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Abstract 

Copper is a well-known antimicrobial metal which could be used in the form of coating 

on the aluminium touch surfaces, especially, those in hospitals. Experiments were 

conducted by copper coating on the double zincated aluminium samples by two 

processes, viz : i) Electrodeposition and ii) DC magnetron sputter deposition. Double 

zincation of the aluminium had been carried out, mainly, to improve the adhesion 

between the coating and the substrate. The electrodeposition was carried out by using two 

types of non-cyanide alkaline electrolyte: Bath-I (with ammonium nitrate) and Bath-II 

(without ammonium nitrate). In the case of electrodeposition, the coating characteristics 

were changed by varying the current density while in the case of DC magnetron sputter 

deposition, they were changed by varying the sputtering power.  SEM characterization 

shows the nodular morphology of the deposits in the electrodeposited as well as the DC 

magnetron sputter deposited coating.  TEM study of the coating shows that each nodule 

is made up of nano-sized crystallites. Moreover, the crystallite size varied with the 

coating parameters.  XRD study of the coating revealed the texture and the microstrain of 

the coating. Further, the mechanical characteristics like hardness, scratch resistance and 

adhesion strength of the coatings has been determined. The scratch hardness and 

microhardness were significantly increased due to the nano-crystallinity, nano-twins and 

preferred texture of the coating. Adequate adhesion strength of the coating was observed 

in the cross-hatch cut test as well as in the pull-off adhesion test. Antimicrobial activity of 

the coating was evaluated against gram negative bacteria (Escherichia coli) and gram 

positive bacteria (methicillin-resistant Staphylococcus aureus (MRSA)). These pathogens 

are most harmful and ever present on the hospital touch surfaces. The colony forming 

unit (CFU) count of the bacteria on the copper coated samples was found to be less than 

that on the bulk copper.  TEM and SEM analysis showed that Escherichia coli cells 

exposed to copper coating were found to be wrinkled and damaged because cell wall was 

broken and intracellular fluid was leaked. Whereas, in the case of MRSA, small pits were 



developed on the copper treated cells. But the morphology of the cell was maintained due 

to the thick cell wall in the MRSA.  

Key words:   bacteria; copper coating; nano-twins; scratch hardness; touch surface.  
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Chapter 1 

INTRODUCTION 

 

1.1 Introduction 

Health Care Assisted Infections (HCAI) occurring from the contaminated surfaces, 

equipment and spreading from the hands of health care workers are becoming a severe 

problem in the health sector. According to CDC (Center for Disease Control and 

Prevention) reports, around two million patients are suffering from HCAI and cause $4.5 

billion additional expenses yearly (Reed and Kemmerly 2009). To prevent the spread of 

infections from contaminated environments, global infection control community 

recommends the use of liquid hand soap, shampoo, and other personal hygiene products. 

But,the antimicrobial and anti-fungal agents in the above products are harmful to the 

human bodies. Hence, such products are under scrutiny by the Food and Drug 

Administration (FDA) of USA. Moreover, the evolutions of antibiotic resistant bacteria 

are a serious public health problem. In this context, the environmentally friendly 

antimicrobial metals, like copper, are getting more attention. Literature reports that the 

touch surfaces made of copper in hospitals are effective in preventing the growth and 

survival of microbes (Warnes et al. 2012, Marais et al. 2010, Molteni et al. 2010, Grass et 

al. 2011 and Isa et al. 2017). As a result, the touch surfaces in hospitals (example: door 

knobs, push plates, faucet handles, bed rails, and poles supporting intravenous fluid 

suppliers) are replaced with copper (antimicrobial copper Cu+, 2014). But the high cost 

and difficulty in machining of the copper are the major problems faced during 

fabrication. Alternatively, use of copper as coating on the aluminium touch surface is a 

feasible solution. Moreover, the coatings can offer better surface area, reduced grain size, 

ultra high purity (Lu et al. 2000), preferred texture and better mechanical properties 
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(Sanders et al. 1997) compared to the bulk copper. Copper on aluminium could be easily 

deposited using the techniques, like, sputtering and electrodeposition. In addition to that, 

the properties of the coating could be tuned to the requirement by varying deposition 

parameters.  But, the challenge in engineering systems is to improve adhesive strength of 

the coatings on the aluminium. Durability of the coating in real time engineering 

applications is affected by limited value of the adhesive strength between the coated 

copper and the substrate aluminium. During the deposition of copper directly on 

aluminium, there is a large drop in the adhesive strength due to the presence of oxide 

layer on the aluminium (Lunder et al. 2002). This may be due to large lattice 

mismatching between the ceramic aluminium oxide and the metallic copper. The 

aluminium oxide can be easily replaced by the zinc by double zincation process (Willigan 

et al. 2014). Hence in the present work, copper has been deposited on the double zincated 

aluminium.  

