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Abstract 
 
Composite coatings are of great academic and industrial importance to the UK and 

the wider world. They can offer many improvements over single-phase materials in 

microhardness, wear resistance, thermal resistance, hydrophobic behaviour and 

corrosion resistance, however, electrodeposited composite coatings are not without 

their drawbacks. Composites are difficult to recycle, and the particles used in them 

can be expensive and require energy intensive production methods to produce them, 

which can make them unsustainable in the long term. The Aim of this research was to 

produce copper and nickel composite coatings from a more sustainable source of filler 

particles (turmeric), and then characterise their properties. The coatings were 

deposited from various electrolytes including acid copper, Watts nickel and a low 

nickel ion concentration electrolyte (LICE).  

The hardness, hydrophobic behaviour, surface roughness, and corrosion rate of the 

coatings were then characterised. To understand these properties the surface texture, 

grain structure, and composition of the coatings was analysed. The results showed 

the incorporation of turmeric into the copper coating reduced the grain size of the 

deposit and increased the microhardness, water contact angle and electrochemical 

corrosion resistance of the coating, however, there was a reduction in corrosion 

resistance when the coatings were tested using the salt spray standard method ASTM 

B 117 – 03. An additional unexpected finding was that the size of turmeric particles in 

the electrolyte had a greater influence on the coating’s properties than the 

concentration of turmeric in the electrolyte, and that there was an optimal size of 

turmeric particles (of circa 250 nm) for reducing the grain size of the copper deposit. 

This result correlates with the findings obtained from copper nano-diamond deposits 

in this research, which also showed an optimal particle size of 250 nm for reducing the 

grain size of the deposit. The incorporation of turmeric into the nickel deposit also 

reduced the grain size and increased the microhardness corrosion resistance and the 

water contact angle of the coating. At 5.0 g/l of turmeric in the nickel electrolyte both 

the resistance to electrochemical and salt spray corrosion was also increased. This 

research demonstrates that turmeric particles could be used as a sustainable filler 

particle for nickel and copper composite coatings. 
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1. Introduction 
 

1.1. Surface coatings 
 

 

Material selection is a vital part of any engineering project, where the aim is to meet 

the desired performance characteristics while minimizing cost. The successful 

selection of materials can be the difference between a successful project and a failure 

[1,2]. When selecting a material for an engineering project there are a number of 

important aspects to consider, the materials mechanical properties (such as strength, 

elongation, hardness and fatigue limit), cost, ability to be manufactured, and wear and 

corrosion rates [3]. In some circumstances a material may possess some of the 

required properties (e.g. strength, fatigue limit or cost), but lack other desired 

properties (e.g. wear resistance, corrosion resistance or hardness), in these cases a 

surface coating may be utilised. 

A surface coating can be used to change or enhance the surface properties of a 

material, while leaving the underlaying bulk materials properties unchanged. Surface 

coatings can be used to impart wear resistance, corrosion resistance, heat resistance, 

electrical resistance, anti-microbial activity, or even increase the hardness and fatigue 

strength of a material. They are essential for many industries including automotive, 

aerospace, construction, energy, healthcare, mining, transport, textiles, and even food 

and drink [4]. In June 2014 a report by the Surface Engineering and Advanced 

Coatings (SEAC) special interest group stated that the surface engineering and 

advanced coatings industry was worth £11 billion per annum to the UK economy, and 

effected products worth £140 billion [4].  

Two metals commonly utilised as surface coatings due to their unique properties are 

nickel and copper. Nickel is hard, ductile, ferromagnetic up to 360 oC, highly resistant 

to corrosion in both water and air and resists most acids (except for oxidizing acids 

such as nitric). Nickel has many uses but is often used as a protective coating, having 

many important applications including tubing in desalination plants, coinage, aircraft 

turbine components, and marine petroleum and chemical processing equipment [5]. 

Nickel is also used as a solderable surface in the electronics industry and as a diffusion 

barrier layer for bearings in internal combustion engines [6]. 



6 
 

Copper has been used by humans for thousands of years. It is a soft metal that is 

ductile, highly electrical and thermally conductive, has strong antibacterial properties 

and is non-magnetic. Copper coatings are often used for heat exchangers, printed 

circuit boards, antibacterial surfaces and decorative finishes [7-9].   

 

1.2. Composite materials 
 

 

For certain applications single metals surface coatings may be insufficient for the 

required task, in these cases a composite coating may be used. Composite materials 

are defined as artificial combinations of two or more components (fillers and matrix) 

that remain chemically separate when combined (Figure 1.1.). Composites can be 

defined by either their geometry (such as laminated, fibrous, and particulate), or by 

Their matrix material (such as polymer–matrix, cement–matrix, metal–matrix, carbon–

matrix, and ceramic–matrix) [10].  

 

Figure 1.1. diagram of composite material. A) Two separate materials a filler and matrix. B) 

the two materials combined to produce a composite material. 

The incorporation of inert particles into a metal matrix (creating a composite) can 

enhance the properties of the material or impart completely new properties onto the 

metal. As such the use of a composite coating can give superior performance when 

compared to their single material counterparts. As such composite coatings are widely 

utilised throughout many industries including aerospace, transportation, oil, gas and 

marine industries [11].  

However composite materials (as coatings and bulk materials) are not without 

drawbacks. The filler particles used can be expensive and/or require energy intensive 
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production methods to produce them. Due to the inherent heterogeneous nature of the 

matrix with filler material, composite materials can be extremely difficult to recycle 

(both for matrix and filler materials) compared to their single material counterparts [12]. 

These problems can make composite coatings expensive and unsustainable. 

 

1.3. Research aim 
 

 

The main aim of this current research project was to produce a more sustainable and 

less expensive composite coating from nickel and copper matrices. This would be 

achieved by using a more sustainable naturally occurring source of filler particles. The 

properties of the composite coatings would then be characterise to assess the possible 

industrial applications. 

 

1.4. Reference list  
 

[1] M.F. Ashby, K. Johnson, Materials and Design: The Art and Science of Material 
Selection in Product Design, Butterworth-Heinemann, 2013.  

[2] H. Holleck, Material selection for hard coatings, Journal of Vacuum Science & 
Technology A: Vacuum, Surfaces, and Films. 4 (1986) 2661-2669.  

[3] Senadheera. Jayakody, Basic Facts to Consider for Material Selection in 
Engineering, 2019 (2019).  

[4] SEAC Special interest group, Time for strategic change: UK Surface Engineering 
and Advanced Coatings Industry, A report by the SEAC Special interest group. 
(2014) 1-44.  

[5] AZoM, Nickel (Ni) - Properties, Applications, 2018 (2001).  

[6] J. Sudagar, J. Lian, W. Sha, Electroless nickel, alloy, composite and nano 
coatings–A critical review, Journal of Alloys and Compounds. 571 (2013) 183-204.  

[7] M. Antonijevic, M. Petrovic, Copper corrosion inhibitors. A review, International 
Journal of Electrochemical Science. 3 (2008) 1-28.  

[8] R. Dalton, G. Diaz, R. Price, A. Zunkel, The cuprex metal extraction process: 
recovering copper from sulfide ores, JOM. 43 (1991) 51-56.  
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[9] H. Chiba, T. Ogushi, H. Nakajima, T. Ikeda, Heat transfer capacity of lotus-type 
porous copper heat sink, JSME International Journal Series B Fluids and Thermal 
Engineering. 47 (2004) 516-521.  

[10] D. Gay 1942-, D. Gay 1942- author, Composite Materials: Design and 
Applications, Third edition. ed, 2015.  

[11] Grand view research, Composite Coatings Market Report Composite Coatings 
Market Analysis, Market Size, End-Use Industry Analysis, Regional Outlook, 
Competitive Strategies And Forecasts, 2016 To 2025, 2019 (2016).  

[12] Y. Yang, R. Boom, B. Irion, D. van Heerden, P. Kuiper, H. de Wit, Recycling of 
composite materials, Chemical Engineering and Processing: Process Intensification. 
51 (2012) 53-68.  

 

 

2. Literature Review  
 
 
 

2.1. Overview 

This Chapter reviews literature from the past and present to address the serious issue 

of the sustainability of composite coatings, and to identify how this problem might be 

addressed. The Chapter is split into three sections: 

• composite coatings: this section looks at the methods used to produce 

composite coatings, composite electrodeposits, and the use of spices as a 

potential sustainable filler particle. 

• Electrodeposition of composites: this section briefly looks at the basics of 

electrodeposition, electrodepositing of nickel and copper, and the mechanisms 

of composite electrodeposition. 

• The factors effecting electrocodeposits: this section looks at how current 

density, bath composition, agitation, and ultrasound can affect the 

characteristics of a composite coating.  
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2.2. Composite coatings  
 

 

2.2.1. Methods of producing Composite Coatings 

The production method is an important consideration when developing a composite 

coating, as the method of production can influence the grain structure and particle 

content of the composite, influencing the physical characteristics of the material. Due 

to the industrial and academic importance of composite coatings, several synthetic 

routes have been developed to produce them [1].  

• Laser cladding (LC): LC of composite coatings was developed to incorporate 

hard reinforcing particles, examples of which are WC, TiC, and SiC [2-4]. A 

laser beam is used as a heat source to bond the metals and particles together. 

The laser melts the coating metal in the form of a powder or wire onto a 

substrate containing the required particles. Laser cladding gives good 

metallurgical bonds with minimal dilution of the particles, which is hard to 

achieve with other hard-facing techniques [1,5].  

 

• Laser melt injection (LMI): In LMI the surface of the substrate is melted up to a 

depth of 1 mm, the solid particles are then delivered to the surface by inert gas 

[1]. Laser melt injection has several drawbacks; the particles are not sufficiently 

wetted by the melted alloy, which is required to push the particles into the 

surface [6]. The density difference between the particles and the matrix, and 

the chemical reactions at the surface of the particles can cause problems. 

However, this can be overcome if the particles are formed in situ during cooling 

[7]. 

 

• Brazing: Samples can be deformed by mechanical stresses due to rapid cooling 

of the melted areas and non-uniform temperatures when lasers are used (as in 

LC and LMI). Brazing heats the whole sample in a high vacuum or inert gas 

atmosphere. This reduces the mechanical stresses placed on the coating and 

avoids the problem of deformation [1].  
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• Electrodeposition: Electrodeposition or electro-co-deposition as it is often 

called, uses an electrochemical reaction to deposit a material onto an 

electrically conductive substrate. Particles are dispersed into an electrolyte and 

codeposited into the growing matrix. A wide variety of parameters can be 

adjusted, allowing the grain structure of the matrix and particle content to be 

fine-tuned. Electrodeposition is also easily scalable and relatively inexpensive 

when compared to other methods [1,8].  

 

Laser cladding, laser melt injection and brazing all use high temperatures. High 

temperature and mechanical stresses can damage or destroy some particles. The 

low temperature, low cost and easy scalability of electrodeposition make it a more 

suitable technique for producing composite coatings containing naturally occurring 

filler particles.  

2.2.2. Electrodeposited composite coatings 

Composite electrodeposition can be traced back to the United States of America in the 

1920’s, were copper graphite coatings were developed for the automotive industry 

[9,10]. Electrodeposited composite coatings saw substantial development throughout 

the following years, and still receive a great deal of interest today. The properties of 

composite coatings depend strongly on the nature (type, size and composition) of the 

particles incorporated [11-14]. Table 2.1 shows some examples of filler particles used 

in electrodeposited coatings, and the effect these particles have on the properties of 

the material. 

Table 2.1. List of filler particles and their effect of nickel and copper deposits. 

Matrix Filler 
particle 

Particle size/ 
concentration 

Particles effect on the deposit ref 

Ni Titania 12 nm 

33-200 g/l 

The concentration of particles in 

the deposit increased with 

electrolyte concentration.  

Reduction in grain size. 

Increase the hardness and 

corrosion resistance. 

[15] 
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Ni SiC 300 nm 

0.56-56.2 g/l 

700 nm 

0.28-57.1 g/l 

5000 nm 

1.04-104 g/l 

Decreased the wear resistance  

Optimal properties were observed 

for deposits contained between 4-

5 vol % of 300 and 700 nm 

particles.  

[16] 

Ni TiO2 21 nm 

20-100 g/l 

Increasing TiO2 concentration 

increased the concentration of 

particles in the deposit. 

Change in grain structure. 

[17] 

Ni hBN 

and  

WS2 

 lower coefficient of friction.  

No stick slip motion under 

lubrication conditions.  

Under non-lubrication conditions it 

prevented coating failure.  

[18] 

Ni ZrO2 10-30 nm 

10 g/l 

Increased in wear resistance and 

hardness.  

[19] 

Cu WC 3000-5000 nm 

100 g/l 

 

A smooth crystalline deposit.  

Increased hardness. 

Increase in wear resistance. 

[20] 

Cu SiO2 30-40 nm 

3.0 g/l 

increased hardness. 

Reduction in electrical conductivity 

and the deposition rate. 

[21] 

Cu Graphite 5000 nm 

5-20 g/l 

Change in preferential crystal 

orientation of the deposit. 

Increase in corrosion resistance.   

[22] 

Cu CeO2 5-40 g/l 

30-40 nm 

Increased in tribological properties 

(friction, wear, and lubrication). 

Increase in hardness.  

[23] 

The literature has shown that different types of particles have different effects on 

different metal matrices (Table 2.1). The incorporation of carbon nanotubes into nano-

crystalline nickel has been shown to increase the hardness from 572 HV to 645 HV, 
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and the tensile strength from 1162 to 1475 MPa. The reinforcing and lubrication effects 

of the carbon nanotubes enhances the wear resistance of the nano-crystalline nickel 

[24]. The incorporation of carbon nanotubes into a copper matrix has also been shown 

to reduce the coefficient of friction and lower the wear rate when compared to pure 

copper; however, this is due not only to the reinforcing and lubrication effect of the 

carbon nanotubes but also the formation of a carbonaceous film on the contact surface 

[25]. Graphene incorporated into nickel has been shown to increase the hardness from 

265 HV to 510 HV, and reduce the corrosion rate from 10.45 x10-3 mm/year to 4.26 

x10-3 mm/year [26]. Graphene incorporated into a copper matrix increases the elastic 

modulus and the hardness of the material to 255 HV (approximately double that of 

pure copper) without adversely affecting the electrical conductivity of the material [27].  

The size of the particles incorporated into the matrix has also been shown to affect the 

properties of the composite. Microparticles of SiC incorporated into a copper matrix 

increases the hardness from 118 to 159 HV and reduces the weight loss due to 

abrasion by 88% compared to pure copper, when nanoparticles of SiC are 

incorporated the hardness increases from 118 to 190 HV, however, the weight loss 

due to abrasion is only reduced by 58% [28]. Microparticles of SiC incorporated into a 

nickel matrix reduces the coefficient of friction when compared to pure nickel, the 

coefficient of friction is further reduced if the microparticles are replaced with 

nanoparticles [29]. The greater enhancement seen in some properties when 

nanoparticles are incorporated could be due to several factors: 

• Nanoparticles have greater surface area than the equivalent mass of 

microparticles. The greater surface area of the nanoparticle would offer greater 

reinforcement of the matrix and disruption to grain growth (resulting in a smaller 

grain size). 

• The smaller size of the nanoparticle could result in a greater number of particles 

being incorporated into the matrix. This would offer greater reinforcement and 

grain growth disruption. However, this is difficult to assess as most studies 

evaluate the mass of particles in the matrix not the number (which could be 

quite different).  

The concentration of particles used in the electrolyte when producing a composite can 

also impact the properties of the material. The literature has shown that incorporating 
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CeO2 particles into a nickel deposit by electrodeposition increases the hardness and 

wear resistance of the coating; however, the extent of this increase depends on the 

concentration of CeO2 used in the electrolyte.  The hardness of the nickel coating can 

be increased from 283 HV to approximately 400 HV, and the wear height loss 

decreased from 42 μm to approximately 25 μm when 10.0 g/l of CeO2 is added to the 

electrolyte; whereas, if 30.0 g/l is added to the electrolyte, the hardness can be 

increased to approximately 446 HV, and the wear height loss decreased to 

approximately 18 µm [30]. The incorporation of graphene into a nickel matrix by 

electrodeposition increases the hardness and wear resistance of the deposit. Again, 

the extent of this increase depends on the concentration of graphene used in the 

electrolyte.  The hardness of the nickel deposit can be increased from 428 HV to 493 

HV, and the wear rate decreased from 10.17x10-4 mm3/Nm 8.56x10-4 mm3/Nm by 

increasing the graphene concentration from 100 mg/L to 500 mg/L [31]. Although the 

particle content of the deposits was not analysed in these studies it is a major 

consideration, as increasing the particle content of the deposit can increase the 

reinforcing effect and grain growth disruption. Increasing the concentration of the 

particles in the electrolyte generally results in an increase in the particle content of the 

composite. This increases the hardness and wear resistance of the deposit; whereas, 

increasing the electrolyte particle concentration too high can result in a reduction in 

the particle content in the deposit reducing hardness and wear resistance. In some 

cases this has been attributed to an increase in particle agglomeration in the 

electrolyte [16,17,23,32,33].  

The reinforcing, hardness and lubrication properties of the particles in the composite 

is not the only factor leading to the enhancement of the properties of the composite; it 

is also the modifying effects the particles have on the grain structure of the matrix. 

Research has shown that incorporating particles into a matrix can both change the 

preferred crystal orientation and grain size [34-38]. When graphite was incorporated 

into a copper deposit, it was shown to change the preferred crystal orientation from 

[200] to [220] and reduce the grain size from 134 nm to 61 nm [22]. 

All crystals are anisotropic due to the difference in overlap between atomic orbitals of 

atoms in different orientation plains (Figure 2.2.). Differences in orbital overlap lead to 

differences in bond strength, and different properties [39-45].  
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Figure 2.2. Diagram of a metallic cubic crystal lattice. The gap between spheres (representing 

metallic atoms) in the 100-crystal orientation plain is significantly smaller than that of the gap 

between spheres in the 110-crystal orientation plain.   

As the grain size in a metal is reduced the number of grain boundaries is increased 

(Figure 2.3.). When sufficient force is applied to a metal, dislocations are forced to pile 

up at grain boundaries, either because a barrier to crossing over exists, or a source 

must be activated in the next grain boundary. A specific concentration for a given grain 

is required to initiate slip into its neighbouring grain boundary. This concentration is 

most likely achieved through a dislocation build-up. Stress is higher as the number of 

dislocations increases; the more substantial the grain size the quicker the stress is 

reached. However, this is only true at low temperatures where creep due to plastic 

deformation is irrelevant, and below a certain grain size, simulations have shown a 

reverse Hall–Petch effect, where a reduction in grain size leads to a softening of the 

material [46-48].  
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Figure 2.3. Diagram showing the increase in the number of grain boundary with decreasing 

grain size. (A) Metal with larger grains and fewer grain boundaries (represented by black 

lines). (B) Metal with smaller grains and more grain boundaries. 

2.2.3. Spices 

Herbs and spices have been used throughout history, as aides to flavour, as 

preservatives, as medicines and even as currency [49]. Documents have suggested 

that hunter gatherers may have wrapped meat in bush leaves, accidentally discovering 

it enhanced the flavour. Over the centuries medical uses were discovered for spices 

and herbs. According to myth, Shen Nung wrote “The Classic Herbal” around 2700 

BCE, which contains details of hundreds of medicinal plants and spices [50]. Egyptian 

papyri from 1555 BCE classify fennel, cumin, coriander, juniper, thyme and garlic as 

health promoting spices [50]. Every major civilization from ancient China and 

Mesopotamia to Greece and Rome has used spices and herbs for medical purposes 

[50]. Spices have also been used for financial transactions; ancient Greeks held black 

pepper in such high regard it could be used to paid taxes and ransoms [51].  

In recent years a great deal of interest in the antibacterial nature of spices has been 

shown. Studies have found that even when V. parahaemolyticus (a type of bacteria 

found in some seafood) is incubated in ideal growth conditions (nutrient rich medium 

at 30 oC) basil, cloves, garlic, horseradish, marjoram, oregano, rosemary, and thyme 

inhibited the bacteria’s growth [52]. Additional studies have also shown that carom 
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seed, ginger, Japanese pepper, sage, spearmint, and turmeric have a strong inhibitory 

effect on V. parahaemolyticus [53,54]. Basil, cloves, and marjoram have also been 

shown to inhibit the growth of other bacteria, such as E. Coli and other Gram-negative 

bacteria [53-55].  

Despite the many uses of spices and herbs throughout the centuries and their many 

unique properties, research into the use of spices and herbs as filler particles in 

composite materials has not yet been conducted. Natural spices and herbs are 

inexpensive, do not require energy intensive production methods to produce and have 

relatively low toxicity [56-58]. The use of spices and herbs as filler particles may be a 

route to producing less expensive and more sustainable composite coatings. 

 

2.3. Electrodeposition of composites 
 

 

2.3.1. Basics of electrodeposition  
 

IUPAC defines electrodeposition (sometimes referred to as electroplating or just 

plating) as the deposition of dissolved or suspended material by an electric field onto 

an electrode [59]. When electrodepositing a metal onto a cathode (an electrically 

conductive substrate which is given a negative charge), the cathode and an anode 

(given a positive charge) are immersed into an electrolyte containing a salt of the 

desired deposition metal. Positively charged metal ions are attracted to the negatively 

charged cathode, where they are reduced and deposited onto the cathode. If a soluble 

anode is used, the metal ions from the electrolyte can be replenished as the metal 

anode is oxidised. By this method, coatings of the desired metal can be produced onto 

the substrate (Figure 2.4.) [60-62]. The coatings can be enhanced by varying the 

microstructure of the deposit which can be achieved by changing certain parameters, 

including pH, ion concentration, bath temperature, and current density [63-70]. 

Additives such as brighteners and surfactants can change the microstructure of the 

deposit enhancing the coatings properties [71-79]. However, varying these 

parameters can impart unwanted side effects onto the coating, such as intrinsic stress 

which can lead to microcracks [80,81]. 
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Figure 2.4. Diagram of a basic electrolytic cell with a soluble anode. Oxidation of the metals 

occurs at the anode, reduction of the metals ions occurs at the cathode. The anode is eroded 

in this process as a coating of the metal is produced over the cathode.  

 

2.3.2. Electrodeposition of nickel and copper 
 

2.3.2.1. Nickel  

Watts nickel and nickel sulphamate are the two most commonly used nickel 

electrodeposition baths; however, the nickel Watts bath is the most widely used for 

industrial applications.  

The nickel Watts bath was developed by Oliver Patterson Watts in 1915 and consisted 

of 240 g/L of nickel sulphate, 20 g/L of nickel chloride and 20 g/L of boric acid with a 

electrodeposition temperature of 70 oC [82,83]. Depending on the application, the 

concentration of the components in the bath can be varied. A typical nickel Watts 

electrolyte will have a nickel sulphate concentration of  between 150 and 400 g/L, 

nickel chloride between 20 and 80 g/L and boric acid between 15 and 50 g/L, with an 

electrodeposition temperature of between 45 and 65 oC and pH of between 2 and 4.5 

[84,85]. However, modified nickel Watts baths do exist for low nickel ion concentration 
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electrolytes [26,36,86]. Nickel sulphate is the primary source of Ni2+ in the Watts bath, 

nickel chloride provides a source of Cl- to assist in the anode dissolving, and boric acid 

is used as a buffer to maintain pH [84]. Varying the parameters of the bath to reduce 

grain size can often lead to an increase in internal stress (which can be overcome by 

incorporating inert particles into the matrix to form a composite) [87-89].  

Nickel sulphamate baths (where nickel sulphamate is used as a substitute for nickel 

sulphate) have been used in industries since 1949 and produce deposits that have 

different properties to those produced from a Watts bath. Nickel produced from a 

sulphamate bath is more ductile with lower internals stresses than that produced from 

a Watts bath [90,91]. Nickel sulphamate baths typically have nickel sulphamate 

concentrations of between  300 and 450 g/L, nickel chloride of between 0 and 30 g/L, 

and  30 g/L of boric acid, with an operating temperature of between 40 and 60 oC and 

a pH of between 3.5 and 4.5 [92]. 

 

2.3.2.2. Copper 
 

Copper cyanide, non-cyanide alkaline copper, and acid copper are the three most 

commonly used copper electrolytes.  

Copper cyanide baths have been one of the most widely used industrial electrolytes 

over the last century and produce high-quality deposits [93]. The temperature varies 

with solution composition but typically lies between 54 and 82 oC, the higher the 

temperature the higher the permissible current density and cathode efficiency (within 

this range) [94]. pH is rarely measured but is near 14 in high efficiency electrolytes. 

