Peterson et al. [178] found that the coefficient of friction of

Ni-based alloys (Ni-Ta, Ni-W and Ni-Cu) sliding against Al2O3 at room temperature was

approximately 0.6, much higher than that at 600 °C (0.3-0.4). The reduction of friction

at elevated temperatures was attributed to the formation of the metal oxides NiO film.

Although the debris could also be oxidised at room temperature because of the high local

temperatures in contact areas, the particles could not form an efficient film to eliminate

the metallic contact. In the present research, most of the wear debris accumulated at the

end of the wear track. The debris left on the wear track was found at the edges of the

smooth areas of the pure Ni coating as shown in Fig. 4.8(a). The detached debris of the

58 at.% Co-Ni coating was trapped in the valley of the broken tribofilm as shown Fig.

4.8(b). There was much less debris on the worn surface of 75 at.% Co-Ni and 83 at.%

Co-Ni coatings (Fig. 4.8(c, d)). Hence, the loose debris is insufficient to separate the two

sliding surfaces. The role of wear debris on the tribological properties depends on the its

own performance as a solid lubricant and the formation of a complete oxide film to avoid

the metal-to-metal contact. Therefore, the debris have a limited effect on the contact of

the rubbing surfaces in the present study.

It is worth noting that no hcp structure has been found in the debris of the 75 at.%

Co-Ni and 83 at.% Co-Ni coatings as shown in Fig. 4.11(c) and (d). As mentioned above,

the Co-rich alloys mainly contain hcp structure. The absence of hcp structure in debris

cannot be explained by the hcp–fcc allotropic phase transformation because the hcp phase

is not reformed after cooling to room temperature. Instead, it is suggested that all the

cobalt-containing debris has been oxidised prior to the oxidation of nickel. It has been

reported that the oxide surface of Ni-Co deposit only consists of CoO after annealing at

300 °C. The CoO layer formed by the outward diffusion of cobalt prevented the oxidation

of nickel [151]. This indicates that nickel has better oxidation resistance than cobalt in

Ni-Co alloys. In the present research, due to the local temperature rise introduced by

the frictional heat, cobalt debris has been fully oxidised and the formed CoO can protect

nickel against oxidation. Therefore, no hcp structure is found in debris and fcc nickel is the

86



CHAPTER 4. WEAR AND CORROSION PROPERTIES OF NANOCRYSTALLINE
NI-CO COATINGS WITH DIFFERENT COBALT CONTENTS

only metallic phase as shown in Fig. 4.11. The explanation is confirmed by the reduced

intensity of the (200) ring of metallic phase as the nickel content decreased. Other rings

are closed to those of oxidised phase and difficult to identify their intensity.

4.5 Summary

With an increase in cobalt sulphate concentration in the plating baths, the cobalt content

of the electrodeposited Ni-Co coatings gradually increased. The low microhardness of the

83 at.% Co-Ni coating is related to its loose lens-shaped microstructure. By examining

the role of the third bodies on the tribological behaviour, the following conclusions have

been drawn:

(1) The coefficient of friction dropped from 0.45-0.5 to ca. 0.25 as the cobalt content

exceeded 70 at.%. At the same time, the wear rate gradually decreased. The pure nickel

coating with high hardness exhibited relatively low wear rate.

(2) A tribofilm consisting of oxides of both the coating and the counterpart was found

on the worn surface of the Ni-Co coatings having the cobalt content less than 60 at.%.

The formation of the tribofilm was not beneficial to the friction reduction and the wear

resistance.

(3) Low coefficients of friction were obtained without the formation of tribofilm on

the Co-rich coatings (more than 70 at.% Co) and the stainless steel pin contact. The

composition of the smooth worn surface is the same as that of the as-deposited coating.

No pin material transfer from the pin to the coating was observed. The improved wear

resistance is mainly due to a large portion of hcp structure of the Co-rich coatings, which

can act as the solid lubricant.

(4) The debris was nanocrystalline, containing a mixture of two phases: a nickel fcc

metallic phase and a nickel oxide/cobalt oxide fcc oxidised phase. No hcp structure has

been found in the debris due to the complete oxidation of cobalt. Most of the debris was

pushed to the end of the wear scars. At room temperature (25 °C), the loose oxides were

insufficient to separate the two sliding surfaces. The debris had a limited effect on the

contact of rubbing surfaces.

(5) Ni-Co coatings exhibited the active-passive polarization behaviour in 3.5 % NaCl

solution. The worst corrosion resistance of 83 at.% Co-Ni among the present coatings

can be attributed to the high porosity of its lens-shaped morphology, which provided

more active areas than the dense surface of the coatings with less cobalt content. The

corrosion resistance of Ni-Co coatings needs to be further improved in order to replace
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hard chromium in anti-corrosion applications.
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Chapter 5

Effects of Additives on the

Microstructure and Properties of

Electrodeposited Nanocrystalline

Ni-Co Coatings

5.1 Introduction

The cobalt-rich nanocrystalline Ni-Co coatings exhibit improved tribological properties.

However, they were difficult to be electrodeposited onto steel due to their high internal

stress. Current methods, e.g. developing graded coatings and applying pulse current

waveforms, are expensive and complex. In this chapter, a new approach to electrodeposit

single layer Ni-Co coatings with high cobalt content on steel is presented by optimising the

concentration of additives (BD and saccharin). High-quality nanocrystalline Ni-Co alloys

(78 ±2 at.% Co) containing a large proportion of hcp structure were successfully prepared.

Properties of the coatings were investigated including surface morphology, grain size and

crystalline texture, hardness and tribological performance against a steel counterpart via

a reciprocating ball-on-disc apparatus. The inhibition effect of absorbed additives on

electrodeposited nanocrystalline coatings is discussed.
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5.2 Experimental Details

5.2.1 Electrodeposition

Nanocrystalline Ni-Co coatings were electrodeposited at 45 °C using a current density of

4 A dm-2 from a sulphate bath containing nickel sulphate (200 g dm-3), cobalt sulphate

(100 g dm-3), sodium chloride (20 g dm-3), and boric acid (30 g dm-3). BD and sac-

charin with controlled concentrations were added to the electroplating baths, see Table

5.1. Pure nickel coatings were plated from the three sulphate baths containing different

concentrations of additives without adding cobalt sulphate. The plating time was 1 h and

the average thickness of the coatings was 50±5 µm. For comparison, a hard Cr coating

was electrodeposited onto mild steel from a conventional chromic acid bath as described

in Chapter 3.

Table 5.1. The concentration of electrolyte additives to produce Ni-Co coatings

Sample A Sample B Sample C
BD / g dm-3 0.1 0.5 0.5

Saccharin / g dm-3 0.1 0.5 2

5.2.2 Microstructure, Grain size and Microstrain

The surface morphologies of the as-deposited Ni-Co coating and the worn surfaces after

wear tests were investigated by SEM while the composition of the alloys was determined

by EDS. The crystal structure was studied by XRD and TEM as described in Chapter 3.

The grain size of coatings was estimated via two different approaches. In the first

approach, the grain size (d’) was measured from TEM bright and dark field images. In

the second approach, the grain size (d”) was calculated by the XRD peak broadening

according to the Scherrer equation (Eq. (3.1)) [167]. However, the peak broadening in

the XRD patterns may also be caused by internal strain, which can be described by the

following relationship:

Bε = 4εtanθ (5.1)

where ε is the microstrain [179]. The total XRD peak broadening is attributed to both

microstrain and the grain size, which can be expressed as follows:

B = 4εtanθ + 0.9 λ

dcosθ
(5.2)
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Instead of plotting Bcosθ vs sinθ in a Willianson-Hall plot [46, 179] to get the slope as

4ε , the microstrain can be calculated directly with the grain size measured by TEM (d’)

according to the following equation:

ε=
Bctanθ − 0.9l

d′sinθ

4 (5.3)

5.2.3 Mechanical and Tribological Properties

The hardness and tribological properties of deposits were characterised as described in

Chapter 3. The worn surface and wear debris were studied by SEM and EDS.

5.3 Results

5.3.1 Surface Morphologies and Composition

As shown in Fig. 5.1(a), the sample A deposited from the plating bath with 0.1 g dm-3

BD and 0.1 g dm-3 saccharin consists of lens-shaped clusters. The size of the clusters is

in the range of 150-500 nm. As the amounts of BD and saccharin were increased to 0.5 g

dm-3, finer clusters or grains were found between the lens-shaped clusters, shown in the

circles in Fig. 5.1(b). Microcracks were observed by an optical microscope on the surface

of sample A and B probably due to a high level of internal stress. When the concentration

of saccharin was further increased to 2 g dm-3, coating C had dense and smooth surface as

shown in Fig. 5.1(c). The EDS shows that the three coatings have the similar composition

of 78±2 at.%.

5.3.2 Phase Structure and Grain Size

The phase structure and grain size were studied by XRD. Fig. 5.2 shows the XRD patterns

of the Ni-Co coatings from the electrolytes with various additive concentrations. Coating

A, electrodeposited from the electrolyte containing 0.1 g dm-3 BD and 0.1 g dm-3 saccharin,

had a strong fibre texture indicated by the peak at 2θ≈42°, which was consistent with the

spacing of (101̄0) in a hcp structured Co lattice. By increasing the concentration of BD

and saccharin to 0.5 g dm-3, the fibre texture changed from (101̄0)hcp to (0002)hcp/(111)fcc

indicated by the peak at 2θ≈44.4° for coating B. The peak for coating C is observed to be

slightly higher due to the higher concentration of saccharin. TEM selected area diffraction

patterns shown in Figs. 5.3-5.5(c) confirm that the three coatings have a mixed hcp (ε)

and fcc (α) structure as indexed in Figs. 5.5(c).
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(a)

(b)

(c)

Figure 5.1. SEM morphologies of Ni-Co coatings from the baths containing con-
trolled concentration of BD and saccharin: Sample A (a) 0.1 g dm-3 and 0.1 g dm-3,
Sample B (b) 0.5 g dm-3 and 0.5 g dm-3, Sample C (c) 0.5 g dm-3 and 2 g dm-3,
respectively.
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Figure 5.2. XRD patterns of the Ni-Co alloys: (a) Sample A from the bath containing
0.1 g dm-3 BD and 0.1 g dm-3saccharin, (b) Sample B from the bath containing 0.5 g
dm-3 BD and 0.5 g dm-3 saccharin, (c) Sample C from the bath containing 0.5 g dm-3

BD and 2 g dm-3 saccharin.

Grain size was obtained via two different approaches, namely (1) according to the

Scherrer equation (Eq. (3.1)), and (2) measured from TEM bright (Figs. 5.3-5.5(a)) and

dark field images (Figs. 5.3-5.5(b)). Table 5.2 shows the results of the grain size analysis.