In the present work, the microstructural and mechanical characteristics of the 

electrodeposited as well as DC magnetron sputter deposited coating are explored. The 

microstructural analysis of the coating is carried out by scanning electron microscope 

(SEM), transmission electron microscope (TEM), x-ray diffractometer (XRD) and energy 

dispersive spectroscope (EDS). As a part of mechanical characterization, the coated 

sample is subjected to scratch hardness test as well as adhesion strength test because 

scratch resistance and adhesion strength are very essential mechanical properties of the 

antimicrobial coating. The antimicrobial test of the coating is carried out against gram 

negative bacteria (Escherichia .coli) and gram positive bacteria (Methicillin-resistant 

Staphylococcus aureus). The literature also reported that Escherichia .coli (E.coli) and 

Methicillin resistant staphylococcus aureus (MRSA) are the most frequent single 

pathogens causing HCAI in mixed patient population (Inweregbu et.al 2005).    
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1.2 Organization of theThesis 

The dissertation has been divided into eight chapters. A brief chapter wise description of 

the thesis is as follows: 

Chapter 1 gives an introduction to the research area.  

Chapter 2 provides literature review on the significance of the antimicrobial touch 

surface, structure of microbes (gram negative and gram positive bacteria), copper 

coatings methods, such as, electrodeposition and sputter deposition techniques and 

microstructural, mechanical and antimicrobial characterizations of the copper coatings. 

The research gap identified from the literature survey is discussed in this chapter. The 

main objectives derived from the research gap and the scope of the planned work to be 

carried out are presented in this chapter. 

Chapter 3 covers the details about the substrate preparation, electrodeposition and 

sputter deposition, microstructural characterization by using SEM, TEM, XRD, 

mechanical characterizations, like, hardness test and adhesion test, and antimicrobial 

characterization of the coating against Escherichia .coli (E.coli) and Methicillin resistant 

staphylococcus aureus (MRSA).   

Chapter 4 focuses on the microstructural and mechanical characteristics of the 

electrodeposited copper coatings. The results are given separately for Bath-I (electrolyte 

containing ammonium nitrate) and Bath-II (electrolyte doesn’t contain ammonium 

nitrate). The microstructural characterizations include the study of the coating 

morphology using SEM, analysis of nano-crystallite using TEM, texture and microstrain 

study of the coating from the XRD profile. The mechanical characterizations include 

hardness measurement and adhesion strength study. The hardness of the coating is 

analyzed by scratch hardness test as well as microhardness test. The adhesion test of the 

coating includes cross-hatch cut test and pull-off adhesion test.   
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Chapter 5 focuses on the microstructural and mechanical characteristics of the DC 

magnetron sputter deposited copper coatings. The microstructural characterizations 

include the study of the coating morphology using SEM, analysis of nano crystallite 

using TEM, and texture study of the coating from the XRD profile. The mechanical 

characterizations include hardness measurement and adhesion strength study. The 

hardness of the coating is analyzed by using scratch hardness test as well as 

microhardness test. The adhesion test of the coating includes cross-hatch cut test and pull 

off adhesion test. 

Chapter 6 covers the antimicrobial test results of both electrodeposited and sputter 

deposited coatings. The test results against gram negative bacteria (E.coli) and gram 

positive bacteria (MRSA) are presented separately. The results includes colony forming 

unit (CFU) count study and electron microscopic study (SEM, TEM and EDS) of the 

microbes. 

Chapter 7 describes the detailed analysis and elaborate discussion on the results obtained 

by different experiments mentioned in chapter 4, 5 and 6. The discussions are presented 

as microstructural, mechanical and antimicrobial characteristics.  

Conclusions and scope for further research: The conclusions obtained from the above 

chapters and scope for further research is given in this section. 
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Chapter 2 

LITERATURE REVIEW 

The review of the literatures related to antimicrobial touch surface, coating methods 

(electrodeposition and DC magnetron sputter deposition) and the microstructural and 

mechanical characteristics of the coating have been presented in the current chapter. 

2.1 Antimicrobial Touch Surface  

In the health care sectors, the patients as well as health care workers frequently comes in 

physical contact with the surfaces like door handles, bed rails, sink surfaces etc.  Such 

surfaces act as the sources for spreading the pathogens from one person to another. These 

surfaces are generally called as touch surfaces in health care sectors.  Based on the 

frequency of contact, touch surfaces are classified into three types: (i) high touch 

surfaces, (ii) medium touch surfaces and (iii) low touch surfaces. Bed rails, over-bed 

tables, IV pumps (a medical device that delivers fluids, such as nutrients and medications, 

into a patient's body in controlled amounts) and bed surfaces are some examples of high 

touch surfaces. Tubes, curtains, bedside tables, call bells, chairs and light switches are 

some examples of medium touch surfaces. Phones, trash cans, sink surfaces, soap 

dispensers, thermometers, mouse, keyboards, paper towels and dispensers are some of the 

examples of low touch surfaces (Huslage et al. 2010).  Transmission of pathogens led to 

individual cases and multiple outbreaks of health care acquired infections (HCAI). This 

occurs in several ways: (i) contamination of the surfaces, (ii) contamination of the 

equipment and (iii) contamination of hands of health care workers and patients. Hence 

antimicrobial touch surfaces could be defined as the surfaces which can continuously kill 

the microbes coming from contaminated environment or inhibit their growth during its 

service period. 
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2.1.1 Significance of antimicrobial touch surfaces 