Copper-cyanide concentrations range between 15 and 75 g/L, sodium cyanide 

between 28 and 100 g/L. The efficiency of the electrolytes can be further increased by 

adding potassium-cyanide, which increases the stability of the solution and helps the 

anode dissolve. Copper-cyanide is insoluble in water, however the presence of 

cyanide alkaline such as sodium-cyanide or potassium-cyanide forms a copper 

complex ion (Cu(CN)3
2-), which then disassociates into copper ions (Cu+). Although 

potassium-cyanide solutions are more efficient sodium cyanide is more commonly 

used due to the cost of potassium cyanide [95]. However, cyanide is extremely 
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hazardous to both worker health and the environment due to high toxicity, requiring 

the development of less hazardous alternatives. 

Non-cyanide alkaline copper baths have found increasing interest since the mid-1980s 

due to the environmental issue of cyanide baths [96]. In typical non-cyanide alkaline 

copper, the copper ions (Cu2+) are provided from a metal salt such as copper chloride, 

and  complexing agents such as fluoborate, pyrophosphate, EDTA, citrate, ammonia, 

ethylenediamine, glycerol, and tartrate replace the cyanide ions [93,97,98]. However, 

disadvantages do exist, such as a high operating cost, greater sensitivity to impurities 

and difficulty to control chemically [96]. 

The composition of an acid copper electrolyte can vary greatly depending on the 

application. A typical copper acid bath contains copper sulphate of between 5 and 240 

g/L, between 0 and 60 mg/L of chloride ions (often from HCl) and has an operating pH 

of between 0.5 and 3. Copper sulphate is used as the source of Cu2+. The reduction 

of Cu2+ to Cu(S) takes place via a 2-step mechanism. 

Step 1    Cu2+
(aq) + e- = Cu+

(aq)                                                                           ( 2.1.) 

Step 2    Cu+
(aq) + e- = Cu(S)

                                                                                (2.2.) 

The presence of Cl-  stabilise Cu+ and speeds up step 1 however, the presence of too 

much Cl- can make Cu+ too stable and slow down step 2 [99].  Sulphuric acid is added 

to change the pH of the electrolyte and help the dissociation of CuSO4 to Cu2+ 

increasing the conductivity of the solution [21,100-106]. 

2.3.3. Mechanism of composite electrodeposition 
 

Composite electrodeposition can be traced back to the late 1920s and saw substantial 

development throughout the 1960s and 1970s [10]. Many models have been 

developed to account for the mechanism of the co-deposition of inert particles into a 

metal matrix [107-113].  
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A two-step model was proposed in 1972; it stated that particles approach the cathode 

surface (after the formation of an ionic cloud around them) and become loosely 

adsorbed, the ionic cloud is lost, and the particles are then strongly adsorbed [10,108]. 

Not all particles that reach the cathode will be absorbed, and for those that are a 

certain residential time is required [10,114]. This model allowed the quantitative 

analysis of the effect of current density and bath particle concentration on the particle 

incorporation rate, however, excludes hydrodynamic effects and particle 

characteristics [108,115]. To correct for the adsorption and hydrodynamics effects a 

third order polynomial equation can be included. This correction may only be valid 

within a narrow range of experimental conditions (2.3.) [116]: 

𝛼 =
𝑛𝐹𝑑𝑉𝑜

𝑀𝐽𝑜
𝐵/𝐴  ∙  

𝐶

(
1

𝑘
 +𝐶)

 ∙ 𝐽𝑐

(
𝐵

𝐴
−1)

∙ ℎ ∙ 𝑓. (𝜔, 𝐶)                                             (2.3.) 

where  volume of particles suspending in the deposit, n is the valence of the 

deposited metal, F  is Faraday’s constant, d is the density of the electrodeposited 

metal, Vo is the constant for particle deposition, M is the molecular weight of the 

deposited metal, JO is the exchange current density, B is the constant in the Tafel 

equation for particle deposition, A is the constant in the Tafel equation for metal 

deposition, C is the volume percentage of particles in suspension in the electrolyte, k 

is the coefficient of adsorption, Jc is the current density, h is a constant, ƒ (ω, C) is a 

function that can be determined by experimental curves [117]. 

In 1987 a five-step model was developed that incorporated some of the features of 

previous models Figure 2.5. [110].  

•    Formation of an ionic cloud around the particle, caused by ion absorption. 

• Transport of particle by convection and diffusion to the cathode (Figure 2.6.). 

 

•   Weak absorption of the particle with its ionic cloud onto the cathode. 

•    The loss of the ionic cloud and strong absorption of the particle onto the cathode. 

•    The entrapment of the particle into the growing metal matrix. 
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The model requires empirical factors that are system specific and require experimental 

analysis to determine [10]. 

 

Figure 2.5. Diagram of the five-step model. (A) An ionic cloud is formed around the particle. 

(B) The particle migrates towards the cathode. (C) The particle is weakly absorbed. (D) The 

ionic cloud is lost, and the particle is strongly absorbed. (E) The particle is entrapped in the 

growing metal matrix. 

In 1992 a model based on trajectory analysis using the deposition of spherical particles 

on to a rotating cylinder electrode was developed. The trajectory of the particle can be 

determined using a motion equation (taking all forces acting on the particle into 

account). Assuming the particle attachment is proportional, the co-deposition rate can 

be determined [10,111,118]. Also in 1992, it was shown that a model accounting for 

diffusion and gravitational forces could describe the kinetics of a nano-size particle 

incorporated into a metal deposit [10,113,118].  

In 1993 it was suggested that the reduction of metal ions has three current densities 

(although experimental validation never took place) [10,112,118]. 

•    At low current densities only proton reduction takes place. 
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•   At intermediate current densities proton reduction reaches its rate limiting value and 

metal ion reduction starts. 

•    At high current densities protons and metal ions reach their rate limiting value. 

 

Figure 2.6. Diagram of particle migration through the electrolyte. 

For a complete understanding of the co-deposition of particles into a metal matrix 

much more work is still needed, and an agreement between the theoretical and 

experimental findings  [10]. The literature has shown that the size of the particle in the 

electrolyte can have an impact on the particle content of the coating [30,31].  However, 

in the models proposed no account is taken of the particle size only its volume in the 

electrolyte. The literature has also shown that deposits produced from pulse current 

and pulse reverse current have increased particle content compared to their direct 

current counterparts, the models proposed take no account of the current type just 

current density [8,119-121]. 
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2.4. Factors affecting the electrocodeposition 
 

 

2.4.1. Current density 

Many parameters can affect the process and properties of an electrodeposited 

composite, bath composition, additives, particles, electrodes, agitation, and current 

density; of these current density is one of the most studied [10,118]. Current density 

is defined as the amount of current (measured in amperes) over a specific cross-

sectional unit area (measured in cm2) [119]. 

When depositing metals, generally an optimal range of current density exists well 

within the normal operating parameters, which is often chosen when incorporating 

particles into that metal matrix [10]. Many studies have shown a small increase in 

current density leads to an increase in particle incorporation. However, the behaviour 

is system dependent, and a few studies have shown an increase in current density 

decreases or has little effect on particle incorporation [118,122-128]. 

The particles in the electrolyte can affect current density. A study showed when 

producing Ag-Al2O3 coatings, adding Al2O3 to the electrolyte at low overpotentials 

reduced the current density, while at high overpotentials adding particles increased it. 

The authors suggested at low overpotentials the particles adsorbed onto the cathode, 

suppressing silver deposition, while at high overpotentials, the particles reduced the 

thickness of the diffusion layer [118,129]. 

Current density can affect the smoothness of a composite coating. A study showed 

when depositing alumina particles into a nickel matrix; a smooth coating was produced 

at current densities lower than 1 A/dm-2; over 1 A/dm-2 the coating became rough, and 

progressively more so with increasing current density. This was attributed to the 

incorporation of alumina particles into the matrix, the alumina particles electrical 

insulating properties prevented nickel from depositing directly over the top, as such 

the nickel deposited around the particles. At high current densities the nickel ions 

deposit faster than they can be diffused across the surface of the deposit, resulting in 

a rougher coating Figure 2.7. [130]. 
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The maximum current that can flow through the electrolyte is limited by the mass 

transfer of ions between electrodes. This maximum current is known as the limiting 

current. As current is applied to the electrolyte ions flow from the anode to the cathode, 

the applied current can be increased until the ion flow between the electrodes is at a 

maximum. Any increase in applied current after this will result in the discharge of 

extraneous ions (hydrogen). [131]. However, the limiting current can be increased by 

increasing the mass transfer in the system (by increasing electrolyte temperature, 

agitation and ion concentration). 

 

Figure 2.7. Diagram of nickel depositing around alumina particles. (A) Deposition of nickel at 

current densities over 1 A/dm-2. (1) Nickel cannot deposit directly over alumina particles. (2) 

Nickel deposits to the edges of alumina particles. (3) Nickel deposits faster than it can diffuse 

across the surface of the coating. (B) Deposition of nickel at current densities of 1 A/dm-2 or 

lower. (1) Nickel cannot deposit directly over alumina particles. (2) Nickel deposits to the edges 

of alumina particles. (3) Nickel diffuses across the surface of the coating as fast or faster than 

it is deposited. 

More recent studies have focused on pulse current. Pulsed current utilizes a series of 

pulses of certain amplitude for a specified duration. Each pulse consists of an on time 



25 
 

(current applied) and off time (no current applied). Pulse current has two key 

advantages over direct current. 

• High current density areas of the electrolyte become depleted of ions compared 

to low current density areas when using direct current. The off time during pulse 

plating allows the replenishment of depleted areas. 

• The formation of a charged double layer on the cathode during 

electrodeposition obstructs ions from reaching the cathode at certain points.  

An off time allows the layer to partially discharge the double layer.  

 

Pulsed electrodeposition has three parameters on time Ton, off time Toff and peak 

current density Ip. The duty cycle Ɣ is the percentage of the total time of a cycle [132]. 

 Ɣ =
𝑇𝑜𝑛

𝑇𝑜𝑛+ 𝑇𝑜𝑓𝑓
= 𝑇𝑜𝑛 𝑓                                                                        (2.4.) 

𝑓 =  
1

𝑇𝑜𝑛+ 𝑇𝑜𝑓𝑓
=  

1

𝑇
                                                                                         (2.5.) 

Pulsed current composite electrodeposits have been shown to have increased 

hardness, increased particle content and more uniform particle distribution when 

compared to the same metal electrodeposited by direct current. This is due to the off 

time allowing more particles to reach the double layer, and therefore a more 

homogeneous distribution of particles in front of the cathode is achieved. This results 

in a greater and more uniform particle distribution in the deposit, increasing its physical 

properties such as hardness. Adjusting the on and off time by changing parameter 

such as duty cycle and pulse frequency allows the microstructure of the deposit to be 

fine-tuned [118,120,133,134].  

Pulsed reverse current is similar to pulsed current; however, a stripping time is 

introduced where the polarity of the cathode an anode is reversed  [132]. Like pulsed 

current pulsed reverse current replenishes the diffusion layer, however, whilst pulsed 

current only does so during the off time, pulsed reverse current does so continuously 

(as ions and particles are continuously moved to and from the electrodes). The 
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uniformity and smoothness of the coating is improved; this is caused by the selective 

dissolving of protrusions from the surface of the deposit, achieved by the stripping 

time. The reverse pulsed also allows negatively charged particles to be incorporated 

into the deposit [132]. However, some disadvantages to pulsed and pulsed reverse 

current do exist. The cost of pulse plating rectifiers are much greater than direct current 

units and the additional parameters require additional considerations [132].  

 

2.4.2. Electrolyte composition 
 

The solvent used to prepare the electrolyte is a major factor affecting the 

electrodeposition process [10]. Three main types of solvents are used in 

electrodeposition: aqueous, ionic liquid (IL) and deep eutectic solvent (DES).  Aqueous 

electrolytes are the simplest and most commonly used, they consist of a salt dissolved 

in water. Aqueous electrolytes are relatively inexpensive and are employed for a wide 

variety of deposits. However, conventional aqueous electrolytes are not always 

suitable. They cannot be used to deposit metals with very negative redox potentials 

due to their narrow electrochemical windows and have a low range of operating 

temperatures [4].  

An IL is defined as a salt composed of anions and cations in its liquid state below 

100oC. They typically consist of a large organic cation with an inorganic or organic 

anion. The cations and anions in IL's do not form a well-organised lattice resulting in 

a low melting temperature. Their physiochemical properties are highly tuneable, due 

to the large variety of cations and anions that can be combined. IL's possess unusual 

properties, a wide electrochemical stability window, high thermal stability, and low 

vapour pressure. Many studies have shown the ability to obtain a uniform deposit 

using IL electrolytes. IL's can be expensive, therefore aqueous solvents are preferable 

when the conditions allow [121,135-137]. 

Deep eutectic solvents (DES) are similar to ILs (similar conductivities, polarities, 

viscosities, densities, surface tensions, refractive indexes and chemical inertness). 

Some of their constituents have no charge, and they are usually formed from a 

quaternary ammonium salt with hydrogen bond donors. Many DES’s are inexpensive 

(when compared to IL's) non-toxic non-flammable and biodegradable [138].  
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The electrolyte pH can play a fundamental role in determining the structure and 

properties of an electrodeposit [74,139]. The literature has shown when depositing SiC 

particles into a nickel matrix, a coating particle content of approximately 16.2 % wt was 

achieved at a pH of 3.5. Whereas, at pH 4.0 there was a significant increase in particle 

content to approximately 21.2 % wt [140]. Also, when depositing alumina particles into 

a nickel matrix, it has been shown that a particle content of 4 % wt can be achieved 

by using an alkaline bath, and only 1.5 % wt is achieve when using an acidic bath 

[141]. Additives (complexing agents, surfactants and brighteners) have a significant 

effect on the microstructure, and properties of an electrodeposit. When depositing 

Al2O3 particles into a nickel matrix the addition of the surfactant hexadecylpyridinium 

bromide (HPB) was found to increase the particle content of the coating and promoted 

the uniform distribution of particles throughout the deposit. This increase in the particle 

content increased the wear resistance of the composite [142]. The structure of a 

surfactant allows greater spatial separation between the particles, this can help 

prevent the agglomeration of particles and improve both the amount and the 

distribution of the particles in the coating [143]. The charge on a surfactant can also 

improve the incorporation of particles in the deposit. When incorporating Si3N4 into a 

copper matrix adding just 0.01g/L of dodecyl sodium sulphate (an anionic surfactant) 

to the electrolyte increases the particle incorporation from around 0.6% of the coating 

by weight to around 3.0% [144].  

Some surfactants can also act as brightening agents. A brightening additive’s main 

function is to increase the levelling capabilities of the electrolyte, and thus the 

brightness of the deposit. Brightening additives can be commonly referred to carriers, 

brighteners and wetting agents. Carriers interfere with the nucleation and growth of 

newly forming deposits, refining the grain structure and producing a brighter finish. 

However, for coatings that require a mirror bright finish, brighteners are required. 

Brighteners increase the electrolytes levelling ability by inducing preferential 

deposition at scratches and defects. Some brighteners achieve this by being attracted 

to the cathode at points of high electropotential, temporarily packing the area stopping 

further deposits. As the deposit levels, the high potential points disappear, and the 

brightener migrates away [8]. Wetting agents are tensioactive, depositing on the 

surface of the growing coating reducing surface tension and facilitating the detachment 

of gas bubbles (such as H2(g)). However, the use of additives is not without drawbacks, 
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they can introduce carbonaceous materials or sulfur into the electrodeposit. Sulfur acts 

as a solid solution strengthener and causes intergranular embrittlement [87,145].  

2.4.3. Agitation  

Agitation is an important part of the composite electrodeposition process, and in the 

absence of surfactants even more so; it assists transport and dispersion of particles in 

the electrolyte [8,146]. The most common forms of agitation are mechanical stirring 

bar, parallel plate channel flow, overhead stirrer, reciprocating plate plunger, cathode 

movement, eductors, bubblers/ air pumps and pumped recycle loop of the electrolyte. 

Rotating disc and rotating cylinder electrodes also exist, although these are most 

commonly used in analytical electrochemistry (Figure 2.8.) [8].  

 

Figure 2.8. Diagram of agitation methods. (A) mechanical stirring bar. B) overhead stirrer. (C) 

eductor. (D) rotating cylinder electrode. (E) rotating disc electrode.  (F) parallel plate channel 

flow. (G) pumped recycle loop of the electrolyte. (H) reciprocating plate plunger. (I) Air 

bubbler/pump. 
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The application of different agitation methods to an electrolyte can bring about three 

different flow regimes (Figure 2.9.). Rotating disc electrodes have smooth laminar flow 

at commonly used rotation speeds whilst rotating cylinder electrodes and mechanical 

stirring bars have severe turbulence even at low speeds [8,60,115].  

 

Figure 2.9. Diagram of three types of flow around a generic rod electrode. A) Laminar flow. 

B) Transitional flow (between laminar and turbulent). C) Turbulent flow. 

When depositing micro-sized particles; the particle content of the deposit tends to 

decrease with increasing flow rate in turbulent flow regions, increase with increasing 

flow rate in transitional flow regions, and in laminar flow regions no significant change 

from increasing flow rate is seen [8].  

2.4.3.1. Ultrasound 

Ultrasound as also proven to be an efficient method of particle dispersion and 

deagglomeration [147]. 

The application of ultrasound to a liquid medium (such as an aqueous electrolyte) can 

cause acoustic cavitation, cavitation fields, micro-jetting (acoustic streaming, and high-
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speed particle collisions), which break the weak van der Waals forces dispersing and 

deagglomerating the particles [147,148]. An ultrasonic wave is propagated through a 

liquid medium by a series of compression and rarefaction cycles. During the 

rarefaction cycle (if power is sufficient) the expansion force caused by the ultrasound, 

will exceed that of the intermolecular forces between the molecules in the liquid, and 

a cavity is formed. As the cavity grows it becomes unstable and collapses, creating a 

hotspot where temperatures of around 5000 K and pressures around 1000 atm can 

be reached [147]. Mass transfer between the electrodes is improved by the many 

cavitation phenomena (acoustic streaming, micro-jetting and shock waves) of high 

power ultrasound [147,149,150]. Ultrasound has been shown to increase the 

hardness, wear resistance, fatigue strength, corrosion resistance, and reduce the 

surface roughness of the electrodeposit [151-158]. Ultrasound enhances the hardness 

and tribological properties of composite coatings by refining the grain size and 

incorporating finer more dispersed particles into the deposit (without the need for 

additives), providing a hindrance to dislocation movement which can increase wear 

resistance [159-161]. 

The effects of ultrasound both before and during electrodeposition also has many 

benefits for composite electrodeposition, not only enhancing dispersion and 

deagglomeration of the particles but also to improve the incorporation of finely and 

uniformly distributed particles into the deposit [147]. When incorporating TiO2 particles 

into a zinc matrix, it has been demonstrated that a higher particle content can be 

achieved when applying ultrasound from a 38 kHz bath at a power 53 mW/cm3 during 

electrodeposition compared to silent conditions, however, drawbacks do exist [162]. 

For example, ultrasound can cause random bubble structures on the surface of the 

substrate when used during electrodeposition leading to fringe patterning and pitting 

[163].  

Other important factors are frequency and power; lower frequency ultrasound (when 

compared to higher frequencies) has been shown to give a higher and better dispersed 

particle content [164,165]. Mechanical effects are more dominant at lower frequencies 

and chemical effects at higher frequencies. Generally speaking, the formation and 

intensity of cavitation phenomena progressively increase as frequency decreases 

[166,167]. Increasing power (at both high and low frequency) generally increases 
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particle content until a maximum is reached, at which point any further increase 

reduces or has no effect on particle content [160,168,169].  

The ultrasonic systems used to apply ultrasound to the electrolyte, are an important 

consideration.  

• Ultrasonic horns are generally low frequency achieving huge ultrasonic 

cavitation due to the large vibrational amplitude produced at the emitter surface 

(which is directly in contact with the liquid). Most of the cavitation phenomena 

occur near the surface of the emitter, in a cone shaped cloud. The violent 

cavitation phenomena that can be achieved with horns, can reduce particle 

content, due to the force of the particles colliding with the surface of the 

electrode causing particles to break away [160,170-174]. 

 

Ultrasonic baths which generally operate at 40 kHz achieve lower vibrational amplitude 

by transducers that are not directly in contact with the electrolyte, the sound travels 

through the liquid in the bath and the vessel walls of the container holding the 

electrolyte, resulting in less efficient transmission. The position of the beaker in the 

bath also affects the intensity of the ultrasound. However, ultrasonic baths are lower 

cost with more evenly distributed cavitation phenomena throughout the walls and the 

electrolyte [163]. 

2.5. Conclusions 

• Many methods of producing composite coatings have been developed, Laser 

cladding, laser melt injection, brazing, and electrodeposition. Laser cladding, 

laser melt injection and brazing all require high temperature which could destroy 

spice particles. 

• Electrodeposition is a convenient method to produce composite coatings. Many 

parameters including current density, agitation, and additives can be adjusted 

to fine tune the properties of the coating; it is relatively inexpensive and easy to 

scale up.   

• Spices have been used for centuries for medicines, aides to flavour, and even 

currency; however, no research into their properties as filler particles have been 
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conducted. Spices are inexpensive to produce and have low toxicity. Composite 

coatings containing spices as filler particles may offer a more sustainable 

alternative to the more common filler particles used. 

• Many factors can influence the properties of an electrodeposited composite 

coating including, current density, bath agitation, type size and concentration of 

particle. 
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3. Methods  
 
 

3.1. Overview 
 

This Chapter contains information on all experimental procedures conducted during 

the present research project. These experimental procedures have been divided into 

four subsections: 

• Turmeric particle size and deagglomeration: this section includes details on 

experiments with ultrasound to assess its effects on turmeric particle size and 

deagglomeration. 

• Electrodeposition of coatings: This section includes information on the 

electrodeposition process. The preparation of both nickel and copper 

electrolytes, preparation of composite copper and nickel electrolytes, type of 

electrodes used and their preparation before electrodeposition, and 

electrodeposition conditions such as current density, agitation, the temperature 

of electrolyte and electrodeposition time.  

• Characterisation: This section includes details of experimental procedures such 

as hardness indentation, corrosion resistance testing, and hydrophobic 

properties of the coating. 

• Coating analysis: This section contains details of the surface analysis 

techniques conducted in this project. It includes contact angle testing, White 
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light interferometry (WLI), scanning electron microscope (SEM), focus ion 

beam (FIB), and glow-discharge optical emission spectrometry (GDOES). 

 

 

3.2. Spice particle size and deagglomeration  
 
 
 
Although several spices were considered for this research project, an initial set of spice 

dispersion and survivability experiments suggested that turmeric offered the greatest 

potential for successful electrocodeposition. The details of the spice dispersion and 

survivability experiments are included in Appendix A. 

 

Although, a great deal of literature has shown ultrasound can have a deagglomerating 

effect on particles in solution, ultrasound can also cause the agglomeration of particles 

[1-5]. Large particle agglomerates in the electrolyte can have an adverse effect on the 

deposit produced. Large agglomerates can lead to a reduction in the particle content 

of the deposit, non-uniform distribution of particles in the deposit (leading to non-

uniform distribution of properties) and/or weak spots in the deposit [6,7]. The effects 

of ultrasound and mechanical stirring on the spice particles was examined by dynamic 

light scattering (DLS) with a Zetasizer nano S (Malvern instruments Ltd, Malvern Ltd), 

to assess the most efficient method of turmeric particle deagglomeration. The particle 

size in the form of the Z-average size and polydispersion index was used to assess 

the deagglomeration. The Z-average size is the intensity weighted mean of the 

hydrodynamic particle size, which is the size of a hypothetical sphere (most particles 

in solution do not exist as spheres) which diffuses in the same way as the particle 

being measured. The polydispersion index is a value that indicates the variation in 

particle size in solution, the greater the polydispersity the closer the value to 1.0. DLS 

uses the rate at which the intensity of the scattered light fluctuates, caused by the 

speed of particle diffusion due to Brownian motion. Smaller particles fluctuate 

scattered light more rapidly than larger particles [8,9].   