The grain sizes of samples A and B obtained from XRD are not consistent with those

measured by TEM due to their higher microstrain induced by the stress. The microstrain

was calculated by Eq. (5.3) and the results are listed in the last column of Table 5.2. The

sample A deposited in the presence of the smallest amount of additives has the highest

microstrain. By increasing the concentration of BD and saccharin to 0.5 g dm-3, the tensile

microstrain is reduced. The sample C from the electrolyte having a higher concentration

of saccharin (2 g dm-3) has a compressive microstrain with the lowest magnitude, which

can increase the adhesive strength between the coating and the substrate [180]. Since the

microstrain of samples A and B is not negligible, the grain size calculated by the Scherrer

equation (Eq. (3.1)) is different from that obtained by TEM analysis. TEM electron

diffraction patterns shown in Figs. 5.3-5.5(c) indicate that the grain size decreases as the

concentration of additives increases. The rings shown in Fig. 5.3(c) are discontinuous due

to large grain size of the sample A, whereas the rings are continuous for sample B (Fig.

5.4(c)) and sample C (Fig. 5.5(c)).

5.3.3 Mechanical and Tribological Properties

No mechanical and tribological tests could be performed on the samples A and B due to

the crack propagation and delamination from the substrate. By optimising the amount of
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(a)

(b)

(c)

Figure 5.3. Bright field image (a), dark field image (b) and corresponding SAED
pattern (c) of the Ni-Co alloy (Sample A) from the bath containing 0.1 g dm-3 BD
and 0.1 g dm-3 saccharin.
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(a)

(b)

(c)

Figure 5.4. Bright field image (a), dark field image (b) and corresponding SAED
pattern (c) of the Ni-Co alloy (Sample B) from the bath containing 0.5 g dm-3 BD
and 0.5 g dm-3 saccharin.
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(a)

(b)

(c)

Figure 5.5. Bright field image (a), dark field image (b) and corresponding SAED
pattern (c) of the Ni-Co alloy (Sample C) from the bath containing 0.5 g dm-3 BD
and 2 g dm-3 saccharin. SAED patterns indicated that the coatings have a mixed
structure of fcc (α) and hcp (ε).
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Table 5.2. Grain size and microstrain of the coatings deposited on mild steel sub-
strates from the baths containing different concentrations of BD and saccharin

Sample Grain size,d” obtained
by XRD / nm

Grain size,d’ obtained
by TEM / nm

Microstrain calculated
by Eq. (5.3)

A 16.4 190±5 0.0054 (tensile)
B 17.5 50±7 0.0034 (tensile)
C 11.3 11±2 -0.0002 (compressive)

additives, the sample C exhibits high hardness (503±15 HV), which is much higher than

that of the Ni-Co coating with the similar cobalt content produced by Wang. et al [24]

(listed in Table 5.3). The increase of hardness can be attributed to the reduced grain size

from 2.5 µm to 11±2 nm. However, it needs to be further improved to match that of

graded Ni-Co coatings [18, 151] and hard chromium.

As listed in Table 5.3, the coefficient of friction of the sample C is 0.23, which is similar

to that of the single-layer 81 wt.% Co-Ni [24] and graded Ni-Co coatings [18, 151]. Fig.

5.6 shows that the coefficient of friction of the sample C (around 0.23) is much lower

than that of hard chromium (approximately 0.7). The three Ni-Co coatings [18, 24, 151]

exhibit similar coefficient of friction due to a large portion of hcp structure acting as the

solid lubricant as discussed in Chapter 4. Due to the lower hardness of Ni-Co coatings,

the wear rate is higher than that of hard chromium. The worn surface of hard chromium

is shown in Fig. 5.7(a). Numerous debris were produced during the severe wear, which

contained 15 at.% oxygen and 4.4 at.% iron from the steel counterpart. Cracks propagated

perpendicularly to the sliding direction in the contact zone. In contrast, fine grooves and

debris were found on the worn surface of sample C (Fig. 5.7(b)). EDS analysis indicates

that the small debris particles contain 36±5 at.% oxygen without iron. A much lower rate

of shearing occurred and the extent of adhesion between the Co-rich coatings and the pins

was significantly reduced [181]. Under the condition of much weaker adhesion and lower

friction heating, no iron transferred from the pin to the worn surface of sample C.

5.4 Discussion

It has been widely reported in the literature that unsaturated organic additives can act as a

grain refiner by absorbing on the deposit surface and modifying electrocrystallisation [117].

In this work, BD has the active group C≡C, which can be transformed to cis-2-butene-1,

4-diol then butane-1, 4-diol by reacting with the absorbed atomic hydrogen (Hads) [182].

Hydrogen evolution increases the pH at the cathode followed by the formation of trace

amounts of cobalt and nickel hydroxides, which inhibit the crystal growth. Additionally, at
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Table 5.3. Mechanical and tribological properties of the single-layer Ni-Co coating
(Sample C), compared to the graded Ni-Co deposits and hard chromium

Sample Hardness / HV Coefficient
of friction

Wear rate /
10-5 mm3 N-1 m-1

Single-layer 78 ±2 at.%
Co-Ni (sample C)

503±15 0.23 9.6±0.9

Single-layer 81 wt.% Co-Ni
[24]

326 0.25# 11#

Graded Ni-Co [18, 151] 550 0.20-0.28† 16†

Hard Chromium 943±47 0.7 2.1±0.2
# The tribological behaviour was tested on a reciprocating ball-on-disc UMT-2MT microtri-
bometer tester with an AISI-52100 stainless steel ball (diameter 4 mm) as the counter body under
a normal load of 3 N at a sliding speed of 55 mm s-1.
† Under the same condition as above, except the sliding speed of 110 mm s-1.

Figure 5.6. Typical coefficient of friction for hard Cr and Ni-Co coating (Sample C)
during unlubricated reciprocating sliding wear tests against AISI-52100 stainless steel
with the sliding stroke of 2.69 mm, the sliding frequency of 1 Hz and the sliding time
of 25 min..
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(a) (b)

Figure 5.7. Worn surface morphologies of (a) hard Cr and (b) Ni-Co coating (Sample
C) after unlubricated reciprocating sliding wear tests against AISI-52100 stainless steel
with the sliding stroke of 2.69 mm, the sliding frequency of 1 Hz and the sliding time
of 25 min.

a current density below 25 A dm-2, the active groups within saccharin (=C-S and S=O) can

react with protons (H+) to form sulphur anions that can be precipitated as metal sulphides

[117]. The process also increases the alkalinity in the cathodic area, which handicaps the

discharge of metal ions and significantly increases the overpotential of electroplating. The

high overpotential promotes the formation of new nuclei resulting in refined grain size

[73]. As shown in Figs. 5.5(a, b), the sample C plated from the bath containing 0.5 g

dm-3 BD and 2 g dm-3 saccharin has the smallest grain size due to the combined effect

of BD and saccharin at relatively high concentration. As the concentration of additives

decreased (samples A and B), the effect of the grain refinement was restrained, leading to

the increasing grain size.

Electrocrystallisation can be strongly influenced by the presence of adsorbed molecules

and ions at the surface of the electrode [183]. Amblard et al. [184] reported that the

preferred crystal orientation of electrodeposited nickel can be attributed to the inhibi-

tion of the electrocrystallisation process by adsorbed chemical species, such as Hads and

(NiOH)ads, which can slow down propagation steps, block growth site, and/or modify the

activity of emerging structural defects. The coverage of absorbed species varies on different

crystal faces and the highest coverage with absorbed species leads to the slowest growth

rate of the crystal face and the texture can be developed. It has been reported that the

activation energy for adsorption of hydrogen is more negative as the distance between ad-

jacent atoms is larger [185]. The phenomenon that different crystallographic planes have
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different hydrogen adsorption abilities was also reported by Li et al. [186]. They found

that the (110)fcc and (100)fcc planes were more active in absorbing hydrogen than the

(111)fcc planes, which are the close-packed plane in the fcc structured Ni-20% Fe lattice.

In the present research, the (101̄0)hcp plane with much lower atomic density has the largest

interplanar spacing in a hcp cell. It may allow a more negative free energy of hydrogen

absorption, which leads to higher coverage with absorbed atomic hydrogen (Hads) than

that on (0002)hcp/(111)fcc planes as shown in Fig. 5.8(a). Hence, the (101̄0)hcp plane is

very likely to be the most catalytic face for hydrogen reduction and to become the lowest

growth plane. As discussed above, the BD can react with the absorbed atomic hydrogen

(Hads) to inhibit the crystal growth. It may have a significant effect on the growth rate of

(101̄0)hcp plane with more absorbed atomic hydrogen than that of (0002)hcp/(111)fcc. It

has been reported that, by adding BD, the perfection of [100] preferred crystal orientation

for nickel nanocrystalline deposits was slightly enhanced as the relative texture coefficient

of (200)fcc increased from 93% to 99% [182]. In the present study, the addition of BD (0.1

g dm-3) promotes the formation of (101̄0)hcp fibre texture of the sample A.

Saccharin can also be absorbed by filling its non-sharing lone pair electrons with the

3d electrons of nickel and cobalt atoms to form coordinate bonds [187]. When the con-

centration of saccharin is low (0.1 g dm-3), its effect is negligible. As the concentration

increases to 0.5 g dm-3, the close-packed planes with the highest atomic density favour

the absorption of saccharin molecules as shown in Fig. 5.8(b). Therefore, the growth of

crystals only leaves the (0002)hcp/(111)fcc planes which have the slowest growth rate. Al-

though the concentration of BD was higher in B bath (0.5 g dm-3), the inhibition effect of

saccharin was dominant. It has been reported that the fibre texture of electrodeposited

nanocrystalline Ni-Fe alloys changed from (100)fcc to (111)fcc as the influence of hydrogen

adsorption decreased by applying lower current density [186], which is consistent with the

present results for Ni-Co alloys. By further increasing the addition of saccharin to 2 g

dm-3, the inhibition effect of saccharin was enhanced as shown in Fig. 5.8(c), leading to

the higher (0002)hcp/(111)fcc XRD peak of the sample C.