Hospital care associated infections (nosocomial infections) are the major threats not only 

to the patients but also to the hospital workers as well. According to the World Health 

Organization (2011), health care associated infection (HCAI) is defined as: “An infection 

occurring in a patient during the process of care in a healthcare facility which was not 

present or incubating at the time of admission. This includes infections acquired in the 

hospital but appearing after discharge and also occupational infections among staff”. 

Nosocomial infections can occur within 48 hours of hospital admission, three days of 

discharge or 30 days after an operation. They affect one in 10 patients admitted to 

hospitals (Inweregbu et al. 2005).   

Based on the type of infections, the health care associated infections could be divided 

into six types, which are: (i) general health care infections, (ii) surgical site infections, 

(iii) ventilator associated pneumonia, (iv) blood stream infections, (v) health care 

associated pneumonia and (vi) urinary tract infections (Allegranzi et al. 2011).  

According to published data, 7.6% of mixed patient populations in high income countries 

have HCAI. The European Centre for Disease Prevention and Control (ECDC) estimated 

that 4.1 million patients are affected by approximately 4.5 million episodes of HCAI 

every year in Europe. As a result, 16 million extra days of hospital stay, 37 thousand 

deaths, and annual financial loss up to 7 billion Euros. Whereas in USA, the estimated 

HCAI incidence rate is 4.5% in 2002 (1.7 Million affected patients). This results in 

approximately 99000 deaths as well as an economic impact of 6.5 billion US$ per year. 

In low and middle income countries, data are not available at national level. The data 

acquired from 173 ICUs from Latin America, Asia, Africa, and Europe shows that crude 

excess mortality as 18.5%, 23.6%, and 29.3% for care associated urinary tract infections, 

health care associated bloodstream infections and ventilator associated infections, 

respectively. Studies showed that increased length of stay associated with HCAI varied 

between 5 to 29.5 days (World Health Organization, 2011). These details show that 

HCAI is a serious matter which requires more research attention. 
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It is estimated that 20% to 40% of HCAI have been attributed to cross infection via hands 

of health care personnel, who have become contaminated from direct contact with the 

patient or indirectly by touching contaminated environmental surfaces (Weber et al. 

2010). These touch surfaces includes doorknobs, push plates, bed rails, faucet handles 

and poles supporting intravenous fluid supplies. The study carried out by Schmidt et al. 

(2012) explained over the 43 months of the analysis on samples recovered from 9,522 

objects in 1,587 rooms across three study sites as following. The average microbial 

burden found for the six objects assessed in the clinical environment during the pre-

intervention phase was 28 times higher (6,985 CFU/100 cm
2
; 3,977 objects sampled) than 

levels commonly accepted as benign, <250 CFU/100 cm
2
. The latter value exceeded for 

each object sampled. Bed rails were the most heavily burdened of the objects, averaging a 

concentration of 69 times greater than the level proposed as benign immediately after 

terminal cleaning or 17,336 CFU/100 cm
2
, with a standard error of sampling of ± 2,896 

CFU/100 cm
2
. Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant enterococcus (VRE) were frequently recovered from objects. Bed rails had 

average concentrations of 151 CFU of MRSA/100 cm
2
 and of 667 VRE/100 cm

2
 and 

nurse call buttons had averages of 146 CFU of MRSA/100 cm
2
 and 16 CFU of VRE/100 

cm
2
. The average concentrations of gram negative bacteria on bed rails and call buttons 

were 57 and 109 CFU/100 cm
2
, respectively, and the average concentration of gram 

negative bacteria resident on the monitors and tray tables were 5,914 and 8,572 CFU/100 

cm
2
, respectively, reflecting a small number of outliers from samples collected from 

hospital. 

2.1.2 Common pathogens in touch surfaces 

The common pathogens associated with nosocomial infections are Coagulase negative 

Staphylococcus aureus, Pseudomonas aeruginosa, Enterococci species, Enterobacter 

species, Escherichia coli, and Candida albicans. According to the reports of World 

Health Organization (2011), out of 13954 isolates collected from France, Germany and 

Italy, the infections occurred in the intensive care units (ICU) are due to the following 
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pathogens; Staphylococcus aureus (21.8%), Enterobacteriaceae (20.2%), Pseudomonas 

species (17.2%), Enterococci (10.0%), Escherichia coli (E. coli) (9.1%), Candida species 

(8.8%), coagulase negative staphylococci (7.0%), and Acinetobacter species (5.1%). 