 

Three solutions at five separate concentrations of turmeric (0.5 ± 0.02 g/l, 1.0 ± 0.2 

g/l, 2.0 ± 0.2 g/l, 3.0 ± 0.2 g/l and 10.0 ± 0.2 g/l) were made up in separate 150 ml 

beakers with 100 ml of copper electrolyte mimic (see Appendix A) and 10.0 ml/l of 
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Tween 20. The solutions were stirred by 35 mm mechanical stirring bar at a speed of 

240 rpm for 20 min on an IKA RCT Basic hot plate. After a time of 5, 10, 15, and 20 

min three drops of the solutions was added to approximately 2.0 ml of RO water in a 

3.0 ml cuvette from a disposable pipette, the particle size was then measured by DLS, 

at a refraction index of 1.4151 (the refraction index of turmeric). After this the solutions 

were left to stand, and at 15, 30, and 60 mins, the particle size measured again by the 

same method. Each measurement was 12 to 18 individual measurements of a 

minimum of 10 s duration. Three measurements for each sample was recorded and 

the values of the polydispersity index, Intensity–size distribution graphs and Z-average 

(which is the mean cluster size based on the scattered laser lights intensity). This 

process was then repeated with the addition of 1.0 ± 0.01 ml of Tween 20.  

 

To assess the effect of ultrasound the same experiment was run using a 20 kHz 

ultrasonic horn at a power of 11 W/l and 33 W/l (details of calibration experiments by 

calorimetry are included in Appendix A). In addition to measuring the particle size after 

agitation by leaving the solutions to stand for 1 hour after sonication, additional 

solutions were made and after sonicating for 20 min the solutions stirred for 1 hour 

and the particle size measured at 15, 30 and 60 mins (to assess if stirring during 

electrodeposition (after the initial ultrasound) would cause a further reduction in 

particle size).  

 
 

3.3. Electrodeposition of coatings 
 

 

The quality and properties of an electrodeposited composite coating depend on the 

conditions under which it is produced. As stated in Chapter 2 many parameters can 

affect the process and properties of an electrodeposited composite such as electrolyte 

composition, additives, particles size and concentration, electrodes, agitation and 

current density, and when depositing metals an optimal range of current density 

generally exists well within the normal operating parameters, which is often chosen 

when incorporating particles into that metal matrix.  
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Many papers have been written on the various methods of electrodeposition of both 

copper, nickel, and their composites. The object of this set of experiments was to adapt 

and optimise these methods for producing composite coatings by electrocodeposition 

containing turmeric particles. 

 

3.3.1. Preparation of electrodes 
 

Cleaning dirt and grease from the surface of the electrodes and removing oxidation 

layers before electrodeposition is essential to ensure good adhesion of the coating to 

the substrate.  

 

The pure copper and pure nickel anodes were purchased from the online retailer Tifoo 

Electrodeposition Shop. Both the pure copper and pure nickel anodes were 80 mm x 

25 mm x 1 mm. 

 

The cathodes used for corrosion rate testing were produced from 100 mm x 76 mm x 

0.3 mm brass hull cell panels supplied by A-Gas Electronic Materials Ltd. The Hull cell 

sheets were cut into three sections of 76 mm x 25 mm x 0.3 mm with tin snips. Before 

electrodeposition resist tape was applied to the cathode, leaving a 25 mm2 (1.0 mm2 

plating area for samples used for linear sweep voltammetry) electrodeposition area at 

the front of each cathode (Figure 3.3.). For Hull cell tests the sheets were used as 

purchased with no resist tape applied. 

 

For microhardness measurements the cathode needed to be thicker to prevent flexing 

and bending of the sample during analysis. A thicker substrate was also required for 

electron back scatter detection (EBSD) to improve the conductivity through the 

mounted cross section of the sample. For this reason, the cathodes used for hardness 

testing and coating analysis were produced from 600 mm x 300 mm x 0.9 mm brass 

sheet supplied by RS components UK. The brass sheet was cut into 76 mm x 25 mm 

x 0.9 mm sections. Before electrodeposition resist tape was applied to 25 mm2 area 

at the back of the cathode, leaving a 25 mm2 electrodeposition area at the front of 

each cathode (Figure 3.3.).  
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To ensure good adhesion of the coating to the substrate, the electrodes were 

degreased, and the oxidation layer removed before electrodeposition. The electrodes 

were placed in a solution containing 5% Lipsol detergent for 2 min, after which time 

they were removed and the remaining Lipsol detergent rinsed off with RO water. The 

electrodes were then placed in a 6.5 M solution of sulphuric acid supplied by Fisher 

UK Ltd (SG 1.83) for 2 min, the electrodes were then immediately rinsed off again with 

RO water and placed in the plating solution. 

 

3.3.2. Preparation of electrolytes 
 

 

3.3.2.1. Copper electrolyte preparation 

 

The electrolyte used for the electrodeposition of copper in this research was adapted 

from previous methods [14-16]. The copper electrolyte was an aqueous solution of 

75.0 ± 1.0 g/l CUSO4.6H2O supplied by Fisher UK Ltd, 1.6 x 10-2 M of HCl and 3.7 M 

of concentrated H2SO4 (98.5 % SG 1.83) supplied by Fisher UK Ltd, with a pH of 

between 0.5 – 1.0.  

 

 

3.3.2.2. Watts nickel electrolyte 

 

The electrodeposition method used for the Watts nickel and Watts nickel composites 

in this project was adapted from previous papers [13-16]. The Watts nickel electrolyte 

was an aqueous solution of 50.0 ± 1.0 g/l NiCl2.6H2O supplied by Alfa Aesar, 250.0 ± 

1.0 g/l NiSO4.6H2O supplied by BDH chemicals Ltd, and 40.0 ± 1.0 g/l H3BO3 (>99.5%) 

Supplied by Sigma Aldrich UK Ltd, with a pH 3.0-3.5.  
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3.3.2.3. Low ion concentration nickel electrolyte (LICE) preparation 

 

High ion concentration electrolytes can cause hydrophobic particles to aggregate in 

solution in a process known as salting out [17]. For this reason, a low ion concentration 

electrolyte (LICE) was produced.  

The LICE nickel electrolyte was an aqueous solution of 105.0 ± 1.0 g/l NiCl2.6H2O 

supplied by Alfa Aesar, 40.0 ± 1.0 g/L NiSO4.6H2O supplied by BDH chemicals Ltd, 

and 40.0 ± 1.0 g/l H3BO3 (>99.5%) Supplied by Sigma Aldrich UK Ltd, with a pH 3.0-

3.5.  

 
 

3.3.3. Electrodeposition current density analysis 
 

 

As stated in Chapter 2 current density is one of the major factors affecting the 

electrodeposition process. The objective of this stage of the project was to identify the 

optimal current density for electrodeposition of both copper and nickel using a Hull 

cell. A Hull cell allows electrodeposition onto a cathode at different current densities 

at the same time, this is achieved by sloping the cathode so its distance from the 

anode varies across the length of the cathode (Figure 3.3.). The coating deposition 

current density then varies across the panel, with the coating at the edge closest to 

the anode depositing at the highest current density. Visual inspection of the Hull cell 

after plating can be used to assess the quality of the coatings at different current 

densities. 

The LICE nickel electrolyte was prepared as per section 3.3.2.3. with 250 ml added 

to a Hull cell. The electrolyte was stirred with a 35 mm mechanical stirring bar at 100 

rpm and heated to 50 oC on an IKA RCT Basic hot plate. A pure nickel anode and Hull 

cell panel were placed into the electrodeposition solution and connected 

to a Thurlby PL310 (30 V, 1 A) DC rectifier. A current of 2.0 A was applied for 5 min 

and then the coating assessed for quality of finish. The process was then repeated for 

copper using a pure copper anode and copper electrolyte. 
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Figure 3.3. Diagram of the top of a Hull cell. 

 

3.3.4. Current efficiency of electrodeposition methods 
 

To accurately predict the time needed to electrodeposit a specific thickness of nickel 

and copper onto an electrode at a particular current density, the efficiency of the 

electrodeposition method must be calculated. 

The theoretical time needed to deposit a coating of nickel 30 µm thick was calculated 

by the following equations (3.2. and 3.3.). 

𝑀 =  
𝑑 𝑠 𝑡

10000
                                                                                                        (3.2.) 

𝑡 =  
𝑀 𝑛 𝐹

𝐼 𝑍
                                                                                                           (3.3.) 

Where M is the mass of deposit in g, d is the density of the metal in g cm3, s is the 

surface area in cm2, t is the time in seconds, n is the valence of the metal, F is 

Faraday’s constant and Z is the atomic mass of the metal and I is the current in amps. 
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The nickel electrodeposition solution was prepared as per Section 3.3. with 200 ml 

added to a 250 ml beaker. The beaker was setup as per Figure 3.4. and stirred with a 

35 mm mechanical stirring bar at 240 rpm and heated to 50 oC on an IKA RCT Basic 

hot plate. The electrodes (which included a pre-weighed cathode) were placed in the 

solution to a depth of 30 mm and connected to a Thurlby PL310 (30 V, 1 A) DC 

rectifier. A current density of 0.04 A/cm-2 was applied for 36.35 min (which was the 

theoretical time needed to deposit 30 µm), after which time the cathode was removed, 

cleaned with RO water, dried and re-weighed. The process was then repeated for the 

copper from the electrolyte prepared as per Section 3.3. with an electrodeposition time 

of 34.02 min. The efficiency was then calculated (3.4.). 

 

𝐶𝑒𝑓 =
𝑀𝑝

𝑀 
100                                                                                                  (3.4.) 

 

Where Cef is the Faradaic efficiency percentage, MP is the mass of metal actually 

deposited onto the cathode after electrodeposition, and M is the mass of the metal 

deposited onto the cathode based on Faraday’s laws of electrolysis. 

 

3.3.5. Electrodeposition of coatings 
  

The equipment set up for the electrodeposition process is shown in Figure 3.4. 

samples containing turmeric or nano-diamonds (supplied by plasmaChem GmbH) 

were sonicated for 20 mins with a 20 kHz probe before electrodepositing, then 

deposited at a current density of 0.04 A/cm-2.  

Table 3.2. shows copper and copper turmeric deposits produced in this research. In 

order to assess the influence of particle size on the grain structure of the copper 

deposit, copper deposits containing nano diamonds of a known size were produced. 

A table of these deposits is shown in Table 3.3. Table 3.4. show the composition of 

the Watts nickel and Watts nickel turmeric deposits produced in this research. Table 

3.5 show the composition of the LICE nickel and LICE nickel turmeric deposits 

produced in this research. 

 



53 
 

 

Figure 3.4. Diagram of electrodeposition set up, for all electrodeposition experiments 

conducted in this present research project. 

 

Table 3.2. Copper and copper turmeric deposits. 

Sample Electrolyte Tween 20 

concentration 

ml/l 

Turmeric 

concentration 

g/l 

Horn 

sonication 

power W/l 

Pure copper Copper 0 0 0 

Copper Tween 20 Copper 10.0 0 0 

Copper 1.0 g/l turmeric Copper 10.0 1.0 11 

Copper 5.0 g/l turmeric Copper 10.0 5.0 11 

Copper 10.0 g/l turmeric Copper 10.0 10.0 11 

Copper 10.0 g/l turmeric 

33 W/l 

Copper 10.0 10.0 33 
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Table 3.3. Copper nano diamond deposits. 

Sample Electrolyte Nano 

diamon

d size 

nm 

Concentration of 

nano diamonds 

g/l 

Horn 

sonication 

power W/l 

Copper 100 nm 1.0g/l Copper 100 1.0 11 

Copper 100 nm 5.0g/l Copper 100 5.0 11 

Copper 100 nm 10.0g/l Copper 100 10.0 11 

Copper 250 nm 1.0g/l Copper 250 1.0 11 

Copper 250 nm 5.0g/l Copper 250 5.0 11 

Copper 250 nm 10.0g/l Copper 250 10.0 11 

Copper 1000 nm 1.0g/l Copper 1000 1.0 11 

Copper 1000 nm 5.0g/l Copper 1000 5.0 11 

Copper 1000 nm 10.0g/l Copper 1000 10.0 11 

 

 

Table 3.4. Watts nickel and Watts nickel turmeric deposits.  

Sample Electrolyte Tween 

concentration 

ml/l 

Turmeric 

concentration 

g/l 

Horn 

sonication 

power W/l 

Pure Watts nickel Watts 0 0 11 

Watts nickel Tween 

20 

Watts 10.0 0 11 

Watts nickel 1.0 g/l 

turmeric 

Watts 10.0 1.0 11 

Watts nickel 5.0 g/l 

turmeric 

Watts 10.0 5.0 11 

Watts nickel 10.0 

g/l turmeric 

Watts 10.0 10.0 11 
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Table 3.5. LICE nickel and LICE nickel turmeric deposits.  

Sample Electrolyte Tween 

concentration 

ml/l 

Turmeric 

concentration 

g/l 

Horn 

sonication 

power W/l 

Pure LICE nickel LICE 0 0 11 

LICE nickel Tween 

20 

LICE 10.0 0 11 

LICE nickel 1.0 g/l 

turmeric 

LICE 10.0 1.0 11 

LICE nickel 5.0 g/l 

turmeric 

LICE 10.0 5.0 11 

LICE nickel 10.0 

g/l turmeric 

LICE 10.0 10.0 11 

 
 
 

3.4. Coating properties 
 

To understand how a coating will behave under a certain set of conditions or in a 

certain environment, it is essential to know the properties of that coating. 

Characterisation of a coating can also help identify any other future potential 

applications for that coating. 

The object of this set of experiments was to assess the chemical and physical 

properties of the coatings, in an effort to identify any possible applications. The 

corrosion rate, hardness, hydrophobic behaviour and surface roughness were tested. 

 

3.4.1. Vicker’s Hardness 
 

The mechanical properties (such as hardness) of a material indicate how that material 

will behave under an applied force. The hardness of a material is a measurement of 

that materials resistance to permanent shape change from a compressive force 

applied by an indenter [18]. 
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The value of hardness obtained from a Vicker’s microhardness test (HV which has no 

units), is calculated by applying a load of a known force to the surface of a sample and 

measuring the area of the indentation (3.5.) [18,19].  

 

𝐻𝑉 = 0.1891 
𝐹

𝑑1 𝑑2
                                                                                       (3.5.)     

                  

Where 0.1891 is a conversion factor, F is the force applied in N, and d1 and d2 are the 

dimensions of the indentation in mm (Figure 3.5. B). 

Coating samples (3 for each coating) were prepared as per section 3.3. The samples 

were then placed on the sample holder of a Mitutoyo MVK-H1 hardness testing 

machine with a Vicker’s indenter. A force of between 10 and 300 N (depending on the 

hardness of the coating) was applied at 7 random positions on the surface of each 

coating to a depth of up to 10 μm, the indentation was then measured and the Vicker’s 

hardness calculated by the Mitutoyo MVK-H1 hardness testing machine, and the mean 

obtained.  

 

 

Figure 3.5. Diagram of Vicker’s indenter and indentations. (A) square pyramidal Vicker’s 

indenter. (B) top view of indentation produced by Vicker’s indenter. (C) side view of indentation 

produced by Vicker’s indenter. 
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3.4.2. Water contact angle 
 

To identify if the presence of turmeric in the coatings imparted any hydrophobic 

properties onto the coatings, and if so how the concentration of turmeric affected this, 

the water contact angle (WCA) was measured with a drop shape analyser.  

Coating samples were prepared as per Section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier. Immediately after 

production (within 5 min) the samples were placed on a Kruss DSA 100 drop shape 

analysis system, and the water contact angle measured using the static sessile drop 

method. A water droplet of 2 µl was dispensed by a syringe, and the syringe slowly 

lowered onto the surface of the sample. The syringe was then raised leaving the water 

droplet on the surface of the sample. Immediately after the droplet was placed on the 

surface, a camera was used to view the droplets contact with the surface and the 

contact angle measured. The contact angle measurements were performed at 6 

different random locations on the surface of each sample. 

 

 

Figure 3.6. Diagram of water contact angle on a flat surface. (A) a WCA of less than 90o 

denoting a hydrophilic surface. (B) a WCA of greater than 90o denoting a hydrophobic surface. 

 

3.4.3. White light interferometry (WLI) 
 

To assess how the presence of turmeric effected the smoothness of the coatings, WLI 

was used to obtain topographical information.  
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Figure 3.7. Diagram of a WLI. 

In WLI, a light beam produced by an LED is split into 2 separate beams using a beam 

splitter; one beam is sent to a reference plane, and the other to the sample. The path 

length of the reference beam is altered, when the path length of the reference beam 

is the same as the path length of the sample beam an interference pattern is produced 

(Figure 3.7.). This interference pattern is used to produce a three-dimensional model 

of the surface of the sample [20,21]. 

Coating samples were prepared as per section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier. The samples were 

placed on Bruker contour GT WLI, and the aperture adjusted until an interference 

pattern was seen. The range of measurement was then set, and the measurement 

taken from a 2 mm2 area at 6 random positions across the surface of the sample.  

 

3.4.4. Corrosion rate 
 

Most metal corrosion happens electrochemically at the interface between the surface 

of the metal and a solution acting as an electrolyte [22].  
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The rate at which this corrosion normally occurs is determined by an equilibrium 

between opposing electrochemical reactions (oxidation and reduction). The metal is 

oxidized releasing electrons into the metal (changing the potential of the metal to a 

more negative potential), then solution species (often O2, H+ and Cl-) are reduced 

removing the electrons from the metal (although these reactions can take place 

between two dissimilar metals that are electrically connected). When these reactions 

are at equilibrium there is no net current flow [22]. 

 

3.4.4.1. Tafel method  

 

The electrochemical potential of a metal is the means by which the equilibrium is 

controlled. The equilibrium potential of the metal when there is no electrical connection 

is known as the open circuit potential (OCP). The value of either the anodic or cathodic 

current at the OCP is known as the corrosion current (Icorr) which can be used to 

calculate the corrosion rate of the metal. However, Icorr cannot be measured directly 

and therefore must be estimated using electrochemical techniques [22]. The Butler 

Volmer equation (3.6.) predicts how the observed current varies as a function of over 

potential and the transfer coefficient, this can be used to estimate the corrosion rate. 

          

𝑖 =  𝑖𝑜 (
[𝑅]𝑜

[𝑅]𝑏𝑢𝑙𝑘
 𝑒𝑥𝑝 (

(1−𝑎)𝐹ƞ

𝑅𝑇
) −

[𝑂]𝑜

[𝑂]𝑏𝑢𝑙𝑘
 𝑒𝑥𝑝 (

−𝑎𝐹ƞ

𝑅𝑇
))                      (3.6.)        

                                 

where i is the current resulting from the reaction, i0 the exchange current constant, α 

transfer coefficient, [R]0 the concentration of reactant to be reduced at the surface of 

the electrode, [R]bulk the concentration of reactant to be reduced in the bulk solution, 

[O]0 the concentration of reactant to be oxidised at the surface of the electrode, [O]bulk 

the concentration of reactant to be oxidised in the bulk solution, F is the Faraday 

constant, ƞ is the over potential, R is the gas constant and T is the temperature. 

Coating samples were prepared as per section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier.  
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Immediately after sample preparation, the samples were placed in a 0.1 M solution of 

Na2SO4 supplied by fisher scientific (fresh electrolyte was used for each sample). A 

platinum spade electrode was used as the counter electrode and saturated calomel 

electrode (SEC) as the reference electrode, which were connected to a VoltaLab PST 

050 potentiostat. The OCP was then measured for each sample and a Linear sweep 

voltammetry conducted. The potential was swept from -200 mV of the OCP to +200 

mV of the OCP in steps of 0.1 mV/s at ambient temperature.  

A plot of the potential (x axis) against the log of current (y axis) was produced. The 

large linear regions of the graph were removed, and gradients plotted against the 

anodic and cathodic current lines. The current at the intersection of the gradients was 

obtained (Icorr) and used to calculate the corrosion rate (CR). 

 

 𝐶𝑅 =  
𝐼𝑐𝑜𝑟𝑟 𝑘 𝐸𝑊

𝑑 𝐴
                                                                                               (3.7.)  

 

Where k is the corrosion rate constant (3272 mm y-1), EW is the equivalent weight 

(31.7 g for copper and 29 g for nickel), d is the density of the material deposited in cm3 

(8.94 g/cm3 for copper 8.91 g/cm3 nickel) and A is the surface area in cm2 (1 cm2 for 

copper and Nickel). 

 

3.4.4.2. Salt spray corrosion analysis 

 

The addition of salt (NaCl) to an aqueous solution can increase the conductivity of the 

solution and accelerate the corrosion rate of a coating. The presence of Na+ in the 

solution acts as a catalyst allowing electrons to be transferred from the metal not only 

to H+ as in the water, but also to Na+, this increases the electron transfer and changes 

the mechanism of corrosion.  

These changes can mean that materials corrode more rapidly in a salt environment 

(such as in or close to a salt water body) than in environment in the absence of salt. 
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To assess how the coatings would behave in a salt water environment, salt spray 

analysis was conducted [24].  

Coating samples were prepared as per section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier.  

The method used in this research was adapted from ASTM B 117 – 03, Standard 

Practice for Operating Salt Spray (Fog) Apparatus. A 5.0 % wt NaCl solution was 

prepared and 3 of each coating sample was placed in an Ascott cc ip1000 salt spray 

chamber. The experiment was conducted for a 240-hour period, after which time the 

samples were removed and washed with deionised water and dried.  

The coating samples were weighed before and after salt spray analysis, the difference 

in mass was calculated and mass loss obtained. The mass lost was then used to 

calculate the corrosion rate (3.8.).   

 

𝐶𝑅 =  
𝑘 𝑊

𝐴 𝑡 𝑑
                                                                                                        (3.8.) 

 

Were k is a corrosion rate constant (3.45x106 m/year), W is the mass lost in g, A is 

area in cm2, t is time in hours, and d is the density of the material deposited in g/cm3 

(8.94 g/cm3 for copper 8.91 g/cm3 nickel) 

 

3.5. Microstructure analysis 
 

 
The properties of a composite coating are dependent on factors like grain size, particle 

content and surface morphology. To assess the surface morphology, particle content, 

and crystal structure of the coatings, microstructure analysis was conducted. This 

included scanning electron microscope (SEM), focus ion beam scanning electron 

microscope (FIB-SEM), and Glow-discharge optical emission spectrometry (GDOES). 
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3.5.1. Scanning electron microscope (SEM)  
 

The surface features of a coating can affect its properties such as roughness, 

brightness and WCA. SEM was conducted to examine the surface of the samples 

under high magnification, in an effort to assess surface features such as nodulation, 

crystal orientation and surface texture.  

Coating samples were prepared as per section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier. A 10 mm2 sections 

was cut from the sample and stuck to an aluminium sample holder using carbon tape, 

and any dust blown off with compressed air. The samples were then examined in Zeiss 

SEM as per operating instructions. 

 

3.5.2. Electron back scatter detection (EBSD)  
 

 

 

The grain structure of an electrodeposited coating is a major factor affecting the 

coatings properties, such as hardness, WCA and corrosion rate. To assess the grain 

structure of the deposits EBSD was conducted on the electrodeposited coatings. 

 

Coating samples were prepared for copper, copper turmeric, copper nano diamond, 

LICE nickel and LICE nickel turmeric as per section 3.3. The coatings were then 

thoroughly washed with deionised water and dried with an electric hair drier. The 

samples were then cross sectioned and mounted in a hot mold of PolyFast Struers 

resin for hot mounts supplied by Struers Ltd. The cross section of the sample was then 

ground with successively finer grit sanding discs until only small parallel scratch marks 

could be seen. The final polish was performed with OP-S 0.04 µm solution supplied 

by Struers Ltd. The samples were then examined in Zeiss SEM as per operating 

instructions (with a stepping size of 33 nm). 
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3.5.3. Focused ion beam (FIB-SEM) 
 

 

Focused Ion Beam - Scanning Electron Microscope (FIB-SEM) is a similar system to 

SEM, however the electron beam is replaced with a gallium ion (Ga+) beam. A fine ion 

beam is used for high-resolution imaging, and heavier beam for cutting into the surface 

of the sample [28].  

The use of the heavier ion beam allows the cross section and grain structure of the 

coating to be examined [29]. 

In this research FIB-SEM was used to obtain high resolution images of the cross 

section of the samples, which was used to obtain information on the particle content 

and grain size of the coatings. 

Coating samples were prepared for copper, copper turmeric, LICE nickel and LICE 

nickel turmeric as per section 3.3. The coatings were then thoroughly washed with 

deionised water and dried with an electric hair drier. A 10 mm2 sections was cut from 

the sample and stuck to an aluminium sample holder using silver paint, and any dust 

blown off with compressed air. The samples were then examined in FEI versa 3D FIB-

SEM as per operating instructions.  