As mentioned in Chapter 4, the pure nickel prepared by Wang et al. [24] without

adding BD or saccharin has a strong (200)fcc texture. However, in the present research

the nickel deposits plated from the bath containing 0.5 g dm-3 BD and 2 g dm-3 saccharin

(shown in Fig. 4.3(a)) exhibits a (111)fcc texture. It can be explained by the inhibition

effect of additives as discussed above. In the fcc structured nickel, the (200)fcc plane with

lower atomic density is more catalytic for hydrogen absorption than the most close-packed

100



CHAPTER 5. EFFECTS OF ADDITIVES ON THE MICROSTRUCTURE AND
PROPERTIES OF ELECTRODEPOSITED NANOCRYSTALLINE NI-CO COATINGS

Table 5.4. Grain size and microstrain of the pure nickel coatings from the baths
containing different concentrations of BD and saccharin

Concentration
/ g dm-3

Grain size, d”
obtained by
XRD / nm

Grain size, d’
obtained by
TEM / nm

Microstrain calculated
by Eq. (5.3)

BD Saccharin
0.1 0.1 15 30±8 0.0029 (tensile)
0.5 0.5 13 18±2 0.0018 (tensile)
0.5 2 17 15±3 -0.0008 (compressive)

(111)fcc. When the concentration of saccharin is low (0.1 g dm-3), the addition of BD

(0.1 g dm-3) promotes the (200)fcc texture shown in Fig. 5.9(a), which is consistent with

the results reported by Pavlatou et al. [182]. As the concentration of BD and saccharin

increased to 0.5 g dm-3, the latter had more influence on the texture formation, as in the

case of Ni-Co coatings. As shown in Fig. 5.9(b), the texture changes to (111)fcc, which

is enhanced by increasing the addition of saccharin to 2 g dm-3 (Fig. 5.9(c)). Table 5.4

shows the results of the grain size analysis of the present nickel coatings. Except the

sample plated from the bath containing 0.5 g dm-3 BD and 2 g dm-3 saccharin, the grain

size obtained by XRD is smaller than that measured by TEM due to their microstrain,

which can be calculated by Eq. (5.3). With the increase of the concentration of additives,

the tensile microstrain decreased and changed to compressive stress, which is consistent

with the tendency found in Ni-Co coatings with high cobalt content. It is worth noting

that the 83 at.% Co-Ni coating plated from the bath containing 0.5 g dm-3 BD and 2 g dm-3

saccharin exhibits a (101̄0)hcp texture as shown in Fig. 4.3(g). It might be associated with

the absorption of cobalt hydroxide ions. More Co(OH)+ can be formed in the electrolyte

with higher concentration of cobalt ions. It has been reported that Co(OH)+ has high

adsorption ability [142], which may weaken the inhibition effect of saccharin. Therefore,

the texture changed from (0002)hcp/(111)fcc to (101̄0)hcp.

5.5 Summary

Nanocrystalline single-layer Ni-Co coatings having a high cobalt content of 78±2 at.% were

successfully electroplated onto mild steel substrates from sulphate baths by optimising

the concentration of additives. The coating plated from the bath containing 0.5 g dm-3

BD and 2 g dm-3 saccharin had a smooth, optically reflective surface. The grain size was

reduced to 11±2 nm, which resulted in its high hardness (500 HV). The microstrain can be

calculated directly with the grain size measured by TEM according to the total XRD peak

broadening equation without plotting the Willianson-Hall plot. As the concentration of
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(a)

(b)

(c)

Figure 5.8. Schematic representation of the grain size and the texture of electrode-
posited Ni-Co coatings: (a) Sample A from the bath containing 0.1 g dm-3 BD and
0.1 g dm-3 saccharin, (b) Sample B from the bath containing 0.5 g dm-3 BD and 0.5
g dm-3 saccharin, (c) Sample C from the bath containing 0.5 g dm-3 BD and 2 g dm-3

saccharin.
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Fig. 5.9. XRD patterns of the pure nickel coatings: (a) from the bath containing
0.1 g dm-3 BD and 0.1 g dm-3saccharin, (b) from the bath containing 0.5 g dm-3 BD
and 0.5 g dm-3 saccharin, (c) from the bath containing 0.5 g dm-3 BD and 2 g dm-3

saccharin.
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additives decreased, the microstrain changed from compressive to tensile and its magnitude

was significantly increased. In this case, the Scherrer equation cannot be used to calculate

the grain size. Although the addition of BD promoted the formation of (101̄0)hcp texture,

the inhibition effect of saccharin was dominant. The fibre texture of the coating was

modified from (101̄0)hcp to (0002)hcp/(111)fcc as the concentration of saccharin increased.

The Ni-Co coating plated from the electrolyte with optimised amount of additives had

low coefficient of friction and improved anti-wear resistance due to the high proportion of

hcp structure.

104



Chapter 6

The Hardness of Porous

Nanocrystalline Ni-Co

Electrodeposits

6.1 Introduction

The Hall-Petch relationship can fail when the grain size is below a critical value of tens of

nanometres. This occurs particularly for coatings having porous surfaces. In this study,

electrodeposited nanostructured Ni-Co coatings with different porosities were obtained by

controlling the concentration of nickel sulphate and nickel chloride within electroplating

baths. The influence of porosity on the microhardness was investigated. A cluster-pore

mixture model has been proposed to explain the deviation of Hall-Petch relationship for

coatings with porous surfaces. Additionally, the effect of different types of nickel salts on

the microstructure, composition and microhardness was studied.

6.2 Experimental Details

As shown in Table 6.1, four coatings were deposited from electrolytes containing differ-

ent concentrations of various nickel salts (A1 - A4). The electrodeposition procedure is

described in Chapter 3. All the thicknesses of the coatings were 50±2 µm. The surface

of the as-deposited Ni-Co coating was investigated by SEM while the composition of the

alloys was determined by EDS. The surface roughness of the as-deposited Ni-Co coating

was measured by AFM. The crystal structure, as well as the grain size, was studied by

XRD as presented in Chapter 3. The internal stress was measured by the sin2
ψ technique.
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Table 6.1. The bath compositions with different concentrations of various nickel
salts employed for electroplating Ni-Co coatings

Bath component Bath concentration / g dm−3

A1 A2 A3 A4
NiSO4•6H2O 200 200 0 50
NiCl2•6H2O 0 50 200 200
CoSO4•7H2O 100 100 100 100
Boric acid 30 30 30 30
Saccharin 2 2 2 2

BD 0.5 0.5 0.5 0.5

A TEM was employed to measure the grain size, while the phase structure was examined

by SAED. The hardness of deposits was measured as described in Chapter 3.

6.3 Results

6.3.1 Surface Morphologies and Composition

Fig. 6.1 shows high resolution SEM surface morphologies of four Ni-Co coatings (A1 - A4)

deposited from different electroplating baths. Coating A1 deposited from an all-sulphate

bath has a dense and smooth surface (Fig. 6.1(a) with low value of roughness (Ra=10 nm).

The grain was too fine to be resolved by SEM. With the addition of nickel chloride in the

bath, the microstructure of coating A2 has dramatically changed to lens shape (Fig. 6.1(b)

and the surface roughness increased to approximately 120 nm. A lens actually consists

of a number of fine grains. Both A3 and A4 coatings were deposited from baths with

high concentrations of Cl-, and microcracks were observed by optical microscopy. Their

surfaces had clusters consisting of fine grains as shown in Figs. 6.1(c, d) with the surface

roughness of 35 nm and 22 nm, respectively. The EDS results confirm that four coatings

(A1 - A4) have the similar cobalt content of 77±2 at%, which reveals that the use of

baths containing different types and levels of nickel salts has no significant effect on the

composition of the Ni-Co coatings.

6.3.2 Microstructure and Internal Stress

The phase structure and grain size were further investigated by means of XRD and TEM.

The XRD patterns for all samples (Fig. 6.2) exhibit a single peak. This indicates that

all the coatings have a strong fibre texture, i.e. one particular plane is parallel to the

coating surface. The peak at 0.205 nm (2θ ≈44.4°) is consistent with the spacing of

(0002)hcp/(111)fcc. The TEM electron diffraction patterns of the coatings are similar as
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Fig. 6.1. SEM images of as-deposited Ni-Co alloys (a) A1 from the all-sulphate
bath with a dense and smooth surface, (b) A2 from the sulphate-dominant bath with
the lens-shaped microstructure consisting of smaller grains, (c) A3 from the chloride-
dominant bath and (d) A4 from the all-chloride bath showing clusters in the deposits.
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Table 6.2. Comparison of grain sizes and hardness of the Ni-Co coatings

Samples
A1 A2 A3 A4

Grain size, d” obtained by XRD / nm 11.3 14.5 22.7 22.6
Grain size, d’ obtained by TEM / nm 10±2 15±1 - 21±2

Measured hardness, Hm / HV 503±5 379±20 455±7 469±8
Cluster size, dcl / nm 11 162 30 24

Approximate surface poroxity, p 0 0.225 0.029 0.005
Calculated pore-free hardness, Hc by Eq. (6.5) / HV 503 489 468 471

shown in Figs. 6.3(b, d, f). A mixed structure of hcp and fcc has been indexed, as shown

in Fig. 6.3(d). The A1 coating deposited from the all-sulphate bath and the A2 deposited

from the sulphate-dominant baths have much lower peak intensities than A3 and A4.

The XRD peak broadening is attributed to the small grain size, which was calculated

by applying Scherrer equation (Eq. (3.1)) [167]. The result of the grain sizes is listed in

Table 6.2. TEM dark field images (Figs. 6.3(a, c, e)) were also taken to confirm the grain

sizes. The measurements were carried out on at least 50 grains. The A3 coating from

the all-chloride bath could not be successfully prepared for TEM foil because of its high

brittleness. The comparison of grain sizes in Table 6.2 shows the values calculated by

Scherrer equation are consistent with those measured by TEM. It was reported that the

total XRD peak broadening is attributed to both microstrain and the grain size, which can

be expressed as Eq. (5.2). In the present research, the peak broadening introduced by the

microstrain is negligible. It has been widely accepted that nickel coatings deposited from

baths containing high concentration of nickel chloride (samples A3 and A4) tend to have a

higher internal stress than that from sulphate baths (the sample A1) or sulphamate baths

[39]. The internal stress of samples A1 and A3 was measured by the XRD-sin2
ψ analysis

method. The A3 coating has lower internal stress of 0.32 GPa than the A1 sample (1.05

GPa). This might be due to microcracks or free boundary clusters which can release the

high internal stress.

6.3.3 Microhardness

The measured hardness (Hm) of nanocrystalline Ni-Co alloys deposited from the baths

containing different nickel salts is listed in the third row of Table 6.2. The Hall-Petch

relationship [40] can be described as Eq. (2.2). The measured hardness variation with

the grain size of the samples obtained by XRD is plotted in the form of the Hall-Petch

relationship in Fig. 6.4(a). The hardness against the reciprocal square root of grain size

is not in agreement with the Hall-Petch relationship. In comparison with the sample A1,
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Fig. 6.2. XRD patterns of as-deposited Ni-Co alloys: A1 (a) and A2 (b) coatings
deposited from the baths with lower concentration of nickel chloride than the baths
of the samples A3 (c) and A4 (d).
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Fig. 6.3. Dark field images, and corresponding SAED patterns of the as-deposited
Ni-Co alloys: A1 from all-sulphate bath (a, b), A2 from the sulphate-dominant bath
(c, d), A4 from the chloride-dominant bath (e, f). SAED patterns indicated that the
coatings have similar mixed structure of fcc (α) and hcp (ε).
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the coatings A3 and A4 have slightly lower hardness as a result of the increased grain size

(23 nm) as shown in Fig. 6.4(a). There is, however, an anomalously low hardness (379

HV) for the sample A2 with the fine grain size of 15 nm.