Gram positive bacteria like methicillin resistant Staphylococcus aureus (MRSA) are the 

common causes of nosocomial infections. Inweregbu et al. (2005) reported that (MRSA) 

causes up to 60% of nosocomial infections in intensive care units (ICU). E. coli (20.1%) 

and Staphylococcus aureus (17.8%) were the most frequent single pathogens causing 

HCAI in mixed patient populations. Multiple studies strongly suggest that environmental 

contamination plays an important role in the transmission of methicillin-resistant 

Staphylococcus aureus, vancomycin resistant Enterococcus species, Norovirus, 

Clostridium difficile, and Acinetobacter species. All these pathogens survive for 

prolonged periods of time in the environment and the infections are associated with the 

frequent surface contamination in hospital rooms and health care worker hands (Weber et 

al. 2010). 

2.1.2.1 Structure of Escherichia coli and Staphylococcus aureus  

Escherichia coli and Staphylococcus aureus are the typical examples of gram negative 

and gram positive pathogens existing in hospital touch surfaces, respectively. Hence, 

these two bacteria are taken as the model for gram negative and gram positive bacteria, in 

the present study. Escherichia coli are rod shaped gram negative bacteria with 

approximately three micrometer in length and 0.5 micrometer in diameter. The scanning 

electron micrograph (SEM) of Escherichia coli is shown in Figure 2.1(a). Staphylococcus 

aureus are spherical in shape, with approximately one micrometer in diameter. The SEM 

micrograph of Staphylococcus aureus is shown in Figure 2.1(b).  
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Figure 2.1 SEM micrograph of a) normal E.coli characterized by rod shape (Perreault et 

al. 2015) and  b) normal Staphylococcus aureus characterized by grape like clusters 

(Zhang et al. 2013). 

The outermost rigid structure is the cell wall which provides the general shape of the cell 

and functions to protect the cell from osmotic shock (Osmotic shock or osmotic stress is a 

physiologic dysfunction caused by a sudden change in the solute concentration around a 

cell, which causes a rapid change in the movement of water across its cell membrane). 

Cell wall of the bacteria is composed of peptidoglycan. It contains repeating disaccharide 

units (a polymer of N-acetylglucosamine and N-acetylmuramic acid), with amino acid 

side chains that are covalently linked to amino acid side chains from disaccharide units 

forming a stable cross linked structure. The designations „gram positive‟ and „gram 

negative‟ are based on fundamental differences in the components of the cell wall and 

associated structures. Owing to the uniqueness and the importance of the cell wall to 

bacterial viability, it is the target of many antimicrobial agents. 

The gram negative bacteria like „Escherichia coli’ cell walls are structurally and 

chemically more complex. The schematic representation of the cell wall structure is given 

in Figure 2.2 (a). Unique to „gram negative bacteria‟ have an outer membrane, external to 

the cell wall, which acts as a permeability barrier to large molecules (Example; 

lysozyme) and hydrophobic molecules (Example; some antimicrobials). The space 

(a) (b) 
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between the outer membrane and the cell wall is known as periplasmic space, which is 

about 10 nm in thickness. The outer membrane is an asymmetric bilayer, which consists 

of an inner leaflet with phospholipids, much like those of the cytoplasmic membrane and 

an outer leaflet composed primarily of lipopolysaccharide (LPS). LPS is an endotoxin, 

which is toxic to human and is a potent activator of the immune response. So most of the 

gram negative bacterium are pathogenic. The LPS is responsible for many of the features 

of infections by gram negative bacteria including inflammation, fever, and shock. LPS is 

composed of three parts: 

(a) Lipid A: It consists of a disaccharide backbone with attached fatty acids. It is an 

integral component of the outer membrane and is responsible for the endotoxin activity. 

(b) Core polysaccharide: It is a branched polysaccharide of 9 – 12 sugars.  

(c) The O-antigen portion: It consists of 50 – 100 repeating saccharide units, which is 

attached to the core polysaccharide and extends away from the bacterial surface. The O-

antigen composition and structure can vary within a bacterial species and is often used to 

distinguish specific serotypes (Example; O157, strains of enterohemorrhagic Escherichia 

coli) (Schwechheimer and Kuehn 2015). 

Whereas, in Gram positive bacteria, like, Staphylococcus aureus have a thick cell wall 

which is 90% peptidoglycan, with extensive cross-linking. The schematic representation 

of the cell wall is given in Figure 2.2(b). Teichoic acid and lipoteichoic acid present in 

the cell wall of gram positive bacteria are polymers of glycerol or ribitol phosphodiesters 

that contribute to the structure of the gram positive cell wall. The lipoteichoic acid 

present in the cell wall contains a fatty acid that anchors the cell wall to the cytoplasmic 

membrane. Additional cell wall associated proteins and polysaccharides may serve as 

antigenic determinants. But gram negative bacteria have thinner cell wall and do not 

contain teichoic or lipoteichioc acid.  
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Figure 2.2 Schematic representation of the cell wall structure of a) gram negative and b) 

gram positive bacteria, respectively. 