The line intercept method was used to determine grain size with ImageJ [30-32]. The 

FIB images were loaded into ImageJ and the scale calibrated using the scale bar on 

the FIB image. A line of known length was drawn across the image and the number of 

grains that intercept the line counted, this was repeated for both Y and X-axis. The 

grain size was then calculated using equation 3.9. 

 

𝐺𝑠 =  
𝐿

𝑛
                                                                                                             (3.9.) 

 

Where Gs is the grain size, L is the length of the line and n is the number of grains that 

intercept the line. 
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3.5.4. Glow-discharge optical emission spectrometry  
 

Glow-discharge optical emission spectrometry (GDOES) is an analytical technique 

that can be used to identify the composition of a metal/alloy or organic polymer.  

 

 

Figure 3.9. Diagram of GDOES inner workings A) Side view of GDOES anode and cathode 

setup. B) End view of GDOES anode and cathode. C) End view of GDOES anode and cathode 

with sample in place. 

In GDOES the sample is placed onto a cathode becoming the cathode itself (Figure 

3.9.). The glow-discharge is filled with argon gas under low pressure, a DC voltage is 

then applied between the cathode and anode which causes electrons to be released 

from the surface of the sample. The electrons gain kinetic energy as they are 

accelerated towards the anode. The electrons collide with argon atoms producing a 

plasma of argon cations electrons and neutral argon atoms. The argon cations are 

accelerated towards the samples surface, colliding with it releasing atoms from the 

sample. The sample atoms diffuse into the plasma where colliding with high energy 

electrons, exciting the sample atoms to a higher energy state. When the sample atoms 

relax back to the ground state they release light of a characteristic wavelength. The 

wavelength is characteristic of that particular atom and the intensity of the light is 

proportional to its concentration [33,34]. 
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GDOES was used in this research project to quantify the turmeric concentration in the 

coatings. 

Coating samples were prepared as per Section 3.3. The coatings were then thoroughly 

washed with deionised water and dried with an electric hair drier. The samples were 

then given to Tekniker IK4 in Spain, where GDOES was conducted on a Horiba GD 

profiler 2. The result of the GDOES analysis were plotted onto a graph of element 

percentage (y axis) vs depth of coating (x axis) by Tekniker IK4. 

 

3.6. Statistical analysis 
 

 

The comparison between the means of two samples is not an accurate method of 

determining the similarity or difference between those two samples. It is possible for 

Two samples to have the same mean value but completely different behaviour. 

An example of how the mean can be misleading is given in Table 3.6. Sample (A) 

shows uniform microhardness across the surface of the sample with a mean value of 

100 HV. Sample (B) shows very different behaviour with areas of lower and higher 

microhardness when compared to sample (A) but has the same mean value. Sample 

(C) shows much closer behaviour to sample (A) however one outlier gives it a greater 

mean value than both samples (A) and (B). 

 

Table 3.6. Example of hardness taken at five locations across the surface of three samples.   

Area of sample Microhardness 

sample A HV 

Microhardness 

sample B HV 

Microhardness 

sample C HV 

1 101 150 101 

2 99 50 99 

3 100 225 100 

4 101 50 101 

5 99 25 130 

Mean value 100 100 106 
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Statistical analysis allows the correct interpretation of data, quantifying the similarity 

or difference between two sets of data and indicating if the similarity or difference is 

meaningful (significant) and not just a chance occurrence.  

In the research presented here standard deviation (σ) was used to assess the variation 

in the data and calculate, standard error, T values and F values (3.10). Standard error 

was used to plot error bars on all graphs (3.11.). A Dixon Q-test was used to assess 

the validity of outliers in the data (3.12.). In this research F-tests (3.13.) were used to 

assess if the similarity between two deposits was meaningful (significant), and T-tests 

(3.14.) were used to assess if the difference between two deposits was meaningful. 

 

𝜎 = √
𝛴(𝑥−𝑥°)2

𝑛−1
                                                                      (3.10.) 

𝑆𝐸 =  
𝜎

√𝑛
                                                                                                           (3.11.) 

𝑄 =  
𝑔𝑎𝑝

𝑟𝑎𝑛𝑔𝑒
                                                                                                       (3.12.) 

𝐹 =  
𝜎1

2

𝜎2
2                                                                                                     (3.13.) 

𝑇 =  
(𝑥1−𝑥2)

√𝜎1
2

𝑛1
+

𝜎2
2

𝑛2

                                                                                                     (3.14.) 

 

Where x is the sum of the data set, x° is the mean of the data set and n is the number 

of data points. σ12 is the standard deviation for highest variation squared, x1 the mean 

for that variance and n1 is the number of data points for that variance, σ22 is the 

standard deviation for lowest variation squared, x2 the mean for that variance and n2 

is the number of data points for that variance.  
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4. Turmeric preparation 

 

4.1. Overview  
 

The particles deposited in an electrodeposited composite coating are a crucial part of 

the coatings properties [1-3]. The concentration of particles, the particle size, shape, 

type and even the charge of the particles in the electrolyte can affect the particle 

content of the deposit and thus the properties of the composite coating [1]. To ensure 

properties are uniform throughout the composite coating, the particles must be 

dispersed evenly throughout the coating [4-6], and to ensure the even dispersion of 

particles in the coating, a well dispersed electrolyte free from agglomerates is desired 

[1].  

The study in this Chapter aimed to optimise the dispersion and de-agglomeration of 

turmeric particles in the electrolyte. The study was structured in 3 sections: 

 

• Turmeric morphology pre-dispersion: turmeric powder was viewed under SEM, 

to assess the size and shape of turmeric particles before dispersion in the 

electrolyte. 
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• Deagglomeration: turmeric was dispersed into copper electrolyte mimic by 

stirring and ultrasound, to assess the most suitable method of dispersion and 

de-agglomeration.  

• Z-average size: the effect of concentration and ultrasound power on the 

turmeric particle size was assessed using DLS. 

 

4.2. Turmeric particle morphology   
 

Figure 4.1. and Figure 4.2. Shows SEM images of turmeric powder before dispersion 

in the copper electrolyte mimic. 

 

Figure 4.1. SEM image of larger turmeric particles before dispersion in copper electrolyte 

mimic. 

The turmeric particles pre-dispersion exhibited a broad range of morphologies and 

sizes. Figure 4.1. Shows great variation in the morphology and size of turmeric 

particles, with larger turmeric particles present having dimensions greater than 160 

µm. Figure 4.2. Shows smaller turmeric particles, again with a wide variation in 

morphologies and sizes, with particles of less than 40 µm present.  
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Figure 4.2. SEM image of smaller turmeric particles before dispersion in copper electrolyte 

mimic. 

 

Figure 4.3. Diagram of Z-average size of particles in solution measured by Dynamic light 

scattering (DLS). (A) Shows a spherical particle with a red circle representing a hydrodynamic 

sphere. (B) Shows a non-spherical particle with a red circle representing a hydrodynamic 

sphere.  

Dynamic light scattering (DLS) measurements assume that the particles being 

measured are spherical or near spherical (Figure 4.3.), however, SEM images of the 

turmeric particles showed this was not the case before dispersion. The diffusion of 

non-spherical particles in solution may be different to their hydrodynamic sphere 

calculated by DLS.  
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4.3. Turmeric deagglomeration experiment 
 

 

4.3.1. Effects of stirring on deagglomeration  
 

 

Figure 4.4. Shows the Z-average size of turmeric particles at varying concentrations 

of turmeric in the electrolyte mimic after 20 min stirring with a 35 mm mechanical 

stirring bar at 240 rpm. 

 
Figure 4.4. The effects of stirring on the Z-average size of turmeric particles at concentrations 

of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l of turmeric in copper electrolyte mimic. The solutions were 

stirred for 20 min then left to settle for 1 hour. 

After 20 min of stirring the turmeric Z-average size had remained unchanged (within 

error) for the concentrations of 0.5 g/l, 1.0 g/l, and 2.0 g/l, and increased for the 

concentration of 3.0 g/l. After stirring was stopped the Z-average increased for all 

concentrations. At the end of the experiment, the Z-average size for all concentrations 

was larger than the initial Z-average size. Figure 4.5. Shows the polydispersity index 

of turmeric particles at varying concentrations of turmeric in the electrolyte mimic after 

20 min stirring with a 35 mm mechanical stirring bar at 240 rpm. 

0

500

1000

1500

2000

2500

3000

0 10 20 30 40 50 60 70 80

Z-
av

er
ag

e 
si

ze
 /

 n
m

time / min

0.5 g/l

1.0 g/l

2.0 g/l

3.0 g/l

Stirring Still



73 
 

Figure 4.5. The effects of stirring on the polydispersity index of turmeric particles at 

concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l in copper electrolyte mimic. The solutions 

were stirred for 20 min then left to settle for 1 hour. 

After 20 min of stirring the turmeric particles polydispersity index had remained 

unchanged within error for the concentrations of 0.5 g/l and 3.0 g/l, and had decreased 

for the concentration of 2.0 g/l and increased for 1.0 g/l. After stirring was stopped the 

polydispersity index increased for the concentrations of 0.5 g/l, 2.0 g/l, and 3.0 g/l, and 

remained unchanged within error for the concentration of 1.0 g/l. At the end of the 

experiment, the polydispersity index for all concentrations was above 0.7.  

Figure 4.6. Shows how the percentage of turmeric particles in range of detection 

changes with varying turmeric concentration in the electrolyte mimic after 20 min 

stirring with a 35 mm mechanical stirring bar at 240 rpm. 

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60 70 80

p
o

ly
d

is
p

e
rs

it
y 

in
d

ex

time/ min

0.5 g/l

1.0 g/l

2.0 g/l

3.0 g/l

Stirring Still



74 
 

Figure 4.6. The effects of stirring on the percentage of turmeric particles in range of detection 

at concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l in copper electrolyte mimic. The solutions 

were stirred for 20 min then left to settle for 1 hour. 

 

After 20 min of stirring the percentage of turmeric particles with sizes in range of 

detection (10 nm to 6500 nm) had increased for the concentrations of 2.0 g/l and 3.0 

g/l, and had not changed for the concentrations of 0.5 g/l and 1.0 g/l. After stirring was 

stopped the percentage of turmeric particles with sizes in range of detection initially 

decreased for all concentrations before increasing for the concentrations of 1.0 g/l and 

2.0 g/l. At the end of the experiment, the percentage of turmeric particles with sizes in 

range of detection had increased for the concentration of 2.0 g/l, decreased for the 

concentration of 0.5 g/l and remained unchanged for 1.0 g/l and 3.0 g/l within error. 

 

Stirring had little effect on the Z-average size and polydispersion index of the turmeric 

particles in solution, however a slight improvement in the number of particles with sizes 

in range of detection was seen. This may indicate that particles above the range of 

detection (6500 nm) are being broken down to a size close to the Z-average (within 

error of 200 nm), or there is a progressive break down of particles (of a wide range of 

sizes) so that the overall Z-average size is not changed (Figure 4.7.).  
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Once stirring was stopped and the solutions left to settle, the Z-average size and the 

polydispersity index increased, this would suggest that the turmeric particles were 

agglomerating in solution. 

 

 

Figure 4.7. Diagram of the progressive break down of turmeric particles in the copper 

electrolyte mimic. (A) Shows the size distribution of turmeric particles in the electrolyte (B) 

Shows the particle above 6500 nm has been broken down to a size in range of detection (10 

to 6500 nm), however, particles in range of detection have also been broken down, some to a 

size outside the range of detection (less than 10 nm). The reverse mechanism (e.g. from B to 

A) would represent the agglomeration of particles in the electrolyte. 

 

 

4.3.2. Effects of ultrasound on deagglomeration 
 

 

Figure 4.8 to 4.11. Shows graphs of the change in Z-average size over time with the 

application of ultrasound from a 20 kHz horn at 11 W/l. Figure 4.12. and Figure 4.13. 

Show graphs of the change in polydispersity over time with the application of 

ultrasound from a 20 kHz horn at 11 W/l. 
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After 20 min of ultrasound with a 20 kHz horn at a power of 11 W/l the turmeric mean 

Z-average size had significantly decreased for all concentrations. After ultrasound was 

stopped and the solutions left to settle for 1 hour, no significant change in the mean Z-

average was observed for all concentrations.  

Figure 4.8. The effects of 20 kHz ultrasound at a power of 11 W/l on the Z-average size of 

turmeric particles in copper electrolyte mimic. The solutions were sonicated for 20 min then 

left to stand for 1 hour. 

Figure 4.9. The effects of 20 kHz ultrasound at a power of 11 W/l on the Z-average size of 

turmeric particles in copper electrolyte mimic. The solutions were sonicated for 20 min then 

stirred for 1 hour. 
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Stirring the solution for 1 hour after ultrasound again made no significant difference to 

the observed mean Z-average size of the turmeric particles in solution. Increasing the 

duration of ultrasound from 20 min to 30 min also showed no significant effect on the 

turmeric mean Z-average size. Although a small reduction in the mean Z-average size 

was observed, this was within error of the mean Z-average size after 20 min 

sonication. Again no significant difference in the mean Z-average size of turmeric 

particle was observed, if the solutions were left still or stirred for 1 hour after 30 min 

ultrasound.  

 

Figure 4.10. The effects of 20 kHz ultrasound at a power of 11 W/l on the Z-average size of 

turmeric particles, at a concentration of 0.1% in copper electrolyte mimic. The solution was 

sonicated for 30 min then left to settle for 1 hour. 
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Figure 4.11. The effects of 20 kHz ultrasound at a power of 11 W/l on the Z-average size of 

turmeric particles, at a concentration of 0.1% in copper electrolyte mimic. The solution was 

sonicated for 30 min then stirred for 1 hour. 

 

Figure 4.12. The effects of 20 kHz ultrasound at a power of 11 W/l on the polydispersity index 

of turmeric particles at concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l in copper electrolyte 

mimic. The solutions were sonicated for 20 min then left to settle for 1 hour. 
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Figure 4.13. The effects of 20 kHz ultrasound at a power of 11 W/l on the polydispersity index 

of turmeric particles at concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l in copper electrolyte 

mimic. The solutions were sonicated for 20 min then stirred for 1 hour. 

The application of ultrasound from a 20 kHz horn at a power of 11 W/l had a significant 

effect on the polydispersity index. After 20 min the polydispersity index had decreased 

to below 0.7 for all concentrations (below 0.5 for the concentration of 1.0 g/l). After the 

ultrasound was stopped and the solutions left to stand for 1 hour, the polydispersity 

index increased for the concentrations of 0.5 g/l, 2.0 g/l and 3.0 g/l (above 0.7 for 3.0 

g/l), and remained largely unchanged for the concentration of 1.0 g/l.  

 

Stirring the solutions for 1 hour after ultrasound showed no significant improvement to 

the polydispersity index when compared to the left to stand solutions (Figure 4.13.). 

For the concentrations of 0.5 g/l and 2.0 g/l the polydispersity index was seen to 

increase, but remained largely unchanged (within error) for the concentrations of 1.0 

g/l and 3.0 g/l. After the full duration of the experiment all concentrations whether left 

to stand or stirred for 1 hour after ultrasound showed a reduction in the polydispersity 

index from their initial values. 
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Figure 4.14. The effects of 20 kHz ultrasound at a power of 11 W/l on the percentage of 

turmeric particles in range of DLS detection at concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 

g/l in copper electrolyte mimic. The solutions were sonicated for 20 min then left to settle for 1 

hour. 

Figure 4.15. The effects of 20 kHz ultrasound at a power of 11 W/l on the percentage of 

turmeric particles in range of detection at concentrations of 0.5 g/l, 1.0 g/l, 2.0 g/l and 3.0 g/l 

in copper electrolyte mimic. The solutions were sonicated for 20 min then left to settle for 1 

hour. 
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Figure 4.14. and Figure 4.15. Show the percentage of turmeric particles with a size in 

range of detection after the application of ultrasound from a 20 kHz horn at a power of 

11 W/l. The percentage of turmeric particles with sizes in range of detection (from 10 

nm to 6500 nm) after 20 min ultrasound significantly increased for all concentrations. 

After ultrasound was stopped and the solutions left still for 1 hour, the percentage of 

turmeric particles with a size in range of detection initially decreased before increasing 

again for all. Stirring the solutions for 1 hour after ultrasound showed no significant 

improvement to the percentage of particles with a size in range of detection when 

compared to the left to stand solutions. For the concentrations of 3.0 g/l there was an 

initial reduction in the percentage of particles with a size in range of detection before 

increasing again, all other concentrations remained largely unchanged once stirring 

was started. After the full duration of the experiment all concentrations whether left to 

stand or stirred for 1 hour after ultrasound showed a significant increase in the 

percentage of particles with a size in range of detection. 

 

 

Figure 4.16. Diagram of the deagglomeration of turmeric particles in the copper electrolyte 

mimic. (A) The turmeric particles before ultrasound. (B) The turmeric particles after 10 min of 

ultrasound. (C) The turmeric particles after 20 min of ultrasound. (D) The turmeric particles 

after 30 min of ultrasound. 
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At all concentrations analysed the mean Z-average size, polydispersion index and 

number of particles in range of detection was improved after 20 min of ultrasound. 

However, increasing the ultrasound duration from 20 min to 30 min did not significantly 

improve the mean Z-average size, polydispersion index or number of particles in range 

of detection any further. Similar results have also been reported in the literature, where 

ultrasound progressively reduces particle size overtime up until a certain point is 

reached, after which ultrasound does not further reduce the size significantly [1,2]. 

This may be due to the maximum de-agglomeration of the turmeric particles being 

reached after 20 mins. The turmeric particles are initially agglomerated together in the 

solution, when ultrasound is applied the agglomerates start to break apart. After 20 

min of ultrasound the majority of the agglomerates (that can be broken up at that 

ultrasound power) are already de-agglomerated. Increasing the duration of ultrasound 

after this will not significantly reduce the mean Z-average size any further (Figure 

4.16.) [3-6]. 

 

4.4. Variation mean Z-average size  
 

4.4.1.  Variation at different concentrations  
 

Figure 4.17. Shows how the mean Z-average size of turmeric particles changed with 

increasing turmeric concentration in the copper electrolyte mimic. 

Increasing the turmeric concentration in the electrolyte mimic increased the mean Z-

average size of the turmeric particles in solution. At a concentration of 1.0 g/l of 

turmeric, a mean Z-average size of 134 ± 37.0 nm was observed, at 5.0 g/l of turmeric, 

the mean Z-average size observed was 289 ± 30.0 nm, and at 10.0 g/l of turmeric, a 

mean Z-average size of 900 ± 184.0 nm was observed.  

Figure 4.18. shows the size distribution of turmeric particles in the electrolyte mimic. 

After 20 min of ultrasound with a 20 kHz horn at a power of 11 w/l, the peak of highest 

intensity for all concentrations existed above 100 nm. As the concentration of turmeric 

was increased the peak of highest intensity was also increased and moved closer to 

the 1000 nm line. The peak below 100 nm decreased in intensity with increasing 

turmeric concentration, two peaks below 100 nm existed in the 10.0 g/l solution. 
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Figure 4.17. The effects of turmeric concentration in the copper electrolyte mimic had on mean 

Z-average size of turmeric particles in solution, after ultrasound of 20 kHz at a power of 11 

W/l. 

 

Figure 4.18. The size distribution of turmeric particles measured by signal intensity in a 

sample with a concentration of 1.0 g/l, 5.0 g/l and 10.0 g/l of turmeric in copper electrolyte 

mimic, after 20 kHz ultrasound from a horn at a power of 11 w/l for 20 minutes. 
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Figure 4.19. The effects of turmeric concentration (in the copper electrolyte mimic) on mean 

polydispersity index of turmeric particles in solution, after ultrasound of 20 kHz at a power of 

11 W/l. 

Figure 4.20. The effects of turmeric concentration (in the copper electrolyte mimic) on mean 

percentage of turmeric particles with a size in range of detection in solution, after ultrasound 

of 20 kHz at a power of 11 W/l. 
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Figure 4.19. Shows the change in polydispersity index with increasing turmeric 

concentration, and Figure 4.20. Shows the change in the percentage of particles in 

range of detection, with increasing turmeric concentration. Increasing the 

concentration of turmeric from 1.0 g/l to 5.0 g/l did not affect the polydispersity index, 

however, increasing the concentration further to 10.0 g/l resulted in an increase in the 

polydispersity index. A steady decrease in the percentage of particles with sizes inside 

the range of detection from a concentration of 1.0 g/l to 10 g/l of turmeric was 

observed.  

 

4.4.2. Effect of ultrasound power on Z- average size. 
 

 

 

Figure 4.21. Shows the effect of ultrasound power on the mean Z-average size of 

turmeric particles in the copper electrolyte mimic. A progressive reduction in the mean 

Z-average size (and error) of turmeric particles in solution was observed with 

increasing ultrasound power. At an ultrasound power of 11 W/l a mean Z-average size 

of 900 ± 184 nm was observed, at 33 W/l a mean Z-average size of 238 ± 30 nm was 

seen.  

Figure 4.21. Effects of ultrasound power from a 20 kHz horn applied for 20 min on the Z-

average size of turmeric particles in a solution of 10.0 g/l of turmeric in the copper electrolyte 

mimic. 
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Figure 4.22. The size distribution of turmeric particles measured by signal intensity in a 

sample with a concentration of 10.0 g/l of turmeric in copper electrolyte mimic, after 20 kHz 

ultrasound from a horn at a power of 22 W/l for 20 min. 

Figure 4.22. Shows how the size distribution of turmeric particles in solution is affected 

by ultrasound power. At an ultrasound power of 11 W/l the peak of highest intensity in 

the 10.0 g/l solution existed above 100 nm, with two smaller peaks present below 100 

nm. At an ultrasound power of 33 W/l, the peak above 100 nm was reduced in intensity 

and moved closer to the 100 nm line, only one peak was present below 100 nm which 

had increased intensity compared to the 10.0 g/l solution sonicated at 11 W/l. 

The R2 value shown in Figure 4.16. was close to 1.0 indicating a strong linear 

relationship between mean Z-average size of turmeric particle and turmeric 

concentration in the electrolyte. The polydispersity index and intensity plots show the 

turmeric particle in the solutions were not monodispersed. The peak between 100 nm 

and 1000 nm indicated that the majority of turmeric particles in solution existed with a 

size between 100 nm and 1000 nm. As the concentration of turmeric increased the 

intensity of the particles between 100 nm and 1000 nm increased and decreased for 

particles between 10 nm and 100 nm, suggesting an increase in turmeric particles with 
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a size above 100 nm. Results from the particle dispersion experiments also showed a 

general trend of increasing turmeric particle size with increasing turmeric 

concentration. Therefore, the results obtained in this section of research were 

expected. 

Increasing ultrasound power from 11 W/l to 33 W/l, reduced the mean Z-average size 

and the size distribution of the turmeric particles in solution. Increasing the ultrasound 

power from 11 W/l to 33 W/l reduced the mean Z-average size from 900 ± 184 nm to 

238 ± 30 nm. As the power of the ultrasound was increased, the signal intensity for 

particles with a Z-average size between 100 and 1000 nm decreased, and the signal 

intensity for particles with a Z-average size of between 10 and 100 nm increased. The 

increase in intensity for particles of between 10 and 100 nm can be attributed to larger 

particles/agglomerates (above 100 nm) being broken down to a size below 100 nm, 

increasing the percentage of particles in range of detection, decreasing the intensity 

for particles above 100 nm and reducing the mean Z-average size. 

 

4.5. Turmeric preparation discussion 
 

 

 

To ensure the even dispersion of properties throughout the coating it is essential that 

the particles are evenly disperse throughout the electrolyte, and large agglomerates 

are avoided. The results show that stirring is ineffective at dispersing and 

deagglomerating turmeric in the copper electrolyte mimic, and therefore would not be 

suitable for dispersing the turmeric in the electrolytes before electrodeposition. 

However, ultrasound from a 20 kHz horn proved very affective. 