6.4 Discussion

It is suggested that the anomaly of the coating A2 is caused by a loose microstructure

containing high porosity shown in Fig. 6.1(b). Its relatively high standard deviation of

hardness measurements shown in Fig. 6.4(a) is due to the porosity. The comparison

between the SEM image (Fig. 6.1(b)) and the TEM image (Fig. 6.3(c)) reveals that a

lens is not a single grain but a cluster of hundreds of fine grains (around 15 nm). The

lens-shaped cluster can be approximated as an ellipsoid. The size of the cluster (dcl) is

estimated by calculating the equivalent spherical diameter, which is the diameter of a

sphere having the same volume as the cluster [188]. The equation can be described as:

dcl = 2 3
√
r1r2r3 (6.1)

where r1 and r2 are the equatorial radii of the approximated ellipsoid which are equal to

each other and r3 is the polar radius. The weighted average of the cluster size is calculated

as 162 nm. The clusters of the sample A3 and A4 shown in Figs. 6.1(c, d) are simplified

as spheroids, and the cluster sizes of which are 30 nm and 24 nm, respectively. According

to the SEM images (Fig. 6.1), the porosity (p) of the present samples is described as the

ratio of the volume of voids to the total volume of the surface layer [189], which can be

estimated by:

p =
Vt −N ′ × 4

3π(dcl/2)3

Vt
(6.2)

where Vt is the total deposit volume of the top surface and N’ is the measured number

of clusters. The sample A1 is assumed to be free of pores (p = 0) due to its dense

microstructure shown in the high resolution SEM image (Fig. 6.1(a). The results are

listed in Table 6.2.

According to the phase mixture model [41, 190, 191], for a nanostructured sample,

the crystallites, grain boundaries, triple line junctions and quadratic nodes have different

contributions to the hardness and the yield strength depending on the volume fraction (f )

of each. The composite hardness (Hcom) can be described as [41, 190]:

111



CHAPTER 6. THE HARDNESS OF POROUS NANOCRYSTALLINE NI-CO
ELECTRODEPOSITS

Hcom = Hcrfcr +Hgbfgb +Htifti +Hqnfqn (6.3)

where the subscripts cr , gb, tj and qn represent crystallites, grain boundary, triple line

junction, and quadratic node, respectively. Based on the phase mixture model, the coat-

ings in the present research can be considered as a mixture of clusters and pores. The

volume fraction can be expressed in terms of the porosity. The measured hardness is

expressed as:

Hm = Hc(1− p) +Hpp (6.4)

where Hc and Hp are the hardness contribution of clusters and pores, respectively. Hc

is actually referring to H given by Hall-Petch equation (Eq. (2.2)), which represents the

hardness of the dense pore-free coatings. In this cluster-pore mixture model, since the

pores have no contribution to the hardness (Hp ≡ 0), the hardness of the cluster consisting

of fine grains can be determined as:

Hc = Hm

1− p (6.5)

The calculated pore-free hardness according to Eq. (6.5) is listed in Table 6.2. After

adopting Hc as the hardness for Hall-Petch relationship, it can be observed that the hard-

ness increases with a nearly constant slope and there is no obvious deviation even when

the grain size is reduced to 11 nm as shown in Fig. 6.4(b). It is worth mentioning that in

the Vickers hardness tests no cracking of coatings occurred with an applied load of 100 g.

Therefore, these microcracks are not considered as surface pores. The hardness measure-

ments have been found to be sensitive to microstructural flaws in the samples, particularly

the porosity. In high-quality copper samples produced by inert-gas condensation and com-

paction, the hardness is in agreement with the ordinary Hall-Petch relationship when the

grain size is reduced to 15 nm, and then plateaued [192]. Sanders et al. [192] explained the

deviation of the Hall-Petch relationship by increasing porosity of the samples with smaller

grain size, which were produced by lower temperature compaction. Ibañez and Fatás [193]

reported the Hall-Petch relationship in electrodeposited Cu coatings broke down when the

grain size was less than 80 nm as shown in Fig. 6.5. From SEM images in the paper [193],

the surface of the Cu coatings plated at different current densities consisted of clusters

of different sizes. The porosity is calculated and the Hall-Petch plot with the pore-free

hardness obtained by Eq. (6.5) has been redrawn. As shown in Fig. 6.5, the data fit the
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relationship well and a high correlation coefficient (R=0.9911) was obtained. Therefore,

for the pore-free surface, the relationship between hardness and grain size may satisfy the

Hall-Petch equation. However, for coatings with porous surfaces, the porosity effect needs

to be taken into consideration for the validation of Hall-Petch equation. The calculated

pore-free hardness rather than the measure hardness should be adopted.

6.5 Summary

The Ni-Co coatings (77±2 at% Co) have been successfully prepared by electrodeposition

from the baths with different nickel salts (nickel sulphate and/or nickel chloride), which

were found to have significant effects on the morphologies, grain sizes and hardness of the

coatings. The following conclusions are drawn:

(1) The coating deposited from an all-sulphate bath was characterised by its dense

and smooth surface with the finest grain size (approximately 11 nm). By adding nickel

chloride in the bath, the coating had the porous lens-shaped microstructure consisting of

a number of fine grains (around 15 nm). The surfaces of the coatings plated from the

chloride-dominant bath and the all-chloride bath had clusters with much smaller size than

that of the lens-shaped clusters. The grain size increased to approximately 23 nm.

(2) The hardness of porous coatings except the dense coating deposited from an all-

sulphate bath exhibited the deviation of the Hall-Petch relationship. The extent of devi-

ation depended on the porosity of coatings.

(3) By considering porous materials as composites of clusters and pores, their con-

tribution to hardness has been quantitatively studied. The pore-free hardness (i.e. the

hardness of clusters) can be calculated according to the cluster-pore mixture model. By

adopting it, the Hall-Petch relationship can be maintained at the nanoscale.
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(a)

(b)

Fig. 6.4. Hall-Petch plots for as-deposited Ni-Co alloys before (a) and after (b)
adopting the calculated pore-free hardness. R is the linear correlation coefficient.
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Fig. 6.5. Hall-Petch plots for electrodeposited Cu coatings with the measured mi-
crohardness reported by Ibañez and Fatás [193] and with the calculated pore-free
hardness according to Eq. (6.5).
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Chapter 7

The Electrodeposition and

Characterisation of Low Friction

and Wear Resistant Co-Ni-P

Coatings

7.1 Introduction

Co-Ni-P coatings are expected to possess high hardness derived from the precipitation

hardening of Ni-P alloys and improved wear resistance due to the lubricity of cobalt-rich

Co-Ni coatings. Although thin Co-Ni-P films (from 10 nm to 10 µm thick) deposited by

electroless plating and electroplating have been studied as hard magnetic materials, there

is a lack of investigation on their evolution of composition and microstructure, hardness,

thermal stability, wear and corrosion resistance. In the present research, a novel Co-Ni-P

coating has been electrodeposited from a modified sulphate bath. In order to clarify the

mechanism of the composition gradient and microstructure change from nanocrystalline to

amorphous structure along the thickness direction as mentioned in Chapter 2, the effect of

local pH near the cathode was investigated. The hardness, tribological and electrochemical

properties of the coatings after heat treatment were evaluated and compared with those

of hard chromium coatings.
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7.2 Experimental Details

7.2.1 Electrodeposition

Nanocrystalline Co-Ni-P coatings were electrodeposited from the electrolytes consisting

of 40 g dm-3 NiSO4•6H2O, 40 g dm-3 CoSO4•7H2O, 20 g dm-3 NaH2PO2 •H2O and

additives. The electrodeposition was carried out with the current density of 5 A dm-2 at

45 °C. The plating time was controlled from 1 min to 75 min. The pH of the electrolytic

bath was measured before and after the electrodeposition. In situ measurement of the

local pH near the cathode was carried out by fixing the pH electrode as close to the

cathode surface as possible. The plating time was 75 min. In order to study the influence

of the substrate, the plating was repeated on top of the previous Co-Ni-P coating. The

as-deposited Co-Ni-P coatings were subsequently annealed in air at 200 °C, 300 °C, 400

°C and 500 °C for 1 h, respectively. As a comparison, hard chromium coatings were

electrodeposited onto mild steel from a conventional chromic acid bath as describe in

Chapter 3. In order to compare tribological properties, Ni-P coatings with the same P

content as the present Co-Ni-P coatings were also plated from the sulphate bath.

7.2.2 Deposit Morphology, Composition and Hardness

The surface morphology and the composition of the as-deposited and annealed Co-Ni-P

coatings as well as their cross sections were investigated by SEM equipped with EDS.

The surface roughness of the coating was measured by AFM. The crystal structure was

characterised by XRD using Cu Kα radiation. The morphology change along the growth

direction was further studied by FIB. The hardness of deposits was measured as described

in Chapter 3.

7.2.3 Tribological and Electrochemical Evaluation

The tribological and electrochemical behaviours were tested as described in Chapter 3.

Additionally, morphology and composition of the worn surface and debris were studied by

SEM and EDS.
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7.3 Results

7.3.1 Electrodeposition of Co-Ni-P Coatings

Fig. 7.1(a) shows that the pH of the bulk solution decreased from approximately 2.9 to 1.9

during the electroplating process. The pH fell much faster during the first 20 min. The

local pH measurements were performed in order to evaluate the pH shift at the electrode

surface. It is found in Fig. 7.1(b) that the pH near the cathode immediately jumped from

2.9 to 10 at the very beginning of the electrodeposition. In the following 12 min, it rapidly

dropped to 7 and was found to be proportional to t1/2. Subsequently, it gradually changed

from 7 to 6 at an approximately linear rate.

The electrodeposition of Co and Ni from the sulphate solution as well as the codepo-

sition of phosphorus follows the reactions (2.10), (2.11) and (2.12) accompanied by simul-

taneous hydrogen evolution (Eq. (2.13)) [60]. The cathodic reactions (2.12) and (2.13)

lead to an increase of pH, which explains the sudden pH rise near the cathode shown in

Fig. 7.1(b). The following pH decrease may be attributed to hypophosphite oxidation and

oxygen evolution near the anode [194, 195]:

H2PO2
− + H2O→ H2PO−3 + 2H+ + 2e− (7.1)

2H2O→ O2 + 4H++2e− (7.2)

The positively charged hydrogen ions were generated at the anode and simultaneously

diffused through the electrolyte to the cathode. It was suggested that the rate of the proton

production at the anode was higher than the rate of the hydroxyl radical production at the

cathode. After 12 min, the relative generation rate between hydrogen ions and hydroxyl

radicals changed and the local pH was more stable. The net generation of hydrogen ions

led to the decrease in pH in the bulk solution.