2.1.3 Antimicrobial metals 

Metals have been used for their antimicrobial properties for thousands of years. For 

example, vessels made of copper and silver have been used for water disinfection and 

food preservation, since the time of the Persian kings. This practice was later adopted by 

the Phoenicians, Greeks, Romans and Egyptians. Settlers of North America dropped 

silver coins into transport containers to preserve water, wine, milk and vinegar, and a 

similar strategy was used by Japanese soldiers during Second World War to prevent the 

spread of dysentery (Lemire et al. 2013). Soft metals are functionally defined by their 

polarizability, which enables them to associate tightly with sulfhydryl groups. Broadly 

speaking, mercury(II), silver(I), copper(I), lead(II), cadmium(II), nickel(II), zinc(II), and 

cobalt(II) have substantial affinities for protein thiols, and they are toxic to bacteria. 

Toxicity is roughly in proportion to their affinities for sulfur. Use of silver and copper for 

drinking vessels of the classical period exploited the observation that these metals 

suppress spoilage. In the 20
th

 century, silver and mercury in particular were applied as 

antibiotics to prevent or treat a variety of human infections. Today, mercury is still used 

in different parts of the world as a preservative for vaccines and seeds, silver tips have 

                   Teichoic acid 
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been developed for catheters to resist biofilms, and both silver and copper coatings have 

been applied frequently to touched surfaces in hospitals in order to suppress nosocomial 

disease (Xu and Imlay 2012). The study carried out by Li et al. (2015) showed the 

excellent antimicrobial property of the copper nano-particle against Staphylococcus 

aureus and E.coli, within three hours. Truncated triangular silver nanoplates with {111} 

lattice plane as the basal plane displayed the strongest biocidal action compared with 

spherical and rod-shaped nanoparticles and with silver in the form of AgNO3. It is 

proposed that nanoscale size and the presence of {111} plane combine to promote this 

biocidal property (Pal et al. 2007). In addition to pure metals, metal oxides and cuprous 

compounds like Cu2S, CuI and CuCl have high levels of biocidal efficiency. But 

compared to cupric compounds, cuprous compounds are showing higher antimicrobial 

activity (Sunada et al. 2012). Ondok et al. (2010) reported that anatase structure of TiO2 

exhibits strong biocidal activity against E.coli .  

2.1.3.1 Advantages of copper in antimicrobial touch surface applications 

To prevent the infections from contaminated environments, globally practiced approaches 

are use of liquid hand soaps, shampoos, and other personal hygiene products.  „Triclosan‟ 

is used as the antimicrobial and antifungal agents in the above products. Studies have 

shown that triclosan causes liver fibrosis and cancer in laboratory mice by molecular 

mechanisms which are expected to be relevant in humans also (Yueh et al. 2014). So 

triclosan is under scrutiny by the Food and Drug Administration (FDA). Moreover, the 

evolutions of antibiotic resistant bacteria are the challenge to global infection control 

community. In this contest, copper is gaining more significance due to its environmental 

friendliness and continuous killing power for pathogens (Yasuyuki et al. 2010).  

Literatures reports that copper has the multifaceted attacking ability by multiple 

mechanisms (Borkow and Gabbay 2005). Compared to other antimicrobials, copper can 

offer antimicrobial activity in 24/7. In addition to it, copper is the only solid metal touch 

surface approved by the US Environmental Protection Agency (EPA) (Sunada et al. 
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2012). Antimicrobial efficacy of copper is scientifically proven to be far more effective 

than silver containing coatings. Moreover copper has the advantages, like, safe to use and 

never wearing out (antimicrobial copper Cu+, 2014). Copper remains effective even after 

repeated wet and dry abrasion and recontamination conditions. Natural oxidation does not 

impair efficacy of copper. Copper has excellent mechanical properties as well as 

complete recyclability (European Copper Institute, 2012). Hence, as an antimicrobial 

touch surface, copper is getting more preference.  

2.1.3.2 Mechanism of antimicrobial activity of copper 

Most of the literatures agree that the primary target of attack of copper is the cell walls of 

bacteria (Santo et al. 2011, Warnes et al. 2012). This is because bacterial membranes 

contain polymers with highly electronegative chemical groups that serve as sites of 

adsorption of metal cations (Lemire et al. 2013). In the case of E.coli (gram negative 

bacteria), the cell damage is clearly observed in electron microscopic study (Li et al. 

2015). In E.coli, negative charged liposaccharides have strong affinity to the positively 

charged cations, especially to the divalent cations (Warnes et al. 2012, Bai et al. 2007). 