The stirred solutions showed no significant change in Z-average size or polydispersion 

index after 20 min. The polydispersion index at the end of the experiment was greater 

than 0.7. The polydispersity index is a measurement of the variation in the Z-average 

size of particles in the solution. A polydispersity index of 0.5 or lower is rarely seen 

and indicates the Z-average size of particles in solution is monodispersed, a 

polydispersity index of 0.7 or greater indicate a high level of variation in the Z-average 

size of particles in solution, and the sample may not be suitable for DLS measurements 

[7-9]. However, the number of particles in range of detection remained the same. This 
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suggests that agglomeration of turmeric particles was taking place. Agglomeration of 

turmeric particles at sizes in range of detection would increase the polydispersity index 

and Z-average size but may not increase the Z-average size of the turmeric particle 

sufficiently to move them outside of the range of detection. The application of 

ultrasound at a power of 11 W/l from a 20 kHz horn had a significant effect on the 

mean Z-average size of the turmeric particles in solution. At all concentrations 

analysed the mean Z-average size of the turmeric particle was reduced after 20 min 

of ultrasound. However, increasing the ultrasound duration from 20 min to 30 min did 

not significantly reduce the mean Z-average size any further. The reduction of the 

mean Z-average size is likely due to the deagglomeration and physical break down of 

the turmeric particles due to the acoustic cavitation, acoustic streaming, micro-jetting, 

cavitation fields, and high-speed particle collisions caused by the ultrasound [10,11]. 

The polydispersity index was also significantly improved by the application of 

ultrasound, to 0.6 or below for all concentrations. 

The Z-average size of the turmeric particles in solution was dependant on both the 

concentration of turmeric in solution and the ultrasound power used to disperse it. An 

increase in turmeric concentration resulted in an increase in the Z-average size of 

turmeric particles in solution, which is likely due to an increase in agglomeration. When 

the ultrasound power was increased from 11 W/l to 33 W/l the Z-average size of 

turmeric particles in solution could be reduced further. The Z-average size of 900 ± 

184.0 nm seen in 10.0 g/l solution was reduced to 238 ± 30 nm by increasing the 

ultrasound power, which was close to that seen for 5.0 g/l solution at 289 ± 30.0 nm. 

Although the solutions were not monodispersed, this allows the effects of both the size 

of turmeric particle and their concentration in the electrolyte on the grain structure of 

the deposits to be compared. 

However, the Z-average size measured by DLS is the intensity-weighted mean of the 

hydrodynamic particle size [8,12]. The Z-average size is known to be the most stable 

result generated by DLS, as it is not affected by noise [7,8,12,13]. The Z-average size 

assumes that the particles are spherical (or near spherical) and that the solution is 

monodispersed. This was not the case for the turmeric solutions, and therefore may 

not be an accurate representation of the actual turmeric particles size in the copper 

electrolyte mimic. 
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4.6. Conclusions 
 

• The SEM images shows that turmeric particles do not have a uniform size or 

shape before dispersion. As the turmeric particles were not spherical, DLS 

measurements are less accurate. 

• Ultrasound from a 20 kHz horn is an effective method of de-agglomerating 

turmeric particles in the copper electrolyte mimic.  

• After 20 min of ultrasound the maximum de-agglomeration had occurred at that 

power and increasing duration of ultrasound did not significantly reduce the 

turmeric particle size any further.  

• Once ultrasound was stopped, only a small amount of re-agglomeration took 

place, which did not have a significant effect on the Z-average size.  

• Solutions stirred for 1 hour after ultrasound did not show any significant 

difference when compared to solutions left to settle after ultrasound. 

• Ultrasound from a 20 kHz horn at a power of 11 W/l produced mean Z-average 

sizes of 134 ± 37.0 nm, 289 ± 30.0 nm, and 900 ± 184.0 nm for solutions with 

turmeric concentrations of 1.0 g/l, 5.0 g/l and 10.0 g/l respectively. The 

polydispersity index and intensity distribution plot showed that the solutions 

were not monodispersed, with the majority of particles having a Z-average size 

of between 100 and 1000 nm. 

• Increasing the ultrasound power from 11 W/l to 33 W/l reduced the Z-average 

size from 900 ± 184.0 nm to 238 ± 30 nm for the 10.0 g/l solution. The intensity 

distribution plots show that the solutions were not monodispersed, with the 

majority of particles having a size between 100 and 1000 nm. With increasing 

ultrasound power, there was an increase in particles with sizes between 10 and 

100 nm. 
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5. Copper results   
 

 

5.1. Overview 
 

 

In order to understand the effect that the incorporation of turmeric particles has on the 

properties of the electrodeposited copper coatings, pure copper, copper with Tween 

20 and copper with turmeric coatings were produced and characterised. To 

understand the influence of particle size on the grain structure of the deposit, copper 

nano-diamond deposits were also produced. This Chapter contains the results and 

discussion of the properties of the electrodeposited copper coatings, and in an effort 

to understand these properties the Chapter also contains results and discussion of the 

microstructure of the copper coatings. This Chapter has been divided into Three 

sections: 

• Electrodeposition: this section contains information on the Hull cell test, and the 

surface finish of the coatings. 

• Microstructure: this section has information on the microstructure of the copper 

turmeric and copper nano-diamond samples and includes surface morphology, 

grain structure, grain size, and particle content results. 

• Copper coating properties: this section has information on the hardness, 

hydrophobic behaviour, surface roughness, and both electrochemical and salt 

spray corrosion resistance. 

 

5.2. Electrodeposition 
 
 

5.2.1. Hull cell test 
 

 

Photographic images of Hull cell panels after the electrodeposition of pure copper and 

copper with 10 ml/l of Tween 20 are shown in Figure 5.1. 
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Figure 5.1. Image of Hull cell panels (A) electrodeposited from pure copper electrolyte. (B) 

electrodeposited from copper electrolyte with 10.0 ml/l of Tween 20. 

The pure copper deposit shows no bright areas with a matte finish up to 0.04 A/cm-2, 

after which burnt areas were visible. In the copper with 10.0 ml/l of Tween 20 deposit, 

a bright finish could be seen under 0.01 A/cm-2, and after 0.01 A/cm-2 the deposit was 

matte up to 0.08 A/cm-2, after which burnt areas of the deposit could be seen. Previous 

studies have shown that the addition of a surfactant to the electrolyte can have many 

benefits, including widening the operational range of current density [1,2]. To ensure 

all coatings were produced under similar conditions, all coatings in this research were 

deposited at 0.04 A/cm-2. 

 

5.2.2. Copper coating surface finish 
 

 

Photographic images of the surface finish of copper deposits produced under varying 

conditions are shown in Figure 5.2. 
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Figure 5.2. Images of the surface of copper coating samples. (A) pure copper (B) copper with 

Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper with 

Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte 

sonicated at a power of 33 W/l before electrodeposition. A water stain on sample (E) is marked 

with a red circle. 

Sample (A) showed a smooth uniform salmon pink finish typical of electrodeposited 

copper. The sample produced from the copper bath with 10 ml/l of Tween 20 (B), 

showed a smooth uniform rose pink deposit. Sample (C) showed a smooth light pink 

deposit with a finish similar to that of polychromatic paint, as did all samples 

incorporating turmeric (samples (C) to (F)). With increasing turmeric concentration in 

the electrolyte up to 10.0 g/l, the coatings became progressively darker in colour. All 

samples showed darker areas towards the edges of the coatings. The darker edges 

can be attributed to a greater thickness of deposit at the edge compared to the centre 

(edge build up). Edge build up is caused by a non-uniform distribution of current on 

the cathode, with the current at the edges being higher than at the centre [3,4].  
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5.3. Microstructure 
 

5.3.1. Particle content  
 

The data showing change in carbon content of the copper turmeric composites with 

depth obtained by GDOES is presented in Figures 5.3. to 5.6. whilst the mean carbon 

content is presented in Figure 5.7. 

 

Figure 5.3. Shows the coating composition of copper with 1.0 g/l of turmeric in the electrolyte 

(sample (C)). 

 

Figure 5.4. Shows the coating composition of copper with 5.0 g/l of turmeric in the electrolyte 

(sample (D)). 
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Figure 5.5. Shows the coating composition of copper with 10.0 g/l of turmeric in the electrolyte 

(sample (E)). 

 

Figure 5.6. Shows the coating composition of copper with 1.0 g/l of turmeric in the electrolyte, 

sonicated at a power of 33 W/l before electrodeposition (sample (F)). 

The large spike in carbon content near the surface of the deposits was likely due to 

organic contaminants on the surface of the coatings. The carbon content of the 

coatings reduced from approximately 3.0 % for sample (C) to approximately 0.25 % 

for samples (E) and (F). A slight increase in carbon content with deposit depth was 
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observed for samples (C) and (D), with a slight decrease for samples (E) and (F). The 

thickness of the deposit observed from GDOES data varied from sample to sample.  

 

Figure 5.7. Carbon content in copper turmeric deposits obtained by GDOES. (C) copper with 

Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D). copper with Tween 20 and 5.0 g/l of 

turmeric in the electrolyte. (E). copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte. 

(F). copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte sonicated at a power of 

33 W/l. 

The carbon content of the deposits was likely due to the incorporation of turmeric 

and/or Tween 20. GDOES data showed there was a reverse correlation between 

carbon content and turmeric electrolyte concentration, where increasing the bath 

concentration from 1.0 g/l to 10.0 g/l resulted in reducing the deposits carbon content 

from 3.0 % to 0.25 %. Although, the literature shows that increasing the particle 

concentration in an electrolyte generally increases the particle content of the coating 

until a saturation point is reached (after which it  plateaus, or a small reduction is seen), 

the large extent of reduction in carbon content seen in this research was unexpected 

[5-7].  

The variation in position where GDOES data was obtained across the surface of the 

deposit is likely responsible for the variation in deposit depth observed. Variation in 

current density across the surface of the cathode during electrodeposition can lead to 

variation in the deposit thickness across the surface of the coating. Edge build-up is 
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common in electrodeposits and can cause the deposit to be thicker at the edges than 

the centre [3,4].  

 

 

5.3.2. Surface morphology 
 

 

 

SEM images of copper coatings produced with varying concentrations of turmeric in 

the electrolyte are presented in Figure 5.8. to Figure 5.10.  

  

A. Pure copper surface 

1060 Magnification 

A. Pure copper surface 

10840 Magnification 

  

B. Copper Tween 20 

1060 Magnification 

B. Copper Tween 20 

10840 Magnification 

Figure 5.8. SEM Images of surface of copper coating samples.   
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C. Copper 1.0 g/l turmeric 

1060 Magnification 

C. Copper 1.0 g/l turmeric 

10840 Magnification 

  

D. Copper 5.0 g/l turmeric 

1060 Magnification 

D. Copper 5.0 g/l turmeric 

10840 Magnification 

Figure 5.9. SEM Images of surface of copper coating samples. The red circles show turmeric 

particles on the surface of the coating which are not part of the structure of the deposit. The 

blue circles show cavity in the coating were turmeric particles have been dislodged. 
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E. Copper 10.0 g/l turmeric 

1060 Magnification 

E. Copper 10.0 g/l turmeric 

10840 Magnification 

  

F. Copper 10.0 g/l turmeric 33 W/l 

1060 Magnification 

F. Copper 10.0 g/l turmeric 33 W/l 

10840 Magnification 

Figure 5.10. SEM Images of surface of copper coating samples.   

At lower magnifications, sample (A) exhibited a smooth, uniform appearance. Nodules 

were observed at lower magnifications for samples (B) to (F). Although, in general a 

progressive increase in the size of nodules was observed from samples (C) to (F), 

sample (E) exhibited fewer nodules. At higher magnifications, sample (A) and (B) had 

a similar pyramidal type grain structure, whilst samples (C) to (F) appeared smoother 

and more porous. 

The nodules present on the surface of the deposits is likely due to the presents of 

Tween 20 and turmeric in the electrolyte. Nodulation can be caused by an uneven 

current distribution on the cathode, which can be caused by the presence of 

surfactants and suspended particles in the electrolyte [8,9]. 
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5.3.3. Grain structure 
 

 

Ion beam images of the cross section of the deposits are presented in Figure 5.11. 

and Figure 5.12. 

 

Figure 5.11. Ion beam images of cross section of copper turmeric coating samples. (A) pure 

copper. (B) copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the 

electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with 

Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte sonicated at a power of 33 W/l before electrodeposition. 
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Figure 5.12. Ion beam images of cavities present in coatings. (C) copper with Tween 20 and 

1.0 g/l of turmeric in the electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the 

electrolyte. (E) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper 

with Tween 20 and 10.0 g/l of turmeric in the electrolyte sonicated at a power of 33 W/l before 

electrodeposition. 

Samples (A) and (B) exhibited a mainly columnar structure of large crystals with high 

aspect ratios (the size of major axis divided by the size of minor axis), smaller more 

irregular shaped crystals were also present. A significant refinement of the grain 

structure was observed for sample (C), with a further refinement exhibited by sample 

(D). Sample (E) did exhibit some refinement in its grain structure compared to samples 

(A) and (B), however, much larger grains similar to those present in samples (A) and 

(B) were also observed. Sample (F) exhibited a grain structure similar in appearance 

to sample (D).  

Further examination of the cross-section of deposits (C) to (F) revealed the presents 

of small cavities. Table 5.1. shows the mean size of the cavities present in the cross-

section of the deposits. 
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Table 5.1. Mean size of cavities present in the cross-section of the deposits 

Sample name Mean cavity size / nm Standard error / nm 

Sample A No cavities identified NA 

Sample B No cavities identified NA 

Sample C 129.755 14.164 

Sample D 316.083 127.744 

Sample E 91.364 38.667 

Sample F 292.609 35.451 

. 

Figure 5.13. Comparison between the mean cavity size measured in the ion beam images by 

ImageJ to the Z-average size of turmeric particles in the electrolyte measured by DLS. (C) 

copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper with Tween 20 and 

5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte sonicated at a 

power of 33 W/l before electrodeposition. 

A comparison of the mean cavity size and Z-average size of the turmeric particles in 

the electrolyte is presented in Figure 5.13. A strong correlation between the turmeric 

particles size and the cavity size can be seem for samples (C), (B) and (F), this 

suggests that the cavities present in the deposits were from turmeric particles that 

were incorporated. However, a large disparity was observed between mean cavity size 
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and Z-average size of turmeric in the electrolyte for sample (E). This may be due to 

the large Z-average size of turmeric particles in the electrolyte. Not all particles that 

reach the surface of the cathode are absorbed, and a certain residential time is needed 

for those that are [10,11]. The majority of particles in the electrolyte for sample (E), 

may be too large to be absorbed into the deposit, leaving only the smaller particles to 

be incorporated.  

 

 

 

5.3.4. Grain size 
 

 

5.3.4.1. Copper turmeric 

Grain size data obtained from the copper deposits by the line intercept method is 

presented in Table 5.2. A progressive reduction in grain size was observed from 

samples (A) to (D). However, sample (E) showed a significant increase in grain size, 

exhibiting the largest grains of all deposits in the y-axis direction. Sample (F) exhibited 

a grain size close to that of samples (C) and (D).  

It was not possible to obtain EBSD data on the copper turmeric deposits in this 

research. This could be due to several factors:  

1) A grain size smaller than the stepping size of the EBSD (33 nm). 

2) EBSD is extremely sensitive to surface roughness. 

3) Amorphous sample or localised amorphous areas.  

4) The sample containing materials not detectable by EBSD.  

 

Data obtained from the line intercept method showed the deposits were not 

amorphous and have a grain size of greater than 33 nm. However, EBSD is unable to 

detect turmeric particles in the coatings, and the presence of filler particles in the 

samples can increase the surface roughness of the polished cross-section, leading to 

increased zero solutions for the copper turmeric composites. Copper is also an 

extremely soft metal and readily scratches, the polishing method used in this research 

may not be adequate for EBSD. This made the results of copper turmeric samples 

obtain by EBSD in this research unreliable, and therefore are not presented here.   
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Table 5.2. Table of grain sizes of copper turmeric samples obtained by the line intercept 

method of the FIB-SEM images. (A) pure copper. (B) copper with Tween 20. (C) copper with 

Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper with Tween 20 and 5.0 g/l of 

turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte. 

(F) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte sonicated at a power of 33 

W/L before electrodeposition 

Sample Grain size in Y-axis 

direction /nm 

Grain size in X-axis 

direction /nm 

A 662 ± 77 437 ± 26 

B 523 ± 55 395 ± 44 

C 328 ± 27 234 ± 4 

D 259 ± 23 233 ± 13 

E 791 ± 300 348 ± 10 

F 321 ± 18 283 ± 6 

. 

The results obtained for the grain size analysis on the copper turmeric deposits, 

suggest an optimal turmeric particle size of between 200 nm and 300 nm may exist 

for reducing the grain size of the deposit. The grain size of the deposit reduced from 

sample (C) to (D) with an increase in the Z-average size of turmeric particles in the 

electrolyte from 130 nm to 298 nm. The grain size of the deposit increase from sample 

(D) to (F) with an increase in the Z-average size of turmeric particles in the electrolyte 

from 298 nm to 900 nm. However, when the Z-average size of turmeric particles in the 

electrolyte was reduce from 900 nm to 238 nm from sample (E) to (F) a significant 

reduction in grain size was observed, with sample (F) exhibiting similar grain size to 

sample (D).  

 

5.3.4.2. Copper nano-diamonds  

To identify if the optimal particle size for grain refinement observed for turmeric was 

also exhibited for other particles, copper deposits containing nano-diamonds of a 

known size were produced and studied. The grain size of copper nano-diamond 

deposits obtained by EBSD is shown in Table 5.3. with the grain structure maps 

presented in Figure 5.14. 
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Table 5.3. Table of grain sizes of copper nano-diamond samples obtained by the EBSD. (A) 

Copper with Tween 20 and 1.0 g/l of 100 nm diamonds. (B) Copper with Tween 20 and 5.0 g/l 

of 100 nm diamonds. (C) Copper with Tween 20 and 10.0 g/l of 100 nm diamonds. (D) Copper 

with Tween 20 and 1.0 g/l of 250 nm diamonds. (E) Copper with Tween 20 and 5.0 g/l of 250 

nm diamonds. (F) Copper with Tween 20 and 10.0 g/l of 250 nm diamonds. (G) Copper with 

Tween 20 and 1.0 g/l of 1000 nm diamonds. (H) Copper with Tween 20 and 5.0 g/l of 1000 

nm diamonds. (I) Copper with Tween 20 and 10.0 g/l of 1000 nm diamonds. 

Sample Grain size in Y-axis 

direction /nm 

Grain size in X-axis 

direction /nm 

A 844 ± 27 779 ± 67 

B 369 ± 53 321 ± 37 

C 1311 ± 128 1030 ± 131 

D 612 ± 12 608 ± 11 

E 576 ± 126 594 ± 119 

F 364 ± 64 439 ± 11 

G 959 ± 29 1071 ± 50 

 

All copper nano-diamond deposits exhibited a mixture of grain shapes and sizes, 

containing both finer and coarse grains, and grains with complex shapes. The mean 

grain size for composites containing 100 nm diamonds over the 3 concentrations was 

approximately 776 nm, with the smallest grain size of 320 nm in the Y-axis direction 

and 370 nm in the X-axis direction obtained at a concentration of 5.0 g/l. The mean 

grain size for composites containing 250 nm diamonds over the 3 concentrations was 

approximately 530 nm, with the smallest grain size of 360 nm in the Y-axis and 440 

nm in the X-axis directions obtained at a concentration of 10.0 g/l. The mean grain 

size for composites containing 1000 nm diamonds over the 3 concentrations was 

approximately 1030 nm, with the smallest grain size of 440 nm in the Y-axis direction 

and 460 nm in the X-axis direction obtained at a concentration of 5.0 g/l.  

Although the results show that the deposit with the smallest grain size was produced 

from an electrolyte containing 100 nm nano-diamonds, deposits produced from 

electrolytes containing 250 nm nano-diamonds exhibited grains close to that size, and 

in general, the deposits produced from electrolytes containing 250 nm had smaller 

grains than those produced from electrolytes containing 100 nm and 1000 nm. 
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Figure 5.14. Images of grain structure of copper nano-diamond deposits obtain from EBSD. 

(A) Copper with Tween 20 and 1.0 g/l of 100 nm diamonds. (B) Copper with Tween 20 and 

5.0 g/l of 100 nm diamonds. (C) Copper with Tween 20 and 10.0 g/l of 100 nm diamonds. (D) 

Copper with Tween 20 and 1.0 g/l of 250 nm diamonds. (E) Copper with Tween 20 and 5.0 g/l 

of 250 nm diamonds. (F) Copper with Tween 20 and 10.0 g/l of 250 nm diamonds. (G) Copper 

with Tween 20 and 1.0 g/l of 1000 nm diamonds. (H) Copper with Tween 20 and 5.0 g/l of 

1000 nm diamonds. (I) Copper with Tween 20 and 10.0 g/l of 1000 nm diamonds. 
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5.4. Copper coating properties 
 

5.4.1. Hardness 
 
 

The hardness of the copper deposits with varying turmeric concentrations in the 

electrolyte is presented in Figure 5.15. 

Sample (A) showed the lowest microhardness at approximately 135 ± 5 HV, which is 

within the range of values reported in the literature for pure copper [1,2,7,12-20]. A 

progressive increase in hardness was seen in the deposits from sample (A) to sample 

(D). Sample (E) exhibited a large reduction in hardness back to the level seen for 

sample (B). However, a large increase in hardness was observed for sample (F), back 

to the level of sample (D).  

Figure 5.15. Hardness of copper coating obtained by Vicker’s indenter. (A) pure copper (B) 

copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) 

copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 

10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte sonicated at a power of 33 W/l before electrodeposition. 
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The change in grain size of the deposits is likely responsible for the change in 

hardness observed. A comparison between hardness and grain size is shown in 

Figure 5.16.  

 

Figure 5.16. Hardness of copper deposits compared to their combined x-axis and y-axis mean 

grain size. (A) pure copper (B) copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l 

of turmeric in the electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. 

(E) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 

and 10.0 g/l of turmeric in the electrolyte sonicated at a power of 33 W/l before 

electrodeposition. 

A strong reverse correlation can be seen between the hardness of the deposits and 

their mean grain size. As stated in Chapter 2, when sufficient force is applied to a 

metal, dislocations are forced to pile up at grain boundaries, either because a barrier 

to crossing over exists, or a source must be activated in the next grain boundary. A 

specific concentration for a given grain is required to initiate slip into 

its neighbouring grain boundary. This concentration is most likely achieved through a 

dislocation build-up. Stress is higher as the number of dislocations increases; the more 

substantial the grain size the quicker the stress is reached [21-24].  
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5.4.2. Surface roughness 
 

The average surface roughness (Ra) and total surface roughness (Rt) are shown in 

Figures 5.17. and 5.18. Respectively.  

 

Figure 5.17. Average surface roughness (Ra) of copper deposits obtained by WLI. (A) pure 

copper. (B) copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the 

electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with 

Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte sonicated at a power of 33 W/l before electrodeposition. 

A progressive decrease in Ra value was observed from samples (A) to (C), with an 

increase from samples (C) to (E) before reducing again from samples (E) to (F). The 

Rt value increased from sample (A) to (B) then decrease to sample (C). After an 

increase in Rt from sample (C) to (D) a progressive decrease in Rt was observed from 

samples (D) to (F).  
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Figure 5.18. Total surface roughness (Rt) of copper deposits obtained by WLI. (A) pure 

copper. (B) copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the 

electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with 

Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte sonicated at a power of 33 W/l before electrodeposition. 

The variation in Ra value may be due to the change in grain structure exhibited by the 

deposits. Ra is a measurement of the average roughness across the whole sample 

area. A reduction in grain size would lead to a more refined grain structure, this could 

result in a smoother surface finish for the deposit and a reduction in Ra value. 

Although, there is a general correlation between the grain size of the deposits and 

their Ra, it is not perfect and the large error in the Ra values indicates a large degree 

of variation in surface roughness from sample to sample.  

The variation in Rt values may be due to the change in nodulation of the deposits. Rt 

is a measurement of the change in height from the lowest point to the highest point. A 

change in nodule size could result in a change in Rt value. Sample (A) exhibited the 

lowest Rt value and had no visible surface nodules. There was a reduction in nodules 

size from sample (B) to sample (C) and a decrease in Rt, then an increase in nodule 
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size to sample (D) and an increase in Rt. However, this correlation is not complete as 

a reduction in Rt value was observed from sample (E) to (F) with an increase in 

nodulation, a large error in the Rt values also indicates a large degree of variation in 

surface roughness from sample to sample 

 

5.4.3. Hydrophobic behaviour 
 

 

The water contact angle (WCA) of copper deposits with varying turmeric 

concentrations is presented in Figure 5.19. Comparison of their WCA to Ra, Rt and 

grain size are presented in Figure 5.20. Figure 5.21. and Figure 5.22. respectively.  