Fig. 7.2(a) shows the electrodeposition potential (EED)-time (t) dependence for the

electrodeposition of the Co-Ni-P coating. The EED-t curve can be divided into three

characteristic regions. In the initial region, the potential rapidly decreased during the first

20 s as shown in Fig. 7.2(b), which corresponded to the process of creating initial nucleus

on the mild steel substrate. Similar phenomenons have been reported for nickel [196] and

copper [197] electrodeposition, followed by a plateau for the remaining deposition time.

However, in the present research, the potential did not converge to a steady-state value.

Instead, in the region II from 20 s to 12 min, the potential gradually increased due to the

decreasing pH near the cathode. For the electrode reaction H2PO2
− + e− → P + 2OH−,
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Fig. 7.1. Evolution of (a) bulk solution pH and (b) local pH near the cathode as a
function of plating time.

the potential is linearly related to ln([H2PO−2 ]∗/[OH−]2∗), where [H2PO−2 ]∗ and [OH−]∗ are

the concentration of H2PO−2 and OH- next to the cathode [198]. If the concentration of

H2PO−2 is assumed to be constant, it can be deduced that the mixed electrodeposition

potential EED will be proportional to pH, which has a linear dependence on t1/2. EED was

plotted against t1/2 as shown in Fig. 7.2(c) and the relationship of EED ∝ t1/2 was found.

After 12 min, the potential linearly increased from -1.31 V to -1.27 V. The potential-time

transient changed from EED ∝ t1/2 in stage II to EED ∝ t in the stage III due to the varied

pH, which indicated different structure and composition of the deposits.
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Fig. 7.2. Electrode potential vs. time curves during Co-Ni-P deposition with (b) the
enlarged image of the first 100 s and (c) the EED versus t1/2 plot from 20 s to 12 min.
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7.3.2 Microstructure and Composition of As-deposited Co-Ni-P Coat-

ings

Fig. 7.3 shows the surface morphologies of as-deposited Co-Ni-P coatings at different

deposition times varying from 1 min to 75 min. After 1 min deposition (Fig. 7.3(a)), the

surface of the substrate was covered by spherulites consisting of hundreds of grains as

shown in the inserted high resolution image. The grain size was very small but clearly

resolved at the average of 5 nm. The layer after 10 min plating (Fig. 7.3(b)) consisted

of nodular clusters. The grain size measured from the high resolution image was also

approximately 5 nm. Gaps were found among aggregations of the crystals. After 20

min, the coating surface was characterised by the adjacent smooth areas with no obvious

spherulites as shown in Fig. 7.3(c). There were many small pits with a diameter less

than 300 nm distributed along the boundary of the smooth areas. Most of the small pits

were covered by the smooth layer after plating for 30 min as shown in Fig. 7.3(d). The

smooth area was much bigger with unclear boundaries but with a few larger pits. With the

further increase of plating time, no boundaries were observed as shown in Figs. 7.3(e, f).

The surface was smoother with shallower pits. The surface roughness was approximately

12 nm.

The SEM cross-section view of the as-deposited Co-Ni-P sample plated for 75 min is

shown in Fig. 7.4(a). The thickness of the coating is 25±3 µm. The initial deposit with

the thickness of 6 µm grew columnarly, which was confirmed by the secondary ion image of

FIB in Fig. 7.4(b). Fig. 7.3(a) and (b) are actually the top views of the columnar structure.

As shown in Fig. 7.4(b), when the thickness was more than 6 µm, it suddenly changed to

very fine structure, which corresponded to the smooth layer shown in Fig. 7.3(c). Thus,

it can be concluded that the structure change occurred during the plating time between

10 min to 20 min. The growth of the columnar structure in Fig. 7.4(b) corresponds to the

region II shown in Fig. 7.2(a, c).

The distribution of the elements with thickness of the as-deposited Co-Ni-P coating

is shown in Fig. 7.4(c). The cobalt content gradually decreases from 82 at.% close to the

substrate-coating interface to 61 at.% on the outer layer of the coating. The nickel content

remains uniform at around 10-13 at.%. The phosphorus content increases from 7 at.% to

26 at.% with the increase of the coating thickness. The percentage of the less noble cobalt

deposited preferentially, which has been reported in electroplated Ni-Co coatings [24, 181].

The anomalous deposition can be explained by the formation and adsorption of Co(II)

and Ni(II) hydroxide ions on the cathode surface [142]. The noble nickel deposition is
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suppressed in the presence of Co(OH)+ preferentially formed and adsorbed on the cathode.

As the plating time increased, the trend of the anomalous deposition was weakened due

to the pH decrease as shown in Fig. 7.1. The lower pH inhibits the formation of the metal

hydroxide ions, which reduces the difference between Ni(OH)+ and Co(OH)+. Hereby,

the preferred cobalt deposition is weakened. The concentration of Co2+ is reduced by

approximately 5% after electroplating for 75 min, which also partially contributes to the

decreasing ratio of Co/Ni. The deposition of P is promoted because of the decreasing pH

according to Eq. (2.12).

XRD patterns of the as-deposited Co-Ni-P coatings with different plating times from

1 min to 75 min are shown in Fig. 7.5. The coating deposited for 1 min has a peak at

2θ ≈44.4° (Fig. 7.5(a)), which is consistent with the spacing of (0002) in hcp structured

Co lattice and/or (111) in fcc structured Co (and/ or Ni). As the thickness increases after

plating for 10 min, the intensity of the peak at 2θ ≈44.4° is much higher (Fig. 7.5(b)).

The grain size was calculated according to the Scherrer equation (Eq. (3.1)) [167]. The

calculated grain size of the coatings plated for 1 min and 10 min is 22 nm. The total

XRD peak broadening is attributed to both microstrain and the grain size [179]. Due

to the inevitable lattice distortion in the present coatings, the actual grain size should

shift away from the calculated value (22 nm). As mentioned in Chapter 5, the grain size

measured by XRD was consistent with the one obtained by TEM with the grain size just

over 10 nm [170]. However, it seemed that the XRD failed to determine the grain size of

a few nanometres for the coatings plated after 1 min and 10 min as shown in the present

research.

The layer plated for 20 min with 17 at.% P exhibits the broad peak centred at ap-

proximately 44.5° as shown in Fig. 7.5(c), which corresponds to the amorphous structure.

With the further increase of the plating time, the microstructure continues to be amor-

phous (Figs. 7.5(d-f)).

7.3.3 Thermal Stability

Fig. 7.6 shows the surface morphologies of the Co-Ni-P coatings after heat treatment at

different temperatures for 1 h. Compared to the as-deposited sample shown in Fig. 7.3(f),

there is no significant change in the morphology of the coating annealed at 200 °C (Fig.

7.6(a)), which has a similar composition as the as-deposited sample except for a small

amount of oxygen as shown in Fig. 7.7. The oxidation of the coating surface starts from

300 °C, which corresponds to the formation of fibrous oxides shown in Fig. 7.6(b). With
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Fig. 7.3. Surface morphologies of as-deposited Co-Ni-P coatings after plating times
of (a) 1 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 60 min and (f) 75 min.
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Fig. 7.4. (a) SEM cross-sectional view of the as-deposited Co-Ni-P coating plated
for 75 min with (b) the FIB image of the enlarged area, (c) distribution of Co, Ni and
P content with thickness.
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Fig. 7.5. XRD patterns of as-deposited Co-Ni-P coatings after plating times of (a)
1 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 60 min and (f) 75 min.
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the increase of annealing temperature, the content of oxygen increases, while the content

of Ni and P in the surface drops to 0 at 500 °C. The top layer of the coating annealed at

500 °C is totally covered by the fibrous cobalt oxides shown in Fig. 7.6(d). The surface

roughness increases to approximately 60 nm. As shown in the Fig. 7.8(a) and (b), the 1

µm-thick cobalt oxide layer is followed by the layer depleted in Co, which indicates that

the alloys undergo the external oxidation [199]. It had been reported that the oxide film

of amorphous Ni77P23 oxidised at 300 °C in air mainly consists of NiO because the oxide

was formed by the migration of Ni2+ ions along grain boundaries in the oxide film [200].

In the present Co-Ni-P ternary alloy, as the activation energy for the motion of Co2+ is

lower than that of the Ni2+ [201], the major oxidation product of the top layer is cobalt

oxide.

Fig. 7.9 shows the XRD patterns of the as-deposited Co-Ni-P coating and the samples

annealed at different temperatures. No phase transition occurs for the sample annealed

at 200 °C. A number of small peaks corresponding to Ni12P5 precipitates emerge as the

annealing temperature increases to 300 °C. After annealing at 400 °C, new peaks appear

in Fig. 7.9(d), which is consistent with the spacing of (200) and (220) in fcc structured

CoO. As confirmed in Fig. 7.9(e), the intensity of the two peaks of the sample annealed

at 500 °C increases as the top layer mainly consists of CoO.

7.3.4 Microhardness

The variation of hardness with annealing temperatures is shown in Fig. 7.10. The as-

deposited Co-Ni-P coating has the microhardness of 602±15 HV, which is lower than

the as-deposited hard chromium coatings. As the heat treatment temperature reaches

400 °C, the microhardness increases to 980±65 HV which is comparable to that of hard

chromium coatings, and then decreases to 650±30 HV after annealing at 500 °C. Although

no literature addresses on the hardening mechanism of Co-Ni-P coatings, the significant

hardening has been reported for Ni-P alloys annealed at 400 °C [107, 202, 203]. It has

been accepted that the precipitation of dispersed hard intermetallic compounds (Ni12P5

and Ni3P) in the nickel matrix (which can impede the dislocation movement) result in

increased hardness. Similarly, the formation of Ni12P5 precipitates as shown in Fig. 7.9 is

responsible for the significant increase of hardness of the Co-Ni-P coating. The decrease

of the hardness after annealing at 500 °C is probably due to the formation of oxide layer,

the precipitate coarsening and Ni12P5 intermediate phase transition.
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Fig. 7.6. Surface morphologies of heat treated Co-Ni-P coatings at (a) 200 °C, (b)
300 °C, (c) 400 °C and (d) 500 °C for 1 h.

Fig. 7.7. Evolution of the elemental content from the deposit surface with annealing
temperature.
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Fig. 7.8. (a) BEI cross-sectional view of the Co-Ni-P coating annealed at 500 °C, (b)
distribution of Co, Ni and P content with thickness.
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Fig. 7.9. XRD patterns of (a) as-deposited Co-Ni-P coatings plated for 75 min and
the coatings annealed at (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C for 1 h.