So in copper surfaces, the cell wall gets oxidized and metal ions get reduced by redox 

reaction. Moreover in gram negative stains, bacteria have a very strong reducing 

environment of cytoplasm (Lemire et al. 2013). As a result dielectric properties of these 

cellular components get changed with copper treatment in a time and concentration 

dependent way. The permittivity of the outer membrane increases with the incubation 

time and the concentration of Cu
2+

, possibly because polarizability of the outer leaflet of 

lipopolysaccharides is affected by Cu
2+

. The conductivity of the periplasmic space 

decreased with the incubation time and the concentration of Cu
2+

, possibly due to the 

damage of peptidoglycan. The decreased permittivity of the inner membrane is attributed 

to be caused by the disturbance of the lipid bilayer structure produced by Cu
2+

 

incubation. The decreased cytoplasmic conductivity may be the consequence of the 

leakage of K
+
 ions from it. The cytoplasmic permittivity decreased with Cu

2+
 treatment 

probably because of the leakage of its some components. In the case of gram negative 

http://www.antimicrobialcopper.org/
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bacteria like E.coli, it is difficult to design antimicrobial agents because it has to cross the 

double membrane structure and periplasmic space (Warnes et al. 2012). This problem can 

be easily overtaken by disintegrating the cell wall of gram negative microbes by copper 

attack. 

In the case of gram positive bacteria like Staphylococcus aureus, cell wall is thicker as 

compared to gram negative bacteria (Hong and Koo 2005). The cell wall of 

Staphylococcus aerous is made up of thick peptidoglycan layer which contain teichoic 

acid molecules. This gives negative charge to cell wall and it attracts positive charged 

cations (Li et al. 2015). Even though, the gram positive bacteria could maintain the cell 

integrity after copper treatment (Nie et al. 2010). The rapid killing of gram positive 

bacteria is not by membrane damage, but due to the loss of cell respiration (antimicrobial 

copper Cu+, 2015). Compared to gram negative cell, depolarization does not occur in the 

gram positive bacteria during the exposure to copper surface (Keevil 2003). But 

compared to E.coli (gram negative bacteria), Staphylococcus aureus (gram positive 

bacteria) has less resistance to copper (Li et al. 2015, Yousuf et al. 2016).  

In addition to the membrane damage by direct attack of the copper ions, lipid 

peroxidation also causes the cell death (Lemire et al. 2013). In the presence of oxygen, 

hydroxyl radicles can damage the lipids and protein (Borkow and Gabbay 2005) because 

hydrogen peroxide is one of the strongest oxidizing agent rapidly destroying 

microorganism. Hydroxide radicals are generating from Fenton type reactions as given 

below (Grass et al. 2011). 

Cu
+
 + H2O2 = Cu

2+ 
+ OH

ˉ 
+ ˙OH                    (2.1) 

Where, ˙OH is hydroxyl radical  

H2O2 could be produced from the metabolic reactions of bacteria (Sunada et al. 2012). So,  

copper can catalyze the radicals that promote membrane lipid peroxidation. This lipid 

peroxidation is initiated by the direct attack of poly-unsaturated fatty acids in membrane 
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by free radicals (Cabiscol et al. 2010). Sunada et al. (2012) reported that cuprous 

compound have more antibacterial and antifungal properties than cupric compounds. 

Reactive oxygen species is formed by redox reaction as given below 

Cu
2+

 +    
  = Cu

+
+ O2                 (2.2) 

Cu
+ 

+ H2O2 = Cu
2+  

+ OH
ˉ 
+˙OH                                                                                     (2.3) 

H2O2 +   
   = O2 + OH

ˉ 
+ ˙OH                                                                                           (2.4) 

Where   
   (super oxide) and H2O2 are produced by the bacteria during its metabolic 

reactions. Hence the redox cycling between Cu
2+

 and Cu
+
 can catalyse the production of 

highly reactive hydroxyl radicals (Borkow and Gabbay 2005).  

The study carried out by Xu and Imlay (2012) found that copper (I) exerted toxicity by 

destroying the iron-sulfur clusters of dehydratase family enzymes. These [4Fe-4S] 

clusters are directly involved in catalysis, as they bind substrate and serve as Lewis acids 

to promote the dehydration reaction. To do so, the clusters must be openly exposed to 

solvent, a trait not shared by the more familiar clusters that operate in electron transfer 

enzymes. A consequence is that copper (I) have access to the sulfur atoms of the cluster, 

and upon binding them it displaces the catalytic iron atoms. Activity is thereby abolished. 

Enzymes of this type are involved in key metabolic pathways, and their inactivation can 

arrest growth. Copper and silver have strong affinity to the sulfur and quickly destroy the 

solvent exposed iron-sulfur clusters of the aconitase-family dehydratase (Xu and Imlay 

2012, Lemire et al. 2013, Macomber and Imlay 2009). 