 

Figure 5.19. WCA of copper coatings obtained by drop shape analysis. (A) pure copper. (B) 

copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) 

copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 

10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte sonicated at a power of 33 W/l before electrodeposition. 
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Figure 5.20. Comparison of Ra to WCA of copper coatings. (A) pure copper. (B) copper with 

Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper with 

Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte 

sonicated at a power of 33 W/l before electrodeposition. 

Figure 5.21. Comparison of Rt to WCA of copper coatings. (A) pure copper. (B) copper with 

Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper with 

Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l of 

turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte 

sonicated at a power of 33 W/l before electrodeposition. 
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Figure 5.22. Comparison of WCA of the copper deposits to their combined x-axis and y-axis 

mean grain size. (A) pure copper (B) copper with Tween 20. (C) copper with Tween 20 and 

1.0 g/l of turmeric in the electrolyte. (D) copper with Tween 20 and 5.0 g/l of turmeric in the 

electrolyte. (E) copper with Tween 20 and 10.0 g/l of turmeric in the electrolyte. (F) copper 

with Tween 20 and 10.0 g/l of turmeric in the electrolyte sonicated at a power of 33 W/l before 

electrodeposition. 

Samples (A), (B) and (E) showed hydrophilic behaviour having a WCA of <90°, with 

samples (C), (D) and (F) exhibiting hydrophobic behaviour. A progressive increase in 

WCA was observed from samples (A) to (D), with a significant reduction observed from 

samples (D) to (E). A further change in WCA was observed for sample (F), increasing 

its WCA back to the level of sample (D). 

The surface free energy of a deposit is the primary factor influencing that deposits 

WCA [25-27]. Many factors can effect surface free energy including surface roughness 

and grain structure [28-30]. The Cassie Baxter model states, increasing the roughness 

of a hydrophobic surface can increase the WCA, and increasing the roughness of a 

hydrophilic surface can decrease the WCA [29,31].  
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Although the observed Ra values for samples (A) and (B), were consistent with surface 

roughness effects on their observed WCA values. Sample (E), had the highest Ra 

value of all the copper turmeric deposits and exhibited the lowest WCA, Samples (C) 

and (F) had similar Ra values and different WCA values. Although the observed Rt 

values for samples (C) and (D), were consistent with their surface roughness affecting 

the observed WCA values. Sample (E) had a higher Rt value than either sample (C) 

or (F) yet had a lower WCA.  

A strong reverse correlation was observed between the WCA of the deposits and a 

reduction in their grain size. The grain structure of a deposit is known to influence that 

deposits surface free energy, a reduction in grain size would lead to a reduction in 

surface free energy and an increase in WCA [26,27]. Although, the surface roughness 

of the deposits would have influence the deposits WCA, the change in grain structure 

exhibited by the deposits is likely the dominant factor in this research. 

 

 

5.4.4. Corrosion rate 
 

 

5.4.4.1. Electrochemical corrosion tests 

 

The corrosion rate calculated from Icorr value obtained by Tafel plots is shown in 

Figure 5.23. A comparison of electrochemical corrosion rate to Ra is presented in 

Figure 5.24. 

Sample (A) exhibited the highest corrosion rate of all copper deposits at approximately 

0.027 mm y-1.  A progressive decrease in corrosion rate was observed from samples 

(A) to (C), with an increase observed from samples (C) to (E) before decreasing again 

for sample (F). All samples containing turmeric exhibited a significant reduction in 

corrosion rate compared to the pure copper deposits. 

The primary factor influencing the corrosion rate of a metal is the environment it is 

exposed to, but other factors such as grain structure also have an influence [32,33]. 

However, the change in surface roughness is likely responsible for the change in 

electrochemical corrosion rate observed in the copper deposits in this research. A 

comparison of the Ra value and electrochemical corrosion rate show a strong 

correlation. Most corrosion takes place electrochemically at the interface between the 
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metal and electrolyte [34]. Increasing surface roughness would lead to an increase in 

surface area, this would increase the area of interaction between the surface and 

electrolyte increasing the corrosion rate. 

 

Figure 5.23. Mean corrosion rate estimated by the Tafel plot method. (A) pure copper. (B) 

copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) 

copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 

10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte sonicated at a power of 33 W/l before electrodeposition. 

 

Figure 5.24. Comparison of electrochemical corrosion rate to Ra. (A) pure copper (B) copper 

with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper 

with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l 

of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte sonicated at a power of 33 W/l before electrodeposition. 
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5.4.4.2. Salt spray analysis 

 

Photographic images of copper samples before and after salt spray analysis, are 

presented in Figure 5.25. and their calculated corrosion rates shown in Figure 5.26. 

 

Samples 0 hours 24 hours 240 hours 

A 

   

B 

   

C 

   

D 

   

E 

   

F 

   

Figure 5.25. Images of sample before and after spray analysis. (A) pure copper. (B) copper 

with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. (D) copper 

with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 and 10.0 g/l 

of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in the 

electrolyte sonicated at a power of 33 W/l before electrodeposition. 
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Figure 5.26. Bar chart of corrosion rate calculated from salt spray analysis. (A) pure copper. 

(B) copper with Tween 20. (C) copper with Tween 20 and 1.0 g/l of turmeric in the electrolyte. 

(D) copper with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) copper with Tween 20 

and 10.0 g/l of turmeric in the electrolyte. (F) copper with Tween 20 and 10.0 g/l of turmeric in 

the electrolyte sonicated at a power of 33 W/l before electrodeposition. 

All samples exhibited corrosion after 240 hours, however sample (E) exhibited severe 

corrosion. The dark red areas of the deposits can be attributed to the copper (I) oxide 

(Cu2O), the black areas can be attributed to the Copper (II) oxide (CuO), and the green 

areas can be attributed to localised corrosion caused by corrosive ions [35]. The white 

areas were likely due to the corrosion products of zinc (ZnO and Zn(OH)2) from the 

brass substrate, caused by the failure of the copper coating allowing oxygen and 

moisture to reach the brass underneath [36]. Samples (A) and (B) exhibited similar 

corrosion rates, with a small increase observed for sample (C). Samples (C), (D) and 

(F) exhibited similar corrosion rates. A significant increase in corrosion rate was 

observed for sample (E). 
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All copper deposits exhibited a higher corrosion rate in salt spray analysis compared 

to the electrochemical analysis. In aqueous solutions the H2O molecules dissociate to 

form H+ and OH- ions. Metals in aqueous solutions are corroded when H+ ions transfer 

electrons from the metal to dissolved O2 (forming H2O). The rate of corrosion is 

dependent on the transfer of electrons to the H+ ions, and thus dependent on H+ 

interacting with the metal. However, the concentration of H+ in pure water is relatively 

low. When NaCl is added to an aqueous solution NaCl dissociates to from ions (Na+ 

and Cl-), which increases the conductivity of the solution. This allows electrons to be 

transferred from the metal at an accelerated rate, increasing the corrosion rate [37].   

 

 

5.5. Copper results discussion 
 

The results from the electrodeposited copper turmeric composite coating analysis 

show not only is turmeric a viable sustainable alternative to some of the more 

commonly used filler particles, but the extent of the increase in hardness at such a low 

particle cost may make it superior to many. 

The results obtained from the microstructural analysis showed that turmeric had a 

significant effect on the grain structure of the deposits. There was a reverse correlation 

between the concentration of turmeric in the electrolyte and the turmeric particle 

content of the deposits. The reduction in particle content with increasing particle 

electrolyte concentration may be due to an increase in turmeric particle aggregation in 

the electrolyte [5-7]. An increase in particle collision may also be responsible for the 

reduction in particle content. At high electrolyte particle concentrations, there would 

be an increase in the number of particles colliding with the deposit. This would result 

in an increasing chance of particles in the solution colliding with particles on the 

surface of the deposit. If energy is sufficient this may result in dislodging the particles 

from the growing matrix and decreasing the particle content of the deposit. 
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Figure 5.27. Diagram of the effects of turmeric Z-average size on grain disruption of an 

electrodeposited copper coating. (1) A small particle collides with the growing deposit. (2) The 

particle absorbed. (3) The particle is entrapped in the growing crystal. (4) An optimal size 

particle collides with the growing deposit. (5) The particle is absorbed disrupting the crystal 

growth. (6) The particle is then entrapped by a new crystal or an encroaching crystal. (7) A 

large particle collides with the growing deposit. (8) The particle is removed by flow of the 

electrolyte or collision of another particle before absorption. (9) The crystal continues to grow. 

A strong correlation was observed between the grain structure of the deposit and the 

Z-average size of turmeric particles in the electrolyte. An optimal particle size of 

between 200 nm and 300 nm was observed for reducing the size of grains in the 

deposit. This was also confirmed by observation of the copper nano-diamond deposits. 

The optimal particle size observed may be due to the way in which the particles interact 

with the growing deposit (Figure 5.27.). If the particle is too small, when it is absorbed 

on to the deposit it will not prevent the deposition of metal ions on to the growing crystal 

underneath. The particle would be entrapped into the growing deposit but would not 

disrupt the crystals growth, and therefore no reduction in grain size would be observed. 
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Figure 5.28. shows an ion beam image of cavities in a crystal of sample (E) likely 

caused by the presents of turmeric. If the optimal size particle is absorbed on to the 

deposit, it will prevent the deposition of metal ions on to the growing crystal 

underneath. Crystal growth would be disrupted, and a reduction in grain size would be 

observed. If the particle is too big, it will be removed from the deposit by the flow of 

the bath or by collision with another particle before it is absorbed. This would not result 

in the disruption of the crystal growth or a reduction in grain size.   

 

 

Figure 5.28. Ion beam image of sample (E) with cavity visible within a crystal. 

The reduction in grain size caused by the incorporation of turmeric into the copper 

deposits, produced coatings with increased hardness when compared to the pure 

copper deposits. The hardness was also increased when compared to other more 

commonly used filler particles. Figure 5.29. shows the percentage increase in 

hardness of electrodeposited copper with the incorporation of turmeric and other more 

commonly used filler particles. Turmeric increased the hardness of the deposit to the 

same extent as nano-SiC (63 % and 61 % respectively), and to a greater extent than 

micro-SiC, (SWCNT) single-walled carbon nano-tubes and micro-WC (34 %, 36 %, 

and 16 % respectively) [14,38-41]. Although the plating parameters (such as pulse 
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current, current density, bath agitation, particle size and concentration) can also 

influence the hardness of a composite deposit, the result of the Vicker’s hardness tests 

obtained in this research indicates that turmeric may not only be a suitable sustainable 

alternative to some of the commonly used filler particles, but may be superior to many 

for enhancing the hardness of a copper deposit. 

 

Figure 5.39. Increase in microhardness of copper deposits when various filler particles are 

added to the electrolyte. (A) Turmeric particles. (B) Micro SiC particles [14,41]. (C) Nano SiC 

particles [38,41] . (D) Graphene particles [38]. (E) Single walled carbon nano-tubes [39,42]. 

(F) Micro WC particles [40]. 

The WCA of the copper coating was also increased by the addition of Tween 20 and 

turmeric to the electrolyte, changing the behaviour of the coating from hydrophilic to 

hydrophobic. Hydrophobic surfaces have many potential industrial applications 

including water repellent coatings, self-cleaning surfaces, sensor applications and in 

microfluidics. Although the grain structure was the primary factor increasing the WCA, 

increasing the surface roughness may enhance WCA, further increasing the coatings 

hydrophobic properties [43-48].  

The corrosion behaviour of the coatings incorporating turmeric was complex, showing 

an increase in electrochemical corrosion resistance in 0.1 M of Na2S04 compared to 

pure copper, and a decrease in corrosion resistance when exposed to the salt spray 

test. The results of the corrosion analysis indicate that the incorporation of turmeric 
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into a copper deposit may be advantageous or detrimental for corrosion resistance 

depending on the environment the coatings are exposed to.  

Reducing the grain size of a copper deposit can either decrease or increase the 

corrosion resistance depending on the electrolyte. When exposed to air the surface of 

a metal is covered by an oxide film, however once submerged in an aqueous solution 

the oxide film may start to dissolve exposing the bare metal surface. In acidic 

conditions, the oxide film may be completely dissolved, known as an active state. 

Oxide films tend to be thinner at grain boundaries and incursions (such as turmeric 

particles), thus initially the underlying metal will be exposed there first in localised 

areas. In active systems, a decrease in grain size and an increase in incursions lead 

to an increase in the corrosion rate. The solubility of the oxide film is less in near 

neutral solutions compared to acidic solutions. If a near neutral solvent contains 

inhibiting ions the solubility of the oxide film may be suppressed, the oxide film may 

stabilise to form a passive layer (which prevents corrosion), placing the metal in a 

passive state. In a passive environment, a reduction in grain size decreases the 

corrosion rate of the metal [33]. However, other factors can also influence the 

corrosion resistance of copper. The literature has shown that the incorporation of inert 

particles into a matrix can cause weak points between the embedded particles and the 

matrix. These weak points allow the electrolyte to enter the coating, allowing deeper 

penetration into the matrix and accelerated corrosion [49].  

 

 

5.6. Conclusions 
 

 

• The incorporation of turmeric particles into a copper matrix reduced the grain 

size of the deposit, enhancing physical properties such as hardness and WCA. 

• The turmeric particle content in the deposit is a reverse correlation to the 

concentration of turmeric in the electrolyte, with increased bath concentration 

resulting in a decrease in particle content of the coating.  

• The Z-average size of turmeric particle in the electrolyte has a greater influence 

on the grain structure of the deposit than either the concentration of turmeric in 

the electrolyte or the concentration of turmeric in the coating. 
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• There is an optimal size of particle for reducing the grain size of an 

electrodeposited copper turmeric coating of around 250 nm, which was 

confirmed by EBSD results of copper nano-diamond deposits.  

• The reduction in grain structure seen with the incorporation of turmeric 

increases the microhardness and WCA of the copper deposit. 

• The corrosion resistance of the copper turmeric showed an increase when 

estimated by Tafel plot and a decrease when measured by salt spray analysis.  

• The increase in hardness seen with the incorporation of turmeric was greater 

than that reported for SWCNT, micro-WC, and micro-SiC and equal to that seen 

by nano-SIC, making turmeric a potential sustainable alternative to these filler 

particles. 

• The addition of turmeric to the electrolyte increased the WCA of the deposit and 

changed the coating from hydrophilic to hydrophobic. The WCA of the coatings 

may be increased further by increasing the roughness of the surface. 

• Hydrophobic coatings have many potential industrial applications including 

water repellent coatings, self-cleaning surfaces, sensor applications and in 

microfluidics.  
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6. Nickel results  
 

 

 

6.1. Overview 
 

In order to understand the effect that the incorporation of turmeric particles has on the 

physical properties of the electrodeposited nickel coatings, pure nickel, nickel with 

Tween 20 and nickel with turmeric coatings were produced and characterised. This 

Chapter contains the results and discussion of the physical properties of the 

electrodeposited nickel coatings, and in an effort to understand these physical 

properties this Chapter also contains results and discussion of the microstructure of 

the nickel coatings. This Chapter has been divided into three sections: 

• Electrodeposition: this section contains information on the Hull cell test, and the 

surface finish of the coatings. 

• Microstructure: this section has results from surface morphology, grain 

structure, grain size, and particle content of the nickel turmeric samples. 

• Coating properties: this section contains information on the hardness, water 

contact angle, surface roughness, and both electrochemical and salt spray 

corrosion analysis of the nickel turmeric samples. 
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6.2. Electrodeposition 
 

 

6.2.1. Watts nickel deposition 
 

 

A photographic image of the surface of the Watts turmeric electrolyte is presented in 

Figure 6.1. Images of the surface finish of nickel and nickel turmeric samples produced 

from a nickel Watts bath are presented in Figure 6.2. 

 

Figure 6.1. Image of the surface of the nickel Watts electrolyte with 10.0 g/l of Tween 20 and 

1.0 g/l of turmeric. 

Initially, an even turmeric dispersion was achieved in the nickel Watts electrolyte by 

the application of ultrasound at a power of 11 W/L using a 20 kHz probe for 20 min 

prior to electrodeposition. Once ultrasound was stopped and stirring applied (during 

electrodeposition), the turmeric particles re-agglomerated and rose to the surface of 

the electrolyte forming large aggregates.  
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Figure 6.2. images of the surface of nickel coating samples produced from a Watts bath. (A) 

pure nickel. (B) nickel with Tween 20 (C) nickel with Tween 20 and 1.0 g/l of turmeric in the 

electrolyte. (D) nickel with Tween 20 and 5.0 g/l of turmeric in the electrolyte. (E) nickel with 

Tween 20 and 10.0 g/l of turmeric in the electrolyte.  

Although the pure nickel coating showed a smooth finish (A), edge build up, and small 

pits (caused by gas bubbles on the surface of the cathode) were present at the edge 

of the sample. When 10.0 ml/l of Tween 20 was added (B) to the Watts bath, the 

deposit produced showed a smooth uniform finish of a lighter grey colour, although 

some edge build-up was displayed no pits were present. All samples containing 

turmeric (C, D and E) showed poor quality non-uniform finishes. The deposits showed 

features similar in appearance to scratch marks (from a right to left direction) and areas 

were the substrate was visible underneath the deposit. 

The ionic strength of the Watts electrolyte was likely responsible for the large turmeric 

aggregates present on its surface. Turmeric particles are hydrophobic and require a 

surfactant to disperse them uniformly in an aqueous solution [1]. The ability of a 

surfactant to disperse a particle in an aqueous solution and the magnitude of the 

particle’s interaction can be strongly affected by the ionic strength of the electrolyte. 

Both the charge density of the ions and their concentration in the electrolyte can 

increase the tendency of hydrophobic particles to aggregate in solution [1-4]. In most 
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cases, hydrophobic interactions are enhanced by the addition of a salt to a solution, 

this can result in salting out (reaggregation of the particles in solution). Salting out of 

the particles can increase as the charge density of the ions in solution increases, 

becoming significant at even moderate ion concentrations (0.1-1.0 M) [2]. When 

ultrasound was applied to the Watts turmeric solution, aggregates were broken up at 

a faster rate than their formation. Once ultrasound was stopped and stirring applied, 

large aggregates were formed which rose to the surface of the solution.  

The presence of large aggregates in the solution resulted in the poor quality of the 

nickel Watts turmeric deposits. During electrodeposition, large turmeric aggregates 

collided with the cathode and prevented the reduction of Ni2+ at that point, until they 

were dislodged by the flow of the bath or the collision of another large aggregate. This 

led to the right to left (direction of bath flow) scratch like marks in the nickel Watts 

turmeric coatings.   

The presence of bubbles on the surface of the pure nickel sample produced from a 

Watts bath can be attributed to the formation of hydrogen gas on the surface of the 

cathode. During electrodeposition if the pH is too low the reduction of H+
 can take 

place on the cathode, forming bubbles of gas (H2) [5,6]. The current density is typically 

higher at the edges of the cathode than the centre, resulting in greater reduction of H+ 

at the edges compared to the centre [5,7]. The gas bubbles on the cathode prevent 

the deposition of nickel at that area and pits are formed. When 10.0 g/l of Tween 20 

was added to the electrolyte, no bubbles were formed on the cathode. As stated in 

Chapter 5 surfactants can modify the grain structure of a deposit and can also act as 

brighteners. Brighteners can work by increasing the nucleus density of newly formed 

nickel nucleus and increased rate of hydrogen desorption from the cathode. The 

desorption of hydrogen decreases or stops the formation of pits on the surface of the 

cathode [8-13].  

 

6.2.2. Hull cell test 
 

Photographic images of Hull cell panels after the electrodeposition of nickel from a low 

ion concentration electrolyte (LICE) are shown in Figure 6.3.  
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Figure 6.3. Image of Hull cell panels (A) electrodeposited LICE nickel. (B) electrodeposited 

LICE nickel with 10.0 ml/l of Tween 20. 

Deposit A shows a bright finish until 0.01 A/cm-2, after which the deposit became duller 

in appearance with a matte finish after 0.02 A/cm-2. Deposit B has a mirror bright finish 

until 0.08 A/cm-2, after which the deposit became duller in appearance. The brightness 

of an electrodeposited coating is often an indication of it smoothness. Additives such 

as brighteners can be utilised to increase the smoothness of the deposit and therefore 

its brightness [14,15]. The literature has shown that surfactants can act as brighteners 

modifying the grain structure and improving the smoothness and brightness of the 

finish [8-13].  

 

6.2.3. Lower ion concentration electrolyte (LICE) nickel  
 

A photographic image of the surface of the LICE turmeric electrolyte is presented in 

Figure 6.4. Images of nickel and nickel turmeric samples produced from a nickel LICE 

electrolyte is presented in Figure 6.5. 
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Figure 6.4. Image of the surface beaker containing LICE nickel electrolyte with 10.0 g/l of 

Tween 20 and 1.0 g/l of turmeric. 

 

Figure 6.5. images of the surface of nickel coating samples produced from a LICE nickel 

electrolyte. (A) pure nickel. (B) nickel with Tween 20. (C) nickel with Tween 20 and 1.0 g/l of 

turmeric in the electrolyte. (D) nickel with Tween 20 and 5.0 g/l of turmeric in the electrolyte. 

(E) nickel with Tween 20 and 10.0 g/l of turmeric in the electrolyte.  
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Ultrasound generated from a 20 kHz probe at a power of 11 W/l applied to the LICE 

nickel turmeric solutions resulted in a uniform dispersion of turmeric throughout the 

electrolyte. Once ultrasound was stopped and stirring applied (during 

electrodeposition), the turmeric particles remained dispersed in the electrolyte with 

little aggregation visible on the surface of the solution (Figure 6.3.).  

Although the pure nickel sample produced from the LICE nickel electrolyte (A) showed 

a similar colour and texture to the pure nickel produced from the Watts bath, the finish 

was more matte like in appearance. When 10.0 ml/l of Tween 20 was added to the 

LICE electrolyte, the deposit had a mirror bright finish, with no pits present. The LICE 

nickel turmeric coatings (C, D and E) showed a more uniform and higher quality finish 

when compared to their Watts counterparts. The samples showed a progressively 

darker grey colour and a reduction in brightness with increasing bath turmeric 

concentration. All LICE nickel deposits showed some edge build up. 

The reduction in ion concentration in the LICE electrolyte allowed the turmeric to 

disperse uniformly and remained dispersed throughout the duration of the 

electrodeposition process. This resulted in nickel turmeric coatings of better quality 

and more uniform finish than those produced for the Watts electrolyte. Although both 

pure nickel samples produced from a Watts electrolyte and a LICE electrolyte were 

similar in appearance when Tween 20 was added to the LICE electrolyte a mirror like 

finish was produced which was not seen for the Watts electrolyte.  

 

6.3. Microstructure 
 

 

6.3.1. Particle content  
 

The carbon content of individual LICE nickel deposits obtained by GDOES are 

presented in Figures 6.6. to 6.9. with their mean carbon content presented in Figure 

6.10. A comparison between deposit carbon content and turmeric electrolyte 

concentration is presented in Figure 6.11.  
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Figure 6.6. Coating composition of LICE nickel with 10.0 ml/l of Tween 20 in the electrolyte 

(sample (C)). 

 

Figure 6.7. Coating composition of LICE nickel with 1.0 g/l of turmeric in the electrolyte 

(sample (D)). 
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Figure 6.8. Coating composition of LICE nickel with 5.0 g/l of turmeric in the electrolyte 

(sample (E)). 

 

Figure 6.9. Coating composition of LICE nickel with 10.0 g/l of turmeric in the electrolyte 

(sample (F)). 
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The large spike in the carbon content near the surface of the deposits is likely due to 

organic contaminants on the surface of the coatings. All samples showed a slight 

reduction in carbon content with increasing depth of the deposit. The depth of deposit 

varied between approximately 20 and 25 μm from sample to sample. This could be 

due to variation in thickness of deposit across the surface of the sample. During 

electrodeposition a non-uniform distribution of current on the cathode (with the current 

at the edges being higher than at the centre) can cause variations in the thickness of 

deposit across the surface of the sample [5,7]. An non-uniform current distribution can 

also cause nodulation, which can cause high and low points on the surface of the 

sample leading to varying thickness of deposit [16-19]. 

 

Figure 6.10. Carbon content in nickel deposits obtained by GDOES. (C) LICE nickel with 10.0 

ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE 

nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 

20 and 10.0 g/l of turmeric. 

A progressive increase in carbon content was observed from samples (C) to (F). The 

carbon content exhibited by sample (C), can be attributed to the incorporation of 

Tween 20 into the deposit. The literature has shown that carbon containing additive 

such as surfactants can be incorporated into electrodeposited nickel when present in 

the electrolyte [20,21]. The increase in carbon content thereafter can be attributed to 

the presence of both Tween 20 and turmeric in the electrolyte.  
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Figure 6.11. Comparison of carbon % in nickel deposits obtained by GDOES, against turmeric 

% in the electrolyte. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) 

LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of 

Tween 20 and 10.0 g/l of turmeric. 