Fig. 7.10. Variation of hardness of the Co-Ni-P coatings annealed at different tem-
peratures for 1 h compared with hard chromium coatings.

130



CHAPTER 7. THE ELECTRODEPOSITION AND CHARACTERISATION OF LOW
FRICTION AND WEAR RESISTANT CO-NI-P COATINGS

7.3.5 Friction and Wear Behaviours

Fig. 7.11 presents the comparison of coefficient of friction between as-deposited hard

chromium coating and Co-Ni-P coatings annealed at different temperatures under dry

sliding conditions. The coefficients of friction of both the as-deposited Co-Ni-P coating

and the heat-treated samples are approximately 0.3 (only half that of hard chromium

coatings). Without cobalt, the Ni-P coating with the same P content on the surface (25

at.%) has a higher coefficient of friction (0.5) under the same test conditions. It is found

that the presence of cobalt reduces the coefficient of friction. The typical development of

the coefficient of friction with time of the as-deposited Co-Ni-P coating and the coating

annealed at 500 °C are shown in Fig. 7.12. The difference between the two curves is in the

period of the run-in stage, where the curve of the coating annealed at 500 °C is less stable

than its counterpart. It is attributed to the formation of cobalt oxide layer with higher

surface roughness as shown in Fig. 7.6(d). In the steady-stable stage, the coefficient of

friction of the sample annealed at 500 °C is slightly lower than that of the as-deposited

sample.

Fig. 7.13 shows the effect of heat treatment temperature on the wear rates of Co-

Ni-P coatings compared with hard chromium coatings. There is no significant change

in the wear rate of the as-deposited coating and the sample annealed at 200 °C because

of their similar surface morphology, composition, microstructure and hardness. As the

annealing temperature was raised to 300 °C, the wear rate starts to decrease and the

lowest wear rate (2.8×10-6 mm3 N-1 m-1) is obtained after the heat treatment at 400 °C

due to the precipitation hardening by Ni12P5 precipitates. The wear rates of Co-Ni-P

coatings annealed up to 400 °C are 4-7 times lower than that of hard chromium coatings.

However, with further increase of the temperature to 500 °C the wear rate increases to

1.3×10-5 mm3 N-1 m-1.

The worn surfaces of the samples are shown in Figs. 7.14(a, c, e), indicating mild

wear. The grooves and a small amount of wear debris along the sliding direction can be

found on the worn track of the as-deposited sample (Fig. 7.14(a)). The worn surface of

the sample annealed at 400 °C shown in Fig. 7.14(b) is much smoother with less plastic

deformation due to its high hardness. However, the precipitation hardening leads to

increasing brittleness. Therefore, the cracks normal to the sliding direction are observed

on its worn surface. The wear debris is much less than that of the as-deposited sample.

When the annealing temperature increases to 500 °C, wider cracks appear on the worn

surface (Fig. 7.14(e)), which result in a higher wear rate. There is more debris than that
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Table 7.1. Composition of the debris on the worn surface of as-deposited Co-Ni-P
coating and the coatings annealed at 400 °C and 500 °C

Content / at.%
Debris

As-deposited sample Annealed samples
400 °C 500 °C

O 37 44 30
Co 36 31 39
Ni 13 9 10
P 14 14 21
Fe 0 2 0

of the sample annealed at 400 °C. The formation of cracks on the worn surface can be

attributed to the increase of the brittleness and internal stress. It has been reported

that higher internal stress resulted in lower ductility and adhesion between coatings and

substrates [150]. The pin wear scars were also examined by SEM and EDS. The size of

the pin wear scar is in accordance with the wear rate. The wear debris was attached to

the pin surface.

Typical morphologies of the debris are shown in Figs. 7.14(b, d, f) while their compo-

sition is listed in Table 7.1. There are two types of oxidised debris randomly distributed

on the wear track of the as-deposited coatings (Fig. 7.14(b)), irregular shaped debris and

the roll-like debris. The rolls are approximately 150-300 nm in diameter, and the length

varies from 0.35 μm to 2.6 μm. As indicated by the arrows, the plate-like flakes start to

be detached from the surface. As the heat treatment temperature increases to 400 °C,

the plate-like flakes which are about to peel off are more obvious as the worn surface is

smoother (Fig. 7.14(d)). Unlike the as-deposited coating, the debris of the sample an-

nealed at 400 °C contains 2 at.% Fe from the pin. This can be attributed to its high

hardness. It is interesting to find that most of the roll-like debris of the coating annealed

at 500 °C shown in Fig. 7.14(f) is perpendicular to the sliding direction. The morphology

of the roll-like debris is shown in the enlarged view in Fig. 7.14(f).

7.3.6 Corrosion Resistance

The polarisation curves measured in 3.5% NaCl of the Co-Ni-P coatings is shown in

Fig. 7.15. The corrosion potential and current density compared with those of the hard

chromium coating are listed in Table 7.2. It can be clearly observed that the corrosion

potential positively increased from -558 mV to -348 mV as the annealing temperature

increases. It can be attributed to the formation of the protective oxide layer [151]. The

shift in corrosion potential is in accordance with the degree of oxidation. As mentioned
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Fig. 7.11. Comparison of coefficient of friction between Co-Ni-P coatings annealed at
different temperatures and as-deposited hard chromium coatings during unlubricated
reciprocating sliding wear tests against AISI-52100 stainless steel with the sliding
stroke of 2.69 mm, the sliding frequency of 1 Hz and the sliding time of 25 min.

Fig. 7.12. The coefficient of friction of the as-deposited Co-Ni-P coating and the
coating annealed at 500 °C for 1 h during unlubricated reciprocating sliding wear
tests against AISI-52100 stainless steel with the sliding stroke of 2.69 mm, the sliding
frequency of 1 Hz and the sliding time of 25 min.
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Fig. 7.13. Comparison of wear rates between Co-Ni-P coatings (25±3 µm thick)
annealed at different temperatures and as-deposited thick hard chromium coatings
(40±5 µm thick) after unlubricated reciprocating sliding wear tests against AISI-
52100 stainless steel with the sliding stroke of 2.69 mm, the sliding frequency of 1 Hz
and the sliding time of 25 min.
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Fig. 7.14. Worn surface morphologies and debris of (a, b) as-deposited Co-Ni-P
coating and the coatings annealed at (c, d) 400 °C and (e, f) 500 °C after unlubricated
reciprocating sliding wear tests against AISI-52100 stainless steel with the sliding
stroke of 2.69 mm, the sliding frequency of 1 Hz and the sliding time of 25 min.

135



CHAPTER 7. THE ELECTRODEPOSITION AND CHARACTERISATION OF LOW
FRICTION AND WEAR RESISTANT CO-NI-P COATINGS

Fig. 7.15. Polarisation curves of Co-Ni-P alloys in 3.5% NaCl solutions.

in Section 7.3.3, the oxidation of the coating surface starts from 300 °C and the corrosion

potential increases to -473 mV. When the top layer of the coating is completely oxidised

at 500 °C, the corrosion potential reaches its most positive value (-348 mV). Although the

corrosion potential of the Co-Ni-P coating annealed at 400 °C is slightly more negative

than hard chromium, the corrosion current is only half that for hard chromium. As the

annealing temperature is elevated to 500 °C, the corrosion current density increases to

3.8×10-6 A cm-2. It can be ascribed to the loose-packed cobalt oxides on the surface

shown in Fig. 7.6(d), which provides a more active area than the dense surface.

By comparing the corrosion resistance between the nanocrystalline 83 at.% Co-Ni

coating listed in Table 4.4 and the as-deposited 61 at.% Co-13 at.% Ni-26 at.% P coating

with the similar ratio of Co/Ni, it can be found that the addition of phosphorus to Ni-Co

coatings reduces the corrosion current density from 7.65×10-6 A cm-2 to 3.58×10-6 A cm-2,

while the corrosion potentials positively increase from -603 mV to -558 mV. The amorphous

structure of the Co-Ni-P coating surface leads to the more homogeneous structure with the

absence of grain boundaries, dislocations, kink sites and other surface defects [16, 160, 204].

Therefore, the anti-corrosion properties are enhanced.
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Table 7.2. Corrosion potential and corrosion current of Co-Ni-P alloys and hard
chromium coating [14] in 3.5% NaCl solution

Coatings As-deposited
Co-Ni-P

Annealed Co-Ni-P Hard Cr
[62]200 °C 300 °C 400 °C 500 °C

Corrosion
potential vs.
SCE / mV

-558 -544 -473 -354 -348 -299

Corrosion current
density / 10-6 A
cm-2

3.58 2.89 1.50 1.44 3.80 3.30

7.4 Discussion

7.4.1 Microstructure Transition during Electrodeposition

As shown in Fig. 7.4 and Fig. 7.5, the transition from the nanocrystalline structure to the

amorphous structure occurred after plating for 12 min, which corresponds to the transition

of the EED-t curve from region II to region III in Fig. 7.2(a). The P content increased from

an initial 7 at.% after 1 min plating, to 15 at.% at the transition stage (12 min plating)

then to 26 at.% at the end of plating (75 min). Meanwhile, the pH near the cathode

decreased from 10, to 8 then 6, respectively. The structure evolution could be due to the

atomic mismatch. The Co-Ni solid solution has the atomic diameter of 0.250 nm, whereas

the solute P has a much smaller one at 0.217 nm. The mismatch between two different

atoms is 13.2%, which is equivalent to a distortion of 1.98% for the 15 at.% P embedded

in the Co-Ni solid solution. It appears the Co-Ni matrix can accommodate approximately

2% strain to hold the crystal structure. Above this criterion, Co-Ni-P alloys will favour

the amorphous structure to accommodate more solute P. A FIB/TEM combination and

simulation could be helpful for the clarification, which will be carried out in future work.

As shown in Fig. 7.16, it is found that the Co-Ni-P film plated on a previous Co-Ni-P

coating with the amorphous surface layer has the same morphology evolution. Therefore,

the change of the microstructure cannot be attributed to the influence of the substrate.