2.2 Copper Coating 

The antimicrobial activity of the copper and the way of attack of the copper on the 

microbes are described in the previous sections. But the usage of the bulk copper has 

many disadvantages, like, wastage of material, difficulty of machining for complicated 
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shape, increased costs and more weight. The coating of the copper on the aluminium 

substrate could be taken as a feasible solution for the above problems. Moreover the 

microstructure of the coating could be tuned by controlling coating parameters. By 

adjusting the microstructure of the coating, the mechanical properties as well as 

morphological features of the coating could be tuned. The copper coating on the 

aluminium could be carried out mainly by the following methods 

i) Electrodeposition 

ii) Sputtering 

iii) Electroless deposition 

iv) Chemical vapor deposition 

v) Electron beam deposition 

Since electrodeposition and DC magnetron sputter deposition are used in the present 

work, detailed explanation on these two methods are given below.  

2.2.1 Electodeposition 

Electrodeposition is one of the most common methods of thin film coating in which 

deposition of the metallic ions on the cathode from the electrolyte using electric energy 

(Mattox 1998). Electroplating was first introduced by an Italian chemist, Brugnetell in 

1805 (Tay et al. 2014). Electrodeposition has been recognized as the most technologically 

feasible and economically superior technique for production of the nanocrystalllie 

coatings with low residual porosity. Compared to other methods, the advantages of 

electrodeposition are: (a) low cost and industrial applicability, (b) ease of control, as the 

electrodeposition parameters could be easily tailored to meet the required crystal size, 

microstructure and chemistry of the products, (c) versatility, as the process could produce 

a wide variety of pore free coatings, (d) high production rates and (e) deposition could be 
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done on complex shaped substrates (Bharucha and Janjua 1973 and Rashidi and Amadeh 

2008).  

Copper could be deposited from two main types of plating solutions: (i) alkaline cyanide 

copper and (ii) acid sulfate copper. The alkaline cyanide bath is commonly used for the 

electronic applications while the acid copper bath is primarily used for decorative 

applications. Despite waste disposal problems, cyanide bath continues to be used owing 

to its superior throwing power. However, the use of cyanide salts in copper plating 

electrolytes has become environmentally disfavored because of ecological considerations. 

Accordingly, a variety of non-cyanide electrolytes for copper plating have been proposed 

for the replacements of the well-known and conventional commercially employed 

cyanide counterparts. Because of the environmental issues, non-cyanide alkaline copper 

plating solutions have found increasing popularity since the mid-1980s. The use of non-

cyanide bath eliminates the inherent dangers of the cyanide in the production line, 

including: a) catastrophic accidental acidification of cyanide and b) harmful chemicals 

used to treat cyanide and the dangers of cyanide if a fire occurs. Therefore, it reduces the 

waste treatment costs for destroying the cyanide along with fire and liability insurance 

risks. Besides, this bath has higher throwing power (uniform deposit thickness) and 

smaller grained deposit than acidic and cyanide copper solutions (Hamid and Aal 2009). 

Moreover, the acidic plating bath has a disadvantage that, presence of hydrogen at the 

copper aluminium interface. This affects the adhesion strength of the coating (Bharucha 

and Janjua 1973), whereas, for alkaline bath, hydrogen evolution is absent (Sallee et al. 

1994). In addition to the toxicity, cyanide bath have the disadvantage of photo resistive 

attack during plating process (De Almeida et al. 2002). 

Sallee et al. (1994) has successfully deposited copper from the non-cyanide alkaline bath 

containing 0.745 M of copper nitrate, 0.79 M of tetra ethylene pentamine and 0.19M of 

ammonium nitrate.  The bath has stable pH of 7.9, anodic current efficiency of 100% and 

cathodic current efficiency of 80%. In addition to copper nitrate, copper sulphate, copper 

acetate and copper chloride could also be used as copper salt because the production of 
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cupric ions is important when the salt is dissolved in water. The tetra ethylene pentamine 

(TEP) was used as a compexing agent because two nitrogen atoms in TEP are capable of 

forming a chelate with the divalent copper. The pH of the bath could be adjusted by 

adding ammonium hydroxide (Bharucha and Janjua 1973). The coating quality would be 

determined by the coating parameters, like, type of electrolyte, concentration of ions, pH, 

bath temperature, degree of agitation, substrate and counter electrode geometry and 

material, over potential and/or current density, mode of deposition (d.c. versus pulse 

plating or galvanostatic versus potentiostatic), and presence of additives in the electrolyte 

(Ebrahimi and Ahmed 2003). Among these, coating current density has a direct 

relationship with grain (crystallite) size. In general, high current densities promote grain 

refinement because an increase in the current density results in a higher over potential 

that increases the nucleation rate (Rashidi and Amadeh 2008 and Sallee et al. 1994). The 

theoretical model of nickel electroplating showed the linear relationship between log (d) 

and log (i), where „d‟ is the grain size and „i‟ is the coating current density (Rashidi and 

Amadeh 2008). But decrease in grain size with increase in current density is only up to a 

certain value. Tay et al. (2014) reported that in their bath, crystallite size decreased with 

increasing current density, up to 50 mA/cm
2
 and crystallite size increased after that. The 

study carried out by Grujicic and Pesic (2002) explained that at deposition potential of 