There was also a strong correlation between turmeric concentration in the electrolyte 

and the carbon content in the nickel samples. Turmeric concentration in the electrolyte 

increased the carbon content in the coatings. When the concentration of turmeric is 

increased from 1.0 g/l to 10.0 g/l (0.1% and 1.0 % wt respectively) there is an increase 

in the carbon content of the coating. However, the increase in carbon content from 5.0 

g/l to 10.0 g/l (0.5 % and 1.0 % wt), is small. The literature has shown that when 

producing an electrodeposited metallic coating, increasing the particle content in the 

electrolyte can increase the content of particles in the electrodeposited coating up until 

a saturation point is reached; if the concentration of particles in the electrolyte is 

increased after that, there is little increase in the particle content of the deposit or even 

a small decrease [22-24].  
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6.3.2. Surface morphology 
 

SEM images of nickel coatings produced with varying concentrations of turmeric in the 

electrolyte are presented in Figure 6.12. to Figure 6.14.  

 

  

(A) Pure nickel Watts 

1060 magnification 

(A) Pure nickel Watts 

10840 magnification 

  

(B) Pure nickel LICE 

1060 magnification 

(B) Pure nickel LICE 

10840 magnification 

  

Figure 6.12. SEM Images of surface of nickel coating samples.   
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(C) LICE nickel Tween 20 

1060 magnification 

(C) LICE nickel Tween 20 

10840 magnification 

  

(D) nickel 1.0 g/l turmeric 

1060 magnification 

(D) nickel 1.0 g/l turmeric 

10840 magnification 

Figure 6.13. SEM Images of surface of nickel coating samples.   
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(E) nickel 5.0 g/l turmeric 

1060 magnification 

(E) nickel 5.0 g/l turmeric 

10840 magnification 

  

(F) nickel 10.0 g/l turmeric 

1060 magnification 

(F) nickel 10.0 g/l turmeric 

10840 magnification 

Figure 6.14. SEM Images of surface of nickel coating samples.   

At lower magnifications samples (A) and (B) appeared very similar, however at higher 

magnifications, although both deposits displayed similar pyramidal type structure, 

clear differences could be seen. Sample (C) exhibited a significant refinement in grain 

structure, with the presence of microcracks observed. Nodules on the surface of the 

deposits was exhibited for samples (D) to (F), and at higher magnifications grooves 

were also observed. A progressive increase in nodulation and decrease in grooves 

was exhibited from samples (D) to (F), with the nodules becoming larger and more 

irregular in appearance. 
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Figure 6.15. Show SEM images of the surface of pure nickel deposits (a) [110], (b) [211], (c) 

[100] and (d) [210] [25]. 

It has been shown in the literature that high magnification SEM images can be used 

to identify different crystal orientations by comparing their structure to surfaces with 

known crystal orientations [25]. Electrocrystallisation of nickel has been shown to be 

a highly inhibited process due to hydrogen codeposition (which is dependent on plating 

conditions such as current density and bath pH). The literature shows that nickel 

deposits produced from a Watts type electrolyte display 3 inhibited textures ([110], 

[210] and [211]) due to the presence of both atomic and molecular forms of absorbed 

and colloidal hydrogen in the cathodic interface [25-27]. SEM images of the surface of 

deposits produced from additive free Watts baths are presented in Figure 6.15. The 

surface structure of the pure nickel produced from the Watts electrolyte (A) in this 

research closely resembled that of Figure 6.15. (a) (the preferred [110] crystal 

orientation), and that of the pure nickel deposit produced from the LICE electrolyte (B) 
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closely resembled that of Figure 6.15. (b) (the preferred [211] crystal orientation). The 

literature has also shown that increasing the Cl- ion concentration in a Watts type 

electrolyte changes the preferred crystal orientation from [110] to [211], and increasing 

the SO4
2- ion concentration changes the preferred crystal orientation from [110] to 

[210], then back again to [110] with further increases [28]. This suggests that the pure 

nickel sample produced from the Watts electrolyte in this research (A) has a [110] 

preferred crystal orientation and the pure nickel sample produced from the LICE 

electrolyte (B) has a [211] preferred crystal orientation.  

Additives such as surfactants can be incorporated into nickel deposits, often inducing 

excessive brittleness and stresses [14,29,30]. Intrinsic stress occurs at the triple 

junction of grain boundaries between crystallites. Tensile stress is caused by grains 

coalescing at the triple grain boundary, while compressive stress is caused by the 

insertion of atoms at the triple grain boundary mediated by the diffusion of atoms 

across the surface [31]. Stress can also be induced after deposition by thermal 

expansion, mismatch between substrate and coating or grain growth in coating if it 

possesses sufficient atomic mobility. Microcracks can occur as a result of the release 

of the built up intrinsic stress in the coating [30,31]. The microcracks present in sample 

(C) are likely due to the release of intrinsic stresses caused by the incorporation of 

Tween 20 into the coating.  

Nodules are quite common in nickel deposits and are caused by uneven current 

distribution on the cathode, which can be caused by the incorporation of inert particles 

into the matrix (such as turmeric) [16-19]. The incorporation of inert particles into a 

nickel matrix can also refine the grain structure of the deposit with less intrinsic stress 

than surfactants alone.  

 

6.3.3. Grain structure 
 

EBSD maps (with associated colour key) generated from the cross section of the 

nickel deposits are presented in Figure 6.16. Ion beam images of the cross section of 

the deposits are presented in Figure 6.17.  
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Figure 6.16. EBSD images of the grain structure of nickel deposits. (A) Pure nickel 

electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. (C) 

LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l 

of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel 

with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. (G) crystal orientation colour key. 
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Figure 6.17. Ion beam images of cross-section of nickel turmeric coating samples. (A) Pure 

nickel electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. 

(C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 

g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE 

nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

Both the EBSD maps and the ion beam images showed samples A and B had 

analogous grain structure, with both samples exhibiting similar size grains of mainly 

columnar crystals with high aspect ratios, however, smaller more irregular shaped 

crystals were also present. The crystal orientation colour key showed clear differences 

in the preferred crystal orientation between samples (A) and (B). No EBSD maps could 
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be generated for samples (C) to (F). Ion beam images for samples (C) and (D) show 

a significant refinement in the grain structure of the deposits, with both deposits 

exhibiting similar grains of low aspect ratio. Ion beam images of samples (E) and (F) 

showed that no clear grain structure was identifiable, with both deposits exhibiting an 

amorphous like appearance. 

As stated in Chapter 5. The inability to generate EBSD data may be due to several 

factors:  

1) A grain size smaller than the stepping size of the EBSD (33 nm). 

2) EBSD is extremely sensitive to surface roughness. 

3) Amorphous sample or localised amorphous areas.  

4) The sample containing materials not detectable by EBSD.  

 

The presence of such a small amount of turmeric is unlikely to result in such large zero 

solutions. Although, turmeric may make the polishing of the cross-section problematic, 

again it is unlikely to result in such large zero solutions. However, the absence of 

EBSD data for samples (E) and (F) is likely due to their amorphous like appearance. 

 

6.3.4. Grain Size 
 

 

A table of the mean grain size of nickel deposits calculated from the line intercept 

method and EBSD data are presented in Table 6.1. 

Samples (A) and (B) exhibited similar grain size in both the y-axis and x-axis directions. 

A significant reduction in grain size was observed for samples (C) and (D), with both 

samples exhibiting similar grain size. Individual grains could not be identified in 

samples (E) and (F), therefore no grain size could be calculated.  

The absence of EBSD data for samples (C) and (D) is likely due to the small grain size 

exhibited by the deposits. Both samples (C) and (D) exhibited a mean grain size within 

error of 33 nm. The minimum stepping size of the EBSD detector was 33 nm, and 

grains smaller than this were undetectable. 
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Table 6.1. Table of grain sizes of nickel and nickel turmeric samples (A) Pure nickel 

electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. (C) 

LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l 

of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel 

with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

Sample EBSD data Line intercept data 

Grain size  

y-axis 

nm 

Grain size  

x-axis 

nm 

Grain size  

y-axis 

nm 

Grain size  

x-axis 

nm 

A 748 ± 56 473 ± 5 887 ± 47 456 ± 23 

B 811 ± 6 305 ± 68 742 ± 47 378 ± 43 

C Not detected Not detected 66 ± 50 92 ± 50 

D Not detected Not detected 58 ± 50 72 ± 50 

E Not detected Not detected Not detected Not detected 

F Not detected Not detected Not detected Not detected 

 

 

6.4. Nickel coating properties 
 

6.4.1. Hardness 
 

The variation in hardness of the nickel and nickel composite deposits electrodeposited 

from both a Watts and LICE electrolyte is shown in Figure 6.18. 

Samples (A) and (B) exhibited significantly similar hardness of 277 ± 5.0 HV and 260 

± 10.0 HV respectively, this was within the range of values reported for Watts nickel in 

the literature [5,32-35]. A significant increase was observed for samples (C) and (D), 

with both samples exhibiting significantly similar hardness. A further significant 

increase in hardness was observed for samples (E) and (F), with again both samples 

again exhibiting significantly similar hardness. 
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Figure 6.18. Hardness of nickel coating measured with a Vicker’s indenter, with varying 

concentrations of turmeric in the electrolyte.  (A) Pure nickel electrodeposited from a Watts 

bath. (B) Pure nickel electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l of 

Tween 20. W) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel 

with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 

and 10.0 g/l of turmeric. 

 

Figure 6.19. Comparison between the mean grain size in the X and Y axis against the 

microhardness of the deposit. (A) Pure nickel electrodeposited from a Watts bath. (B) Pure 

nickel electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE 

nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 

20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 
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The increase in hardness with the addition of both Tween 20 and turmeric to the 

electrolyte can be attributed to their effect on the grain structure of the deposits. Figure 

6.19 shows a strong reverse correlation between the grain size and the hardness of 

the deposits. The literature shows that grain size is the primary factor affecting the 

hardness of an electrodeposit [9,36-46].  

As the grain size in an electrodeposit is reduced the number of grain boundaries 

increase. When sufficient force is applied to the deposit, dislocations build-up at grain 

boundaries, either because a barrier to crossing over exists, or a source must be 

activated in the next grain boundary. A specific concentration for a given grain is 

required to initiate slip into the neighbouring grain boundary. This concentration is 

most likely achieved through a dislocation build-up. Stress is higher as the number of 

dislocations increases; the more substantial the grain size the quicker the stress is 

reached.  

However, this is only true at low temperatures where creep due to plastic deformation 

is irrelevant [42,45,46].  

 

6.4.2. Surface roughness 
 

The average surface roughness (Ra) and total surface roughness (Rt) are shown in 

Figures 6.20. and 6.21. Respectively.  

Both samples (A) and (B) exhibited similar Ra value. A small reduction in Ra was 

observed from sample (C), with a progressive increase observed thereafter from 

sample (D) to (F). Sample (A) exhibited the lowest Rt with a significant increase in Rt 

observed for sample (B). A reduction in Rt was observed from sample (B) to (C), with 

a progressive increase observed thereafter from sample (D) to (F).  
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Figure 6.20. Average surface roughness (Ra) of nickel coatings measured with varying 

concentrations of turmeric in the electrolyte.  (A) Pure nickel electrodeposited from a Watts 

bath. (B) Pure nickel electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l of 

Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel 

with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 

and 10.0 g/l of turmeric. 

 

Figure 6.21. Total surface roughness (Rt) of nickel coatings measured with varying 

concentrations of turmeric in the electrolyte.  (A) Pure nickel electrodeposited from a Watts 

bath. (B) Pure nickel electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l of 

Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel 

with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 

and 10.0 g/l of turmeric. 
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The results obtained from the surface roughness analysis are consistent with 

observations made from both the deposits surface morphology and surface finish.  

Sample (C) showed the lowest Ra value, yet sample (A) showed the lowest Rt value. 

As stated in Chapter 5. Ra is the average surface roughness across the whole sample 

area, whereas Rt is the change in height from lowest to highest point across the 

sample area. Therefore, the smaller grain size of sample (C) would be consistent with 

the smaller Ra value. However, the presence of microcracks and some nodules would 

be consistent with a higher Rt value. The progressive increase in both Ra and Rt 

values from samples (D) to (F) can be attributed to the increase in nodulation in the 

deposits. Although samples (A) and (B) had similar Ra values and grain structure, their 

Rt values were different, this is likely due to random variation in the height and/or depth 

across the surface of deposit (B). 

Sample (C) displayed the brightest finish of all nickel deposits, the brightness of an 

electrodeposited coating can be attributed to an increase in the deposits surface 

smoothness [14,15]. A progressive reduction in the surface brightness was exhibited 

from deposit (D) to (F), this is consistent with the observed increase in Ra value. Both 

deposits (A) and (B) exhibited similar surface brightness and similar Ra. 

 

6.4.3. Hydrophobic behaviour 
 

 

 

The variation in WCA of the nickel and nickel composite coatings electrodeposited 

from Watts and LICE electrolytes is shown in Figure 6.22. Comparison of the WCA to 

deposit grain size is presented in Figure 6.23. With comparison between WCA and Ra 

and Rt presented in Figure 6.24. and Figure 6.25. respectively. 

A reduction in WCA was observed from sample (A) to (B). A progressive increase in 

WCA was observed from sample (B) to (D), thereafter a reduction was observed with 

samples (E) and (F) which had similar WCA. 
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Figure 6.22. WCA of nickel coatings measured with varying concentrations of turmeric in the 

electrolyte.  (A) Pure nickel electrodeposited from a Watts bath. (B) Pure nickel 

electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel 

with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 

and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

 

Figure 6.23. Comparison between the mean grain size of the nickel deposits and their WCA. 

(A) Pure nickel electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a 

LICE bath. (C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 

20 and 1.0 g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. 

(F) LICE nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 
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Figure 6.24. Average surface roughness (Ra) of nickel coating compared to their WCA. (A) 

Pure nickel electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE 

bath. (C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 

and 1.0 g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) 

LICE nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

 

Figure 6.25. Total surface roughness (Rt) of nickel coatings compared to their WCA. (A) Pure 

nickel electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. 

(C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 

g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE 

nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 
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Surface free energy has a major influence on the WCA of a deposit [47-49]. Many 

factors can influence the surface free energy of a deposit such as, grain structure, 

surface roughness and surface composition [50-54].  

Observations of change in the deposits WCA did not show a strong correlation to any 

one single factor, instead exhibiting complexed mixed behaviour where a combination 

of changes to the grain structure, surface roughness and surface composition all 

impacted the overall WCA. Samples (A) and (B) exhibited similar grain size and Ra 

values yet showed very different preferred crystal orientation and Rt. Both the change 

in preferred crystal orientation and Rt could be responsible for the change in WCA 

observed. A change in preferred crystal orientation would lead to a change in the 

surface free energy, which could change the WCA [50,51]. An increase in the surface 

roughness of the hydrophilic surface would also be consistent with a decrease in the 

WCA of the deposit [52-54]. An increase in WCA and Rt was observed from samples 

(B) to (C), yet a reduction in grain size and Ra was also observed. A reduction in both 

grain size and Ra is consistent with an increase in WCA. As reducing Ra would 

increase WCA and a reduction in grain size would lead to a reduction in surface free 

energy and increase WCA [52-55]. The incorporation of carbon from Tween 20 into 

the deposit would have also changed the surface composition, this is likely to have 

changed the surface free energy and impacted the WCA. An increase in WCA, Ra and 

Rt was observed from samples (C) to (D), yet the deposits exhibited a similar grain 

size. A reduction in surface roughness is consistent with an increase in WCA [52-54]. 

However, the incorporation of turmeric into the deposit is likely to have also changed 

the surface free energy impacting the WCA.  

The WCA of the samples (D) to (F) was very similar, however a progressive increase 

in surface roughness was observed from samples (D) to (F), the grain structure of 

sample (D) was also different to that of samples (E) and (F). The increase in surface 

roughness would normally be consistent with an increase in WCA, however, the 

incorporation of turmeric into the deposit is likely to have impacted the surface free 

energy of the samples. The change in surface free energy from the incorporation of 

turmeric, may have had a greater influence on the WCA than the increase in surface 

roughness. The change in hydrophobic behaviour of the nickel deposits was due to a 

combination of surface roughness, grain structure and surface composition. 
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6.4.4. Corrosion rate 
 

6.4.4.1. Electrochemical corrosion tests 

The approximated corrosion rate calculated by the Tafel plots is shown in Figure 6.26.  

 

Figure 6.26. Bar chart of corrosion rate estimated by the Tafel plot method.  (A) Pure nickel 

electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. (C) 

LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l 

of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel 

with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

A progressive increase in corrosion rate was observed from sample (A) to (C), with 

sample (C) exhibiting the highest corrosion rate of all the deposits. A progressive 

decrease in corrosion rate was observed thereafter from samples (C) to (E), before a 

small increase again from sample (E) to (F). Sample (E) exhibited the lowest corrosion 

rate of all the nickel deposits. 

A large variation in the corrosion rate with overlaying error was observed in samples 

(B) to (D), indicating a large degree of variation in the corrosion properties between 

individual deposits within the same set of samples. The electrolyte is the primary factor 

influencing the corrosion rate of a material. However, other factors such as surface 

morphology, grain size and porosity can also influence the corrosion rate [12,58-61]. 

The increase in corrosion rate from sample (A) to (B) may be due to the change in 

surface morphology, with the increase in corrosion rate from sample (B) to (C) likely 

due to the presence of microcracks in the surface of the deposit. The reduction in 

corrosion rate from sample (C) to (D) may be due to the absence of those microcracks 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

A B C D E F

C
o

rr
o

si
o

n
 r

at
e 

/ 
m

m
 y

-1

Samples



155 
 

in the deposit. The further reduction in corrosion rate from samples (D) to (E) was likely 

due to the reduction in grain size. 

 

6.4.4.2. Salt spray 

 

Photographic images of the nickel deposits before and after salt spray analysis are 

presented in Figure 6.27. With the corrosion rate calculated by weight loss after salt 

spray analysis presented in Figure 6.28.  

Samples 0 hours 24 hours 240 hours 

A 

   

B 

   

C 

   

D 

   
E 

   
F 

   
Figure 6.27. Images of nickel coatings before and after salt spray analysis. (A) Pure nickel 

electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE bath. (C) 

LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l 

of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel 

with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 
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Figure 6.28. Bar chart of corrosion rate calculated by weight loss after salt spray analysis. (A) 

Pure nickel electrodeposited from a Watts bath. (B) Pure nickel electrodeposited from a LICE 

bath. (C) LICE nickel with 10.0 ml/l of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 

and 1.0 g/l of turmeric. (E) LICE nickel with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) 

LICE nickel with 10.0 ml/l of Tween 20 and 10.0 g/l of turmeric. 

Visual inspection of the nickel deposits after salt spray analysis appeared to show only 

low levels of corrosion. Samples (A) and (B) exhibited the most corrosion after 240 

hours, with calculations of their mass loss showing both samples exhibited significantly 

similar corrosion rates. Sample (C) dulled in appearance after 24 hours with a pattern 

appearing on the surface of the deposit. Although deposits (D), (E) and (F) exhibited 

less visible signs of corrosion after 240 hours (compared to sample (A) and (B)), 

sample (E) appeared to have a brighter surface finish after 240 hours than after 24 

hours. Mass loss calculations showed that samples (C) and (D) exhibited significantly 

similar corrosion rates, as did samples (E) and (F). 

All nickel samples showed a significantly higher corrosion rate in the salt spray test 

compared to the electrochemical corrosion test. The addition of NaCl to an aqueous 

solution can increase the conductivity of the solution increasing the corrosion rate. The 

presence of Na+ ions also acts as a catalyst increasing the rate of electron transfer 

from the metal increasing the rate of corrosion [56]. 
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Figure 6.29. Comparison between the mean grain size and the corrosion rate of the deposit 

measured by salt spray analysis (SS CR mm y-1). (A) Pure nickel electrodeposited from a 

Watts bath. (B) Pure nickel electrodeposited from a LICE bath. (C) LICE nickel with 10.0 ml/l 

of Tween 20. (D) LICE nickel with 10.0 ml/l of Tween 20 and 1.0 g/l of turmeric. (E) LICE nickel 

with 10.0 ml/l of Tween 20 and 5.0 g/l of turmeric. (F) LICE nickel with 10.0 ml/l of Tween 20 

and 10.0 g/l of turmeric 

The reduction in grain size exhibited by the deposits is responsible for their increased 

resistance to salt spray corrosion. A comparison of corrosion rate to grain size is 

presented in Figure 6.29. A strong reverse correlation between grain size and salt 

spray corrosion rate can be seen. As stated in Chapter 5. the electrolyte is the primary 

factor influencing corrosion. The surface of a metal is covered by an oxide film when 

exposed to air. However, the bare metal surface may be exposed by the oxide film 

starting to dissolve when the metal is submerged in an aqueous solution, which is 

known as an active state. At grain boundaries and incursions (such as turmeric 

particles) oxide films tend to be thinner, and thus initially the underlying metal will be 

exposed there first. The corrosion rate is increased by a reduction in grain size and an 

increase in incursions in active systems. However, in near neutral solutions the oxide 
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film is less soluble, and if inhibiting ions are present the solubility may be suppressed, 

stabilising the oxide film to form a passive layer. Oxide films form more rapidly on 

surfaces with smaller grain size, yet oxide films are more stable on surfaces with larger 

grain size. Therefore, in a passive environment, a reduction in grain size decreases 

the corrosion rate of the metal and in an active environment increases it [57].  

The pattern seen on the surface of sample (C) in the salt spray corrosion test, was 

likely due to the position of the sample in the salt spray chamber causing the solution 

to run off the surface at the corner of the sample. 

The increase in brightness of deposit (E) after 240 hours in the salt spray chamber, 

may have been due to the preferential corrosion of protrusions on the surface of the 

sample increasing the smoothness and brightness of the deposit. 

 

6.5. Nickel results discussion  
 

The results from the electrodeposited nickel turmeric composite coating analysis show 

not only is turmeric a viable sustainable alternative to some of the more commonly 

used filler particles, but the extent of the increase in hardness and corrosion resistance 

at such a low particle cost may make it superior to many. 

Although, the ionic strength of the Watts electrolyte resulted in the presence of large 

aggregates in the solution, which produced very poor-quality nickel turmeric deposits. 

The lower ionic strength of the LICE nickel electrolyte resulted in a uniform dispersion 

of turmeric in the solution, and the production of higher quality nickel turmeric deposits. 

The results obtained from the microstructural analysis of the LICE nickel deposits 

showed that both Tween 20 and turmeric had a significant influence on the grain 

structure of the deposits. These results were consistent with the literature. Studies 

have shown that the incorporation of surfactants and inert particles into an 

electrodeposited coating can change the grain structure of an  electrodeposit [10,62-

66]. Both pure nickel samples produced from Watts and LICE electrolyte had similar 

grain structure and size. The addition of 10.0 ml/l of Tween 20 to the LICE electrolyte 

(C), saw the incorporation of carbon into the deposit, which resulted in a substantial 

reduction in grain size. However, this also led to microcracks in the surface of the 
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deposit caused by the build-up of intrinsic stresses [66,67]. The further addition of 1.0 

g/l of turmeric to the electrolyte (D) led to an increase in the carbon content but did not 

significantly change the grain structure of the deposit. The lack of observed change in 

grain structure can be attributed to the significant effect of Tween 20. The grain 

structure of the deposit was so significantly changed by the addition of Tween 20, that 

a small amount of turmeric was unable to change it any further. Increasing the turmeric 

concentration in the electrolyte to 5.0 g/l (E) increased the carbon content of the 

deposit and changed the grain structure further giving the deposit an amorphous like 

appearance. further increasing the turmeric electrolyte concentration thereafter to 10.0 

g/l (F), resulted in a small increase in the carbon content of the coating, but no change 

in grain structure. This was because at a carbon content of 3.6%, the peak grain 

structure modification had been achieved, and increasing the carbon content of the 

deposits thereafter could not change the grain structure any further. The particle size 

dependency seen in the copper samples (Chapter 5.) was not observed in the nickel 

deposits, with the deposit’s particle content having a greater influence on the grain 

structure of the coating than the turmeric particle size.  