Manna et al. [194] reported that the pH had no effect on the microstructure of the

electroless Ni-P-Fe coatings based on the results of the coatings treated for 30 min, 60

min and 90 min. In the present research, the pH is found to play an important role in

the surface morphology, composition and microstructure. This contradictory result is,

perhaps, due to their lack of deposition data during the first 30 min.
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Fig. 7.16. SEM cross-sectional view of the as-deposited Co-Ni-P coating (second
layer) on a previous Co-Ni-P coating (first layer).
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7.4.2 Formation and Role of Roll-like Wear Debris

The closer inspection of the roll-like debris shown in Figs. 7.14(b, d, f) reveals that the

inner part of the smaller roll-like debris highlighted in the circles is darker than the edge,

which indicates that the rolls are not solid. As indicated by the arrows, the plate-like

flakes start to be detached from the surface and the edge of the flakes has been warped

due to the residual stress [205]. Therefore, it is suggested that the rolls are made up of

removed sheets. As shown in Fig. 7.14(f), more roll-like debris with more regular shape

was observed on the worn surface of the coating annealed at 500 °C. It seemed that the

flakes detached from the surface of the coating annealed at 500 °C were easier to roll

up than those of the other two coatings, which may be attributed to its different surface

composition. The total cobalt oxide layer followed by the layer depleted in Co shown in

Fig. 7.8 may introduce more residual stress to form the rolls,

The roll-like debris has been reported by several researchers in ceramics, such as silicon

[206], alumina [207], silicon nitride [208], SiC–Al2O3 nanocomposites [209], and transition

metal nitride coatings [210, 211]. Generally, the formation of roll-like debris is associ-

ated with the tribo-chemical reactions of sliding surfaces with the environment species

(e.g. water and oxygen) to form a tribofilm [212, 213]. Some authors believe that the

cylindrical debris on silicon [212] and TiAlN/VN multilayer coatings [210] was generated

by the agglomeration and densification of wear particles which were subjected to oppos-

ing tangential forces at the top and bottom. However, the roll-like debris shown in Figs.

7.14(b, d, f) was not solid. Nevertheless, the phenomenon that the plate-like flakes with

warped edges start to detach from the worn surface has been observed. Therefore, it is

suggested that the rolls in the present research are made up of the removed sheets.

It has been accepted that the presence of the rolls is related to the mild wear regime,

but the effect on the tribological properties is controversial. Fisher et al. [207] believed

that the rolls on the wear track of a flat Al2O3 specimen against an Al2O3 ball were

generally soft and therefore they were the consequence rather than the cause of the low

wear rate. Bajwa et al. [214] found that the rolls formed by the tribochemical wear had

limited contribution to the wear rate in the wear testing of SiC-Al2O3 composites against

alumina balls. However, Zhou et al. [175] reported that the roll-like wear debris formed

during the sliding of TiAlN/VN coatings against Al2O3 balls was associated with higher

friction. By contrast, Zanoria et al. [212] observed that the formation of the cylindrical

debris on silicon at 600 °C resulted in the decrease of the coefficient of friction from 0.5 to

under 0.2. Moreover, the wear rate was much lower compared to that of the sample tested
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at 100 °C without the formation of rolls. The authors attributed the reduced coefficient

of friction and improved wear resistance to the presence of the rolls which acted as roller

bearings. They also found that in the initial stage of the sliding test the coefficient of

friction was approximately 0.6 and decreased until it reached a steady state (0.1-0.2). The

process is similar to the evolution of coefficient of friction of the Co-Ni-P coating annealed

at 500 °C in the present research as shown in Fig. 7.12. It is suggested that the initial

fluctuation is due to the high surface roughness of the oxide layer as mentioned above.

Additionally, the generation of wear debris and tribofilm leads to the increase of coefficient

of friction in the running-in stage of sliding tests [210]. It is noticed that the roll-like debris

on the wear track of the coating annealed at 500 °C has much higher population density

and more regular shape. The debris is also aligned more closely perpendicular to the

sliding direction. They might be related to the slightly lower coefficient of friction than

that of the as-deposited sample in the steady-state stage although it was not an evident

contribution. It is an interesting topic which requires more experimental work on the

composition, hardness and role of roll-like debris and tribofilm in future work.

7.5 Summary

A new Co-Ni-P coating with reduced coefficient of friction and improved wear resistance

has been developed by electrodeposition for the replacement of hard chromium coatings.

The compositional, morphological, structural, mechanical and tribological properties of the

as-deposited and annealed Co-Ni-P coatings were characterised. The following conclusions

have been drawn:

(1) Along the growth direction, the microstructure changed from nanocrystalline to

amorphous structure as the phosphorus content increased from 7 at.% to 26 at.%. Corre-

spondingly, the surface morphology changed from crystal clusters to smooth surface with

low surface roughness (Ra=12 nm). The structural change occurred as the P content

exceeded approximately 15 at.% after plating for 12 min due to the atomic mismatch.

The local pH rather than the substrate had a significant effect on the evolution of surface

morphologies, composition and microstructure.

(2) The oxidation of heat-treated Co-Ni-P coatings started from 300 °C and the top

layer of the coating annealed at 500 °C was totally covered by the fibrous cobalt oxide,

mainly CoO. The layer depleted in Co was found beneath the oxide layer, which indicated

that the Co-Ni-P alloys underwent the external oxidation. Ni12P5 precipitates were formed

from the amorphous phase when the coatings were annealed above 300 °C. The hardness
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of the as-deposited sample was 602±15 HV. As the heat treatment temperature reached

400 °C, the microhardness increased to 980±65 HV (comparable to that of hard chromium

coatings) because of the precipitation hardening. Subsequently, it decreased to 650±30

HV after annealing at 500 °C probably due to the formation of oxide layer, the precipitate

coarsening and Ni12P5 intermediate phase transition.

(3) The coefficients of friction of both the as-deposited Co-Ni-P coating and the heat-

treated samples under dry sliding conditions against a AISI-52100 stainless steel ball were

approximately 0.3, only half of that of hard chromium. As the annealing temperature rose

to 300 °C, the wear rate started to decrease and the coating annealed at 400 °C had the

lowest wear rate (2.8×10-6 mm3 N-1 m-1), which was an order of magnitude lower than

that of hard chromium coatings. With a further increase of the temperature to 500 °C

the wear rate increased, which may be attributed to its decreased microhardness and high

internal stress.

(4) Roll-like debris was found on the worn surface. It was believed to be made up of

the removed sheets from the coating surface. More roll-like debris was observed on the

worn surface of the coating annealed at 500 °C. Furthermore, the debris was also aligned

more closely perpendicular to the sliding direction. It may be related to the slightly lower

coefficient of friction compared to that of the as-deposited coating in the stable stage. In

the run-in stage, the coefficient of friction of the coating annealed at 500 °C was less stable

than that of the as-deposited coating. It was attributed to its higher surface roughness

and the formation process of the roll-like debris.

(5) The as-deposited 61 at.% Co-13 at.% Ni-26 at.% P coating with amorphous surface

structure exhibited better corrosion resistance in 3.5% NaCl solution than nanocrystalline

83 at.% Co-Ni coating with the similar ratio of Co/Ni. The corrosion current the Co-Ni-

P coating annealed at 400 °C was only half of that for hard chromium. The improved

anti-corrosion properties can be attributed to the formation of a protective oxide layer.
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Chapter 8

Overall Conclusions and

Suggestions for Future Work

8.1 Overall Conclusions

In the present research, the tribological and electrochemical properties of nanocrystalline

Ni-Co alloys with different cobalt contents have been studied and the role of a tribofilm

and wear debris has been examined. Nanocrystalline single-layer Ni-Co coatings with

high cobalt content were electrodeposited onto mild steel substrates by optimising the

concentration of additives. The effect of additives on the microstructure and properties

has been investigated. Different nickel salts (nickel sulphate and/or nickel chloride) have

been found to have significant effect on the surface morphology, porosity and hardness of

Ni-Co coatings. A cluster-pore mixture model has been proposed to explain the deviation

of the Hall-Petch relationship. By combining the lubricity of cobalt-rich Ni-Co coatings

and the precipitation hardening of Ni-P alloys, a new Co-Ni-P coating with superior

properties to hard chromium coatings for anti-wear and anti-corrosion applications has

been developed. The conclusions of the main results can be stated.

(1) A tribofilm consisting of oxides of both the coating and the counterpart was found

on the worn surface of the Ni-Co coatings having a cobalt content less than 60 at.%.

The formation of the tribofilm was not beneficial to the friction reduction and the wear

resistance. As the cobalt content exceeded 70 at.%, the coefficient of friction dropped

from 0.45-0.5 to ca. 0.25 . At the same time, the wear rate gradually decreased. No

tribofilm was formed on the Co-rich coatings (more than 70 at.% Co) and the stainless

steel pin contact. No pin material transfer from the pin to the coating was observed. The

improved wear resistance was mainly due to a large portion of hcp structure of the Co-
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rich coatings, which can act as the solid lubricant. The nanocrystalline debris contained

a mixture of two phases: a nickel fcc metallic phase and a nickel oxide/cobalt oxide fcc

oxidised phase. No hcp structure was found in the debris due to the complete oxidation

of cobalt. The debris cannot form an efficient lubricative film to promote separation of

the sliding surfaces and had a limited effect on the contact of rubbing surfaces. Ni-Co

coatings exhibited the active-passive polarisation behaviour in 3.5 % NaCl solution. The

corrosion resistance of Ni-Co coatings needs to be further improved in order to replace

hard chromium in anti-corrosion applications.

(2) The effect of additives on the microstructure and properties of Ni-Co coatings

with high cobalt content is presented in Chapter 5. The 78±2 at.% Co-Ni coatings with

the grain size of 11±2 nm plated from the bath containing 0.5 g dm-3 BD and 2 g dm-3

saccharin had a smooth, optically reflective surface. As the concentration of additives

decreased, the microstrain changed from compressive to tensile and its magnitude was

significantly increased. Although the addition of BD promoted the formation of (101̄0)hcp

texture, the inhibition effect of saccharin was dominant. The fibre texture of the coat-

ing was modified from (101̄0)hcp to (0002)hcp/(111)fcc as the concentration of saccharin

increased.

(3) The effect of different nickel salts (nickel sulphate and/or nickel chloride) on the

morphologies, grain sizes and hardness of the Ni-Co coatings (77±2 at% Co) is present

in Chapter 6. The finest grain size, approximately 11 nm, was obtained from a coating

with dense and smooth surface developed from the nickel sulphate bath. By adding nickel

chloride in the bath, the coating had the porous lens-shaped microstructure consisting of

a number of fine grains (around 15 nm). The surfaces of the coatings plated from the

chloride-dominant bath and the all-chloride bath had clusters with much smaller size than

that of the lens-shaped clusters. The grain size increased to approximately 23 nm. The

hardness of porous coatings except the dense coating deposited from an all-sulphate bath

exhibited the deviation of the Hall-Petch relationship. The extent of deviation depended

on the porosity of coatings. By considering porous materials as composites of clusters

and pores, their contribution to hardness has been quantitatively studied. The pore-free

hardness (i.e. the hardness of clusters) can be calculated according to the cluster-pore

mixture model. By adopting it, the Hall-Petch relationship can be maintained at the

nanoscale. The present model can be applied to other porous nanocrystalline coatings,

and the Hall-Petch relationship is maintained.