The reduction in grain size caused by the incorporation of turmeric into the deposit 

had a significant effect on the hardness of the nickel deposits. The hardness was also 

increased when compared to other more commonly used filler particles. It can be seen 

from Figure 6.30. that the percentage increase in the deposit hardness with the 

incorporation of the optimal turmeric particle content is greater than that seen for WC, 

SiC, MWCNT, graphene and alumina. However, it should be noted this is not a direct 

comparison as the electrodeposition conditions (such as current density, pH, particle 

content and electrolyte composition) can all influence the hardness of the deposit. 

However, the result of the Vicker’s hardness tests obtained in this research indicates 

that turmeric may not only be a suitable sustainable alternative to some of the 

commonly used filler particles but may be superior to many for enhancing the hardness 

of a copper deposit. 
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Figure 6.30. The effects on hardness of the incorporation of various particle into 

electrodeposited nickel composites. (A) turmeric. (B). WC  [66,68]. (C) SiC [23,69]. (D) 

MWCNT [70]. (E) Graphene [65]. (F) Alumina [71,72]. 

The incorporation of turmeric into the deposit also resulted in a significant increase in 

the WCA of the deposits, changing the behaviour of the coating from hydrophilic to 

hydrophobic. Hydrophobic surfaces have many potential industrial applications 

including water repellent coatings, self-cleaning surfaces, sensor applications and in 

microfluidics. A further increase in WCA of the deposits may be observed by further 

increasing the surface roughness of the coating [53,54]. 

The corrosion resistance of the deposits in both the electrolytes tested was also 

significantly improved by the incorporation of turmeric into the deposits. Although only 

a small reduction in corrosion rate was seen for the Na2SO4 electrolyte, the deposits 

resistance to salt spray corrosion was substantial, with approximately a 700 % 

reduction in mass loss due to corrosion at optimal turmeric content.  

The electrolyte is the primary factor influencing the corrosion rate of a metal, in active 

environments the corrosion rate is increased by a reduction in grain size and in a 
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passive environment a reduction in grain size decreases the corrosion rate of the metal 

[57]. However, the method used to calculate the corrosion rate can also influence the 

results obtained. In the Tafel plot method, the corrosion rate is an approximation 

calculated from the corrosion current of the metal. Most corrosion takes place 

electrochemically at the interface between two dissimilar metals or a metal and an 

electrolyte. Corrosion occurs at a rate determined by the equilibrium between the 

oxidation and reduction reactions, However, at the equilibrium, there is no net current 

flow, so the corrosion current cannot be measured directly. Therefore, the equilibrium 

must be approximated from the potential of the metal. Thus, the electrochemical 

corrosion rate in this research was approximated from the potential of the metal [73]. 

Whereas, the corrosion rate calculated from the salt spray analysis was a 

measurement of actual corrosion, determined from the weight loss. 

The significant enhancement of the nickel deposits resistance to salt spray corrosion 

gives the coating many potential corrosion protective applications, particularly in salt 

water environment such as desalination plants and marine and petrochemical 

industries [74,75].   

 

6.6. Conclusions  
 

• The incorporation of Tween 20 and turmeric particles into the LICE nickel matrix 

reduced the grain size of the deposit, enhancing physical properties such as 

microhardness, WCA and resistance to salt spray corrosion. 

• When 5.0 g/l and 10.0 g/l of turmeric was added to the LICE electrolyte the 

deposits produced appeared to be either amorphous or had a grain size smaller 

than the stepping size of the EBSD (33 nm), and too small to be seen in the FIB-

SEM images. 

• The turmeric particle content in the deposit is correlated to the concentration of 

turmeric in the electrolyte.  

• The increase in microhardness seen with the incorporation of turmeric was 

greater than that reported for MWCNT, WC, SiC, graphene, and alumina 

particles. making turmeric a potential sustainable alternative to these filler 

particles for increasing hardness. 
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• The addition of turmeric to the electrolyte increased the WCA of the deposit and 

changed the coating from hydrophilic to hydrophobic.  

• Hydrophobic coatings have many potential industrial applications including 

water repellent coatings, self-cleaning surfaces, sensor applications and in 

microfluidics.  

• The high salt spray corrosion resistance of the nickel turmeric deposits may 

make them suitable for applications in salt water environments. 
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7. Conclusions 
 

 

7.1. Research conclusions 
 

 

 

During this research project, it was demonstrated that turmeric particles (with the aid 

of the surfactant Tween 20) could be uniformly dispersed in both acid copper and LICE 

nickel electrolytes using ultrasound from a 20 kHz horn before electrodeposition. It 

was also demonstrated that turmeric particles could be successfully 

electrocodeposited into both nickel and copper matrices. The incorporation of turmeric 

into both the nickel and copper matrices had a significant effect on the surface 

morphology and grain structure of the deposit, changing both the surface texture and 

reducing the grain size. The reduction of the grain size resulted in a substantial 

increase in the microhardness of both copper and nickel deposits, and an increase in 

resistance to salt spray corrosion in the nickel deposits. The reduction in grain size 

also resulted in an increase in WCA for the copper deposits. The nickel deposit also 

showed an increase in WCA with the incorporation of turmeric, however it was due to 

a combination of grain structure, surface roughness and surface composition. These 

findings showed that turmeric is a viable, sustainable alternative to some of the more 

commonly used filler particles currently utilised in composite electrodeposition. 

An additional unexpected finding was that there was an optimal particle size for 

reducing the grain size of the copper deposit, which was not the case for the nickel 

deposit. This could be due to the difference in the growth mechanism between the 

nickel and copper deposits. Assuming that the nucleation of the deposits follows a 

hemispherical growth mode, the formation of the deposits consists of four stages [1-

3]: 
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1) Nucleation. 

2) Nucleus growth. 

3) Coalescence. 

4) Film formation. 

 

 

Figure 7.1. Diagram of codeposition of particles into matrices with different growth 

mechanisms. (1) Shows a deposit with low variation in the crystal size, metal ions are 

prevented from reaching the growing crystal (2) The crystal growth is disrupted, and grain size 

reduced. (3) Shows a deposit with high variation in the crystal size, metal ions are prevented 

from reaching the growing crystal in some cases and in others are not. (2) The crystal growth 

is disrupted for some crystals and for others it is not. 
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In copper electrolytes with pH 3 or lower, crystal growth proceeds by the instantaneous 

nucleation of islands of copper onto the cathode [2,4]. The nucleation of copper is fast 

compared to the crystal growth in instantaneous nucleation, forming the nuclei at all 

possible growth sites in a very short time. As copper ions in the electrolyte reach the 

nuclei, the nuclei grow and start to coalesce forming crystals.  

Nickel crystal growth proceeds by progressive nucleation. Nucleation is slow and 

continuous compared to crystal growth in progressive nucleation. Nuclei are formed 

at the surface of the cathode while other clusters are still growing. Progressive 

nucleation could lead to crystals of more varying size compared to instantaneous 

nucleation. A higher variation in crystal size of the deposits would lead to no optimal 

particle size for reducing the grain size of the deposit (Figure 7.1.).  

For the growth of a crystal to be disrupted (decreasing grain size) the metal ions in the 

electrolyte must be prevented from reaching that growing crystal. The optimal particle 

size for that crystal is one that is large enough to prevent the metal ions from reaching 

the growing crystal but not too large that it cannot be absorbed. If the crystal size of 

the deposit has high variation than there is not a single (optimal) particle size most 

suitable for reducing the grain size of the deposit. In this case, a high degree of 

variation of particle size in the electrolyte would likely be the most suitable for 

decreasing the grain size of the deposit. 

 

7.2. Future Recommendation 
 

As the spice turmeric as shown its viability as a potential sustainable filler particle for 

enhancing the properties of both copper and nickel matrices, other spices and herbs 

(not used in this research) may have potential as sustainable filler particles. Possible 

future research could be to produce composite copper and nickel coatings containing 

other spice filler particles or incorporate turmeric into other metal matrices. 

As mentioned in earlier Chapters, the surface roughness of a coating can affect the 

WCA of that coating [5-7]. Possible further research could be to increase the surface 

roughness of the copper and nickel turmeric composites in an attempt to produce 

super hydrophobic surfaces (>150°). 
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Another possible further research project could be to test if instantaneous nucleation 

is responsible for the optimal particle size seen in the copper deposit. The literature 

has shown that nucleation and growth is strongly dependent on the pH of the 

electrolyte, and at pH 3 or higher the nucleation mechanism for electrodeposited 

copper changes from instantaneous to progressive [4]. The pH of the copper 

electrolyte could be increased to pH 3, then composite deposits produced. The grain 

size of the deposits could then be analysed to see if the optimal particle size for 

decreasing the grain size of the deposit still exists.  
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Appendix A Spice selection 
 

 

 

A.1. Overview 

 

This Appendix describes the experimental procedures undertaken to assess the 

suitability of 6 spice for incorporation into the composite coatings. 

 

A.2. Methods 
 

The successful incorporation of spice particles into a composite coating by 

electrodeposition depends on many factors, including how the spice particles behave 

in the electrolyte. The spices must survive the harsh acidic environment of the 

electrolyte, they must disperse uniformly throughout the electrolyte and large 

agglomeration of the spice particles must be minimised [1,2].  

 

 

A.2.1. Spice preparation 
 

Six spices were purchased from the online retailer Healthy Supplies (Table A.1.). Most 

of the spices arrived as whole leaf’s (or buds in the case of cloves) making them too 

large for incorporation into the composite coating. The spices were first ground to 

facilitate their incorporation into the coating and increase their surface area, however, 

this could also increase the solubility of the spices which was undesired in this 

research project. Two methods of grinding were used, pestle and mortar and an 

Andrew James electric coffee grinder model AJ000026. The spices were ground for 

between 30 s and 5 min, depending on their hardness. After each spice was ground, 

the spices were examined under a Nikon fluorescence microscope at x20 

magnification. 
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Table A.1. Spices purchased from Healthy Supplies 

Spice/Herb Supplier Code Quantity / g Price / £ 

Oregano leaves 

(organic) 

Sussex 

Wholefoods 

7ORE1 90 4.26 

Cloves whole 

(organic) 

Sussex 

Wholefoods 

7CLO1 100 3.99 

Marjoram leaves 

(organic) 

Sussex 

Wholefoods 

7MAR1 90 4.26 

Thyme leaves 

(organic) 

Sussex 

Wholefoods 

7TYM1 100 5.50 

Rosemary leaf 

(organic) 

Sussex 

Wholefoods 

7ROS1 100 8.52 

Turmeric powder Hampshire Foods ZTRM5 100 1.52 

 

 

A.2.2. The solubility of the spices 
 

The spices solubility was examined, to assess the chemical resistance of the spice 

particles to the electrolyte. The dark colours of the electrolytes made it difficult to 

visually identify the spice particles in solution and so for this reason, electrolyte mimics 

were produced. The electrolyte mimics simulated the acidic conditions of the 

electrolyte but had no metal ions, allowing visual identification of the spices in solution. 

 

The electrolyte mimics were produced by preparing a solution of the same pH as the 

complete electrolyte. The copper electrolyte mimic solution of (pH 0.5 – 1.0) was a 3.7 

M solution prepared from concentrated H2SO4 (S.G 1.83 >95%) supplied by Fisher 

Scientific UK Ltd in DI water. The Nickel electrolyte mimic solution (pH 2.5 - 3.5) was 

a 1.05 M solution prepared from H3BO3 (ACS reagent 99.5%) supplied by Sigma 

Aldrich Ltd UK. 
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The spice particles must not dissolve in the harsh acidic environment of the electrolyte, 

if they are to be successfully incorporated into the composite coating. For this reason, 

the solubility of the spice particles in the electrolytes was assessed. 

 

A mass of 0.1 ± 0.02 g of each ground spice and 80 ml of each electrolyte mimic was 

added to 100 ml beakers and heated for 30 min at 50 oC on an IKA RCT Basic hot 

plate. The resulting solutions were then left at room temperature overnight. The 

following day the solutions were filtered under suction (the nickel electrolyte mimic 

solutions required reheating beforehand to dissolve recrystallized H3BO3) through pre-

weighed hardened ash less filter papers supplied by Whatman International Ltd UK. 

After thoroughly rinsing through with RO water, the filter papers were placed in a drying 

oven for 6 hours at 90oC, the filter papers were then re-weighed, and the mass of the 

remaining spice calculated.  

 

A.2.3. Ultrasonic equipment used for dispersion  
 

Both an ultrasonic horn (20 kHz Sonic systems sonic processor P100/3-20 with horn 

model GA99893) and an ultrasonic bath (Ultrawave QS12 cleaning bath, 32-38 kHz 

operating frequency, 300 W heating power 12.5 L capacity) were used to disperse the 

particles throughout the project. The power of each system was first estimated using 

calorimetry [3]. All powers detailed in this research project (table A.2.) were calculated 

by this method. 

 

Only water was used for the calorimetry experiments as it was the main constituent of 

the electrolyte, and both cheaper and safer than using the electrolyte. A volumetric 

flask was used to measure out 500 ml of reverse osmosis water (RO), which was then 

added to a 600 ml beaker. The beaker was then placed in the bath where the effect of 

the ultrasound was most prominent (or the horn placed in the beaker in the case of 

the ultrasonic horn), the beaker, position of the beaker, and water level remained 

constant throughout the course of the experiment (Figure A.1.). The bath was then 

switched on at 100% power for 5 min. An Extech Instruments Easyview 15 data logger 

was used to measure the temperature change every 3 s for the 5 min duration. This 

was then repeated for the ultrasonic horn at an estimated power of 15 W/l and 47 W/l. 
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The Data was collected and plotted on polynomial graphs, and the power of each 

system calculated (A.1.) a presented in table A.2. 

 

𝑃 =
𝑑𝑇

𝑑𝑡
 𝑐𝑝 𝑀                                                                                                     (A.1.) 

 

Where P is the power of the system at that setting, dT is the change in temperature, 

dt is the change in time, M is the mass of the water in the beaker, and cp is the heat 

capacity of water. 

 

 

 

Figure A.1. Diagram of beaker position while sonication was taking place. (A) Side view of 

horn. (B) Overhead view of horn. (C) Side view of bath. (D) Overhead view of bath.  
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Table A.2. Power outputs of ultrasound systems measured by calorimetry. 

Ultrasound System Power setting on the 

system 

Measured power output / 

w/l 

32-38 kHz Bath 100% 11 

20 kHz Horn 15 w/l 11 

20 kHz Horn 47 w/l 33 

 

A.2.4. Spice particle dispersion and suspension 
 
A dispersion experiment was conducted, to assess how the spice particles dispersed 

and stayed suspended in the electrolyte. The study used two non-ionic surfactants, 

Tween 20 and Tween 80 (Figure A.2.). Due to the problems of the recrystallization of 

H3BO3 in the nickel electrolyte mimic as it cooled over time, only the copper electrolyte 

mimic was used. 

 

Figure A.2. Chemical structures of Tween 20 and Tween 80 [4]. 
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A known amount of each ground spice (0.3 ± 0.02 g) with 100 ml of the copper 

electrolyte mimic was placed in a 150 ml beaker (no surfactant was added). The 

solution was then placed in the 32 – 38 kHz ultrasonic bath at a power of 11 W/l for 5 

min. The solutions were then transferred to glass vials and monitored for 1 hour. 

 

The spice solutions were then remade with the addition of 1.0 ± 0.1 ml of Tween 20 

and 1.0 ± 0.1 ml of Tween 80 both supplied by Sigma Aldrich UK Ltd, and left to stand 

overnight. The following day the experiment was repeated on the spice solution with 

Tween 20 and Tween 80. 

 

A.3. Results 
 

 

A.3.2. Spice grinding 
 

Figure A.3. and Figure A.4. Show images of spices before and after grinding with a 

pestle and mortar. 

For oregano and marjoram, 90 s of grinding in the pestle and mortar was sufficient to 

produce fine pea green and greyish-green powders respectively. The clove buds 

remained almost completely intact after 5 min of grinding in the pestle and mortar. For 

both thyme and rosemary, the size of the leaves was reduced after 5 min, however 

grinding in the pestle and mortar was insufficient to produce fine powders.    

Figure A.5. and Figure A.6. Show images of spices before and after grinding in an 

electric coffee grinder. Fine powders were produced for both oregano and marjoram 

after 30 s of grinding in the electric coffee grinder. For Thyme and Rosemary leaves 

60 s of grinding was required to produce a brownish-green powder and olive-green 

powder respectively, however, large fibres were still present, increasing the grinding 

time to 5 min did not remove the fibres (Figure A.7.). Clove buds required 2 min to 

produce a coarse, moist chocolate brown powder, increasing the grinding time up to 

5 min did not produce a fine powder.   
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Before Grinding After Grinding 

  

Oregano 

  

Clove 

  

Marjoram 

Figure A.3. Images of spices before and after grinding in a pestle and mortar. 
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Before Grinding After Grinding 

  

Thyme 

 
 

Rosemary 

Figure A.4. Images of spices before and after grinding in a pestle mortar 
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Before Grinding After Grinding 

  

Oregano 

  

Clove 

  

Marjoram 

Figure A.5. Images of spices before and after grinding in an electric coffee grinder. 
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Before Grinding After Grinding 

  

Thyme 

  

Rosemary 

Figure A.6. Images of spices before and after grinding in an electric coffee grinder. 
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Oregano Clove 

  

Marjoram Thyme 

  

Rosemary Turmeric 

Figure A.7. Images of the spices after grinding in an electric coffee grinder (except for turmeric 

which was purchased pre-ground) under Nikon fluorescence microscope at x20 magnification. 
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A.3.3. Spice solubility test 

 

The solubility of the spices in the copper and nickel electrolyte mimic was assessed 

by mass differential of before and after experiment (Figure A.8. and Figure A.9. 

respectively). 

 

 
Figure A.8. The percentage of mass remaining in copper electrolyte mimic after solubility test 

for various spices. 

 

Figure A.9. Bar chart of the percentage of mass remaining in nickel electrolyte mimic after 

solubility test for various spices. 
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All the samples tested showed some spice remaining in the copper electrolyte mimic 

after the solubility test. Turmeric had the highest percentage of spice remaining in 

solution indicating the lowest solubility. Rosemary and thyme also showed low 

solubility, with marjoram and cloves exhibiting moderate solubility, whilst oregano 

showed the lowest percentage of spice in solution after the solubility test indicating the 

highest solubility.  

From Figure A.9. It can be seen that again, all samples showed some spice remaining 

in the nickel electrolyte mimic after the solubility test. Rosemary had the highest 

percentage of spice remaining in solution indicating the lowest solubility. Turmeric and 

thyme also showed low solubility, oregano and cloves showed moderate solubility, 

whilst marjoram showed the lowest percentage of spice in solution after the solubility 

test indicating the highest solubility.  

 

A.3.4. Spice particle dispersion and suspension 

 

Figure A.10. and Figure A.11. Shows the dispersion of the spices in the copper 

electrolyte mimic with and without surfactant. Results from the dispersion experiment 

with nickel electrolyte mimic were not obtained, due to the recrystallisation of boric 

acid in solution as the temperature cooled below 35 °C.   

 

The spices that were dispersed in solution without a surfactant rapidly re-

agglomerated and either settled to the bottom or rose to the surface of the solutions. 

With thyme and turmeric, the solutions at 1 hour after agitation were more transparent 

than the solutions at 5 min after agitation. However, for oregano, cloves, marjoram, 

and rosemary no clear visual difference between the samples at 5 min after agitation 

and 1 hour after agitation could be identified. 

 

For spices dispersed in solution with Tween 80, re-agglomeration was slower than that 

of the spices dispersed without surfactant. However, in marjoram and rosemary 

samples large agglomerates were visible on the surface of the solutions. With oregano 

and thyme samples, at 1 hour after agitation, the spice particles had started to re-
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agglomerate and rise to the surface, and with turmeric, after 1 hour particles had begun 

to settle at the bottom of the sample. 

 

For spices dispersed in solution with Tween 20, re-agglomeration was slower than 

both that of the spices dispersed without surfactant and with Tween 80. There was no 

visual difference between samples 5 min after agitation and samples 1 hour after 

agitation for oregano, cloves, thyme, rosemary, and turmeric. However, for marjoram, 

the sample at 1 hour after agitation was more transparent than the sample after 5 min 

after agitation, and particles were present on the bottom of the solution.  

 

. 

Spice 

No surfactant Tween 80 Tween 20 

5 min 

after 

agitation 

1 hour 

after 

agitation 

5 min 

after 

agitation 

1 hour 

after 

agitation 

5 min 

after 
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1 hour 

after 
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Oregano 

      

Clove 

      

Marjoram 

      

Figure A.10. Spices dispersed in copper electrolyte mimic with and without surfactant 
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Thyme 

      

Rosemary 

      

Turmeric 

      

Figure A.11. Spices dispersed in copper electrolyte mimic with and without surfactant. 

 

A.4. Discussion 
 

 

The ability of a spice to remain dispersed and survive the harsh environments of the 

electrolytes is essential for the its uniform incorporation into the electrodeposits. These 

results show that of the six spices tested turmeric offer the best chance of successful 

incorporation. 

 

Grinding with either the pestle and mortar or the electric coffee grinder was unable to 

produce fine powders free of large fibres for both thyme and rosemary. These fibres 

may be too large to be physically incorporated into the electrodeposited coatings, or if 
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incorporated protrude from the surface of the deposit [5]. Therefore, without additional 

pre-treatment or filtering, thyme and rosemary were not suitable for 

electrocodeposition into the coatings produced in this research project.  

The codeposition of a particle into an electrodeposited coating is dependent on the 

presence of the particle in the electrolyte. If the particle has high solubility in the 

electrolyte the particles incorporation into the coating could be adversely affected. The 

higher solubility of the spices oregano and cloves in the copper electrolyte mimic made 

them less suitable for incorporation into the copper electrodeposited coating. The 

higher solubility of the spice marjoram in the nickel electrolyte mimic made it less 

suitable for incorporation into the nickel electrodeposited coating. Therefore, the 

spices oregano, marjoram, and cloves were not suitable for electrocodeposition in this 

research project. 

Although the 2 electrolyte mimics had different pH’s the spices turmeric, rosemary, 

thyme, and clove showed similar solubility in both, whilst oregano and marjoram 

showed difference solubility. The difference in solubility of oregano and marjoram in 

the 2 electrolyte mimics could be due to a counterion effect. The counterion for H2SO4 

is SO4
2- (the sulphate ion), and BO3

3- (the borate ion) for H3BO3. Both the sulphate 

and borate ions can act as ligands and form complexes, which can increase the 

solubility of a compound [6-8]. The compounds/oils in marjoram may form complexes 

more readily with borate ions than with sulphate ions, which would result in increased 

solubility in the nickel electrolyte mimic compared to the copper electrolyte mimic. The 

compounds/oils in oregano may complex with sulphate ions more readily than with 

borate, which would result in increased solubility in the copper electrolyte mimic 

compared to the nickel electrolyte mimic. 

A uniform dispersion of particles in the electrolyte is essential to obtain a coating with 

uniform particle content (and properties) throughout; therefore the dispersion of 

particles in the electrolyte is of great importance [5,9,10]. These results show that to 

prevent the particles from re-agglomerating after dispersion; it is essential to use a 

surfactant. Although both Tween 80 and Tween 20 improved the dispersion and 

helped prevent re-agglomeration of all the spices tested, marjoram and rosemary did 

not disperse as evenly in Tween 80 as in Tween 20, and turmeric stayed dispersed 

for longer in Tween 20 then Tween 80. Therefore, in this research project, Tween 20 

was a more suitable surfactant to use for dispersing the spices in the electrolyte. 
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The inability to obtain fine powders for thyme and rosemary by either pestle and mortar 

or electric coffee grinder eliminated them from this research project. The higher 

solubility of clove, oregano, and marjoram in the electrolyte mimics also excluded them 

from the research. Therefore, the only spice used in this research was turmeric, with 

the surfactant Tween 20 used to assist its dispersion. 

 

A.5. Conclusions 
 

• Results from the spice preparation experiments show using the grinding 

methods in this research, it is not possible to produce powders suitable for 

incorporation into the electrodeposited coatings, for thyme and rosemary. The 

results also show that the solubility of oregano, marjoram, and clove in the 

electrolyte mimics made them less suitable for incorporation into the 

electrodeposited coatings than turmeric, thyme, and rosemary. Therefore, in 

this research project, the most suitable spice for incorporation into the 

electrodeposited coating was turmeric. 

• A surfactant is needed to disperse the spices in copper electrolyte mimic, and 

of the 2 tested Tween 20 produced better results. Therefore, for this research 

project, Tween 20 was used to help disperse turmeric.  
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