(4) The local pH rather than the substrate had a significant effect on the evolution
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of surface morphologies, composition and microstructure of Co-Ni-P coatings. Along the

growth direction, the microstructure changed from nanocrystalline to amorphous structure

as the phosphorus content increased from 7 at.% to 26 at.%. The structural change

occurred as the P content exceeded approximately 15 at.% after plating for 12 min due to

the atomic mismatch. The oxidation of Co-Ni-P coatings started from 300 °C and the top

layer of the coating annealed at 500 °C was totally covered by the fibrous cobalt oxide;

mainly CoO. Ni12P5 precipitates were formed from the amorphous phase when the coatings

were annealed above 300 °C. The hardness of the as-deposited sample was 602±15 HV and

increased to 980±65 HV (comparable to that of hard chromium coatings) after annealing

at 400 °C because of the precipitation hardening. The coefficients of friction of both the

as-deposited Co-Ni-P coating and the heat-treated samples under dry sliding conditions

against a AISI-52100 stainless steel ball was approximately 0.3, only half of that of hard

chromium. The coating annealed at 400 °C had the lowest wear rate (2.8×10-6 mm3 N-1

m-1), which was an order of magnitude lower than that of hard chromium coatings. With

a further increase of the temperature to 500 °C the wear rate increased, which may be

attributed to its decreased microhardness and high internal stress. The roll-like debris

was made up of sheets removed from the coating surface. The roll-like debris on the worn

surfaces of the coating annealed at 500 °C was oriented perpendicularly to the sliding

direction. They may be related to the slightly lower coefficient of friction compared to

that of the as-deposited coating in the stable stage. In the run-in stage, the coefficients

of friction of the coating annealed at 500 °C was less stable than that of the as-deposited

coating. It is attributed to its higher surface roughness and the formation process of

the roll-like debris. The Co-Ni-P coating annealed at 400 °C exhibited better corrosion

resistance in 3.5% NaCl solution than hard chromium coatings due to the formation of a

protective oxide layer.

8.2 Novel Contributions

The obtained results and analysis show up the following novel contributions:

(1) The novel investigation concerning the role of tribofilms and wear debris in the

tribological behaviour of nanocrystalline Ni–Co electrodeposits with different cobalt con-

tents shows that no tribofilm or iron transfer from the counterbody pin was found on the

Co-rich coatings (more than 70 at.% Co), which exhibited a dramatic friction reduction

of 50 % and improved wear resistance. The improved tribological properties is mainly

due to a large portion of hcp structure of the Co-rich coatings, which can act as the solid
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lubricant. The debris was nanocrystalline, containing an fcc metallic phase and an fcc

oxidised phase, irrespective of the coating composition.

(2) A new approach to fabricate single layer Ni-Co coatings with high cobalt content

has been developed by appropriate selection and optimisation of additives. Compared to

graded coatings [18] and the application of pulse current waveforms [36–38], the present

method is more feasible in industry and cost competitive. The high quality 78±2 at.%

Ni-Co coating plated from the bath with optimised amount of additives (0.5 g dm-3 BD

and 2 g dm-3 saccharin ) exhibited high hardness and improved tribological properties.

(3) The effect of additives (BD and saccharin) on surface morphology, grain size and

crystalline texture of Ni-Co has been studied. It was found that the inhibition effect of

saccharin resulted in the texture evolution from (101̄0)hcp to (0002)hcp/(111)fcc.

(4) A new cluster-pore mixture model is proposed by considering porous materials as

composites of clusters and pores. According to it, the pore-free hardness can be calculated,

which is in agreement with the ordinary Hall-Petch relationship at the nanoscale.

(5) A novel friction reducing and wear resistant Co-Ni-P coating with improved cor-

rosion performance has been fabricated by combining the precipitation hardening found

in Ni-P alloys and the lubricity of cobalt-rich Co-Ni coatings. Compared to thin Co-Ni-P

coatings (from 10 nm to 10 µm thick) as hard magnetic materials reported in the litera-

ture, the composition and thickness of the present coating have been optimised by tailoring

the bath composition and electroplating parameters for anti-wear and anti-corrosion ap-

plications. As summarised in Table 8.1, the Co-Ni-P annealed at 400 °C can match the

hardness and anti-corrosion properties of hard chromium. Moreover, it exhibits superior

tribological properties compared to hard chromium and other alternative electrodeposited

coatings [14]. The formation of the roll-like debris on the worn surfaces of the coating

annealed at 500 °C is discussed.

(6) The novel investigation on the composition and microstructure of Co-Ni-P re-

veals that the local pH near the cathode played an important role in the change of the

microstructure from nanocrystalline to amorphous along the growth direction as the phos-

phorus content increased from 7 at.% to 26 at.%.

8.3 Future Work

The following suggested work should be helpful for the further improvement of the prop-

erties of electrodeposited coatings for hard chromium replacement as well as the further

understanding of the relationships among electroplating variables, microstructure, micro-
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Table 8.1. Comparison of corrosion and tribological properties between alternative
electrodeposited coatings and hard chromium

Hardness
/ HV

Coefficient
of friction

Wear rate /
10-6 mm3

N-1 m-1

Corrosion
potential#
vs. SCE /

mV

Corrosion
current

density# /
10-6 A cm-2

Hard
Chromium 943±47 0.75-0.85 21±2 -299 [62] 3.30 [62]

Co-Ni-P
annealed at

400 °C
980±65 0.3 2.8±0.4 -354 1.44

Single-layer
75 at.%
Co-Ni

490±17 0.23 95±11 -546 6.85

Graded
Ni-P

annealed at
400 °C [14]

1000 0.45† 33† - -

# Obtained in 3.5 % NaCl solution.
† The tribological behaviour was tested on a reciprocating ball-on-disc UMT-2MT micro-
tribometer tester with a Si3N4 ceramic balls (diameter 3 mm) as the counter body under
a normal load of 20 N at a sliding speed of 0.4 m s-1.

hardness, tribological and electrochemical properties.

(1) The cross-section TEM and EDS analysis can be employed to fully characterise the

tribofilms on the worn surface of the Ni-Co coatings having a cobalt content less than 60

at.%.

(3) New studies could be carried out to further clarify the microstructure evolution of

Co-Ni-P coatings by a FIB/TEM combination and simulation.

(4) The cracks found on the worn surface of the Co-Ni-P coatings annealed at 400 °C

and 500 °C can be attributed to the increase of the brittleness and internal stress caused

by induced crystallographic mismatch. It would be interesting to determine the effect of

residual stress after heat treatment on the tribological properties.

(5) The composition, hardness and role of roll-like debris and the tribofilm formed on

the worn surfaces of Co-Ni-P coatings could be further investigated.

(6) There is a lack of information regarding the effect of electroplating parameters on

the tribological and electrochemical properties of Co-Ni-P coatings. Most research focuses

on their unique magnetic properties. It would be interesting to carry out systematic

experiments to determine the optimised conditions to produce Co-Ni-P coatings for anti-

wear and anti-corrosion applications.

(7) In order to further increase the microhardness of as-deposited Co-Ni-P coatings to
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match that of hard chromium, composite coatings can be developed by co-depositing hard

particles, such as boron nitride, silicon carbide and alumina. Other functional particles

(such as solid state lubricants, e.g. WS2) can be added into the Co-Ni-P matrix to expand

their applications. This is a challenging topic which requires more experimental work.
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Appendix A

Determination of Initial Contact

Pressure for Reciprocating Wear

Tests

The surfaces are assumed to be smooth and frictionless and the coating is considered as

an infinite half space as shown in Fig. A.1.

The parameters of the stainless steel ball and the coating are listed in Table A.1.

The effective radius R’ and the reduced modulus E* are determined by [215]:

R′ =
( 1
R1

+ 1
R2

)−1
=
(1

3 + 1
∞

)−1
= 3 mm

E∗ =
(

1− ν2
1

E1
+ 1− ν2

2
E2

)−1

=
(

1− 0.32

207 + 1− 0.32

207

)−1

= 114 GPa

The region of contact under the normal load (N ) of 14 N is spherical with a radius a’

given by:

a′ = 3

√
3NR′
4E∗ = 0.046 mm

Table A.1. Parameters of pin and coating

Pin Coating
R / mm 3 ∞
E / GPa 207 207

ν 0.3 0.3
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APPENDIX A. DETERMINATION OF INITIAL CONTACT PRESSURE FOR
RECIPROCATING WEAR TESTS

Figure A.1. A ball loaded onto a flat plate [215].

The peak contact pressure P0 is then given by:

P0 = 3N
2πa′2 = 1.12 GPa

The yield stress is about 1/3 of the hardness. Therefore, theoretically no plastic

deformation will occur on the coatings with the hardness higher than 3.36 GPa, which is

equivalent to approximately 340 HV.
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Research Publications

The following are published research papers generated as part of the work presented in

the thesis. They are listed in the following order:

(a) C. Ma, S. C. Wang, L. P. Wang, F. C. Walsh, R. J. K. Wood, The role of a tribofilm

and wear debris in the tribological behaviour of nanocrystalline Ni-Co electrodeposits,

Wear, in press. DOI: http://dx.doi.org/10.1016/j.wear.2013.01.121.

(b) C. Ma, S. C. Wang, R. J. K. Wood, J. Zekonyte, Q. Luo, F. C. Walsh, The Hardness

of Porous Nanocrystalline Co-Ni Electrodeposits, Metals and Materials International, in

press.

The following items have been submitted and are currently under review:

(c) C. Ma, S. C. Wang, L. P. Wang, F. C. Walsh, R. J. K. Wood, The electrodeposition

and characterisation of low friction and wear resistant Co-Ni-P coatings, Surface and

Coatings Technology, under review (Minor revision).

(d) C. Ma, S. C. Wang, C. T. J. Low, L. P. Wang, F. C. Walsh, Effects of additives on

the microstructure and properties of electrodeposited nanocrystalline Ni-Co coatings with

high cobalt content, Transaction of the Institute of Metal Finishing, under review (Minor

revision).

Additionally, contributions in the field of microstructure characterisation have been

made in the following published papers:

(e) M. -H. Evans, J. C. Walker, C. Ma, L. Wang, R. J. K. Wood, A FIB/TEM study of

butterfly crack formation and white etching area (WEA) microstructural changes under

rolling contact fatigue in 100Cr6 bearing steel, Materials Science and Engineering: A,

570(2013) 127-134.

(f) W. Li, S. C. Wang, C. Ma, Z. Wang, An electron microscopy study of the effect of

Ce on plasma sprayed bronze coatings, Journal of Physics: Conference Series 371(2012)
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its plasma sprayed coating, Transactions of Nonferrous Metals Society of China, 22, (9),
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