300 mV, the copper nucleation density was 3.75x10
7
 nuclei per cm

2
 and at 500 mV, it 

was 7.32 x 10
7
 nuclei per cm

2
. In addition to the deposition current density, nucleation 

rate depends on the bath pH, temperature, compositions and impurities (Balaraju and 

Rajam 2005). At higher temperatures, the ion supply to the cathode is increased. The 

velocity (diffusion and migration) of the metal ions and inhibitor molecules are functions 

of temperature (Natter and Hempelmann 1996). So the acceleration in nucleation cause 

fine grain and reverse results in coarse grain (Natter and Hempelmann 1996 and Balaraju 

and Rajam 2005). During the growth stage, (111) crystal orientation is preferred because 

cubic structure gives the lowest surface energy along (111) plane (Kang et al. 2002). 
 

Generally, nodular morphology is obtained in the copper electrodeposition, at room 

temperature. But it is reported that, on increasing the temperature to 45 °C, the 
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morphology of the copper deposition on the aluminium substrate has changed from 

globular to nodular shape (Kanungo et al. 2003, Okamoto et al. 2009).  

In order to understand the mechanism of the electrodeposition and the growth behavior of 

the coating in detail, the movement of the cations in the bath needs to be discussed. 

Hence the concept of electrical double layer in the electrolyte is briefly given below. 

2.2.1.1 Concept of electrical double layer 

According to the Grahame triple layer model, the region near to the cathode could be 

divided into three regions viz. i) Inner Helmholtz layer (IHL), ii) Outer Helmholtz layer 

(OHL) and iii) Diffuse layer (Delgado et al. 2007).  

IHL is a layer of partially or fully dehydrated specifically adsorbed ions. IHL is bounded 

by the surface and the inner Helmholtz plane (IHP).  OHL is located between the IHP and 

the OHP. OHL is the layer of the centers of hydrated ions. Bath parameters, such as the 

concentration of individual ion species, use of complexing agents and their concentration, 

temperature, illumination or irradiation influences the nucleation process as these 

parameters could directly influence the inner row (Stern layer) of the Helmoholtz double 

layer. Bath temperature controls the rate of diffusion of ions from the diffusion to 

Helmohltz layer, the convection current and stability of any complex (Ray 2015). The 

schematic representation of the electrical double layer is shown in Figure 2.3. 

The basic idea in the interpretation of the ion-specific behavior is that when attracted to 

the interface, cations may become dehydrated and thus get closer to the electrode. Each 

cation undergoes this to a different extent. This difference in the degree of the 

dehydration and the difference in the size of ions results in the specific behavior of the 

cations. Ions that are partially or fully dehydrated are in contact with the electrode. This 

contact adsorption of ions allows short range forces (Example; electric image forces) to 

act between the metal electrode and the ions, in addition to the conventional electrostatic 

Coulombic forces (Delgado et al. 2007). 
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Figure 2.3 Schematic representation of the electric double layer in the electrodeposition 

in the contest of the copper deposition (Delgado et al. 2007). 

2.2.2 DC magnetron sputter deposition 

The process in which material is vaporized from the solid or the liquid source in the form 

of a vapor through vacuum or low pressure gaseous environment to the substrate where it 

condenses is known as physical vapor deposition (PVD) process. Sputtering is one of the 

most common PVD process for deposition of the copper thin films, in which due to high 

potential difference between the target and the substrate, plasma is generated from the 

inert gas and the ion bombardment is directed towards the target. Due to high energy 

bombardment of ions, the target gets eroded and gets deposited on the substrate. 

Sputtering could be broadly classified into two groups, based on the power source. They 

are i) DC magnetron sputtering, and ii) RF sputtering.  

DC magnetron sputtering involves in creation of the plasma by the application of a large 

DC potential between two parallel plates (Mattox 1998).  In DC magnetron sputtering, 

the electrons ejected from the cathode are accelerated away from the cathode and are not 

efficiently used for sustaining the discharge. By the suitable application of a magnetic 

field, the electrons could be deflected to stay near the target surface and by an appropriate 

X1 – Inner Helmholtz layer  

X2 – Outer Helmholtz layer 

X3 – Diffuse layer 

 

 

Solvated 

 cation 

Dehydrated  
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arrangement of the magnets, the electrons could be made to circulate on a closed path on 

the target surface. This high flux of electrons creates a high density plasma from which 

ions could be extracted to sputter the target material producing a DC magnetron 

sputtering configuration (Mattox 1998). In sputtering, the coating material is passed into 

the vapor phase, primarily, in atomic form by ion bombardment of a source electrode 

(target) composed of the coating material (Thornton 1977). Plasma confinement in the 

magnetron sputtering discharge is controlled by the magnitude and shape of the magnetic 

field above the sputtered target (Musil 1998). Sputtering method of deposition has many 

advantages as compared to other thin film depositions. DC magnetron sputtering is a 

convenient method for the preparation of dense, mechanically durable and well adherent 

films even at relatively low substrate temperature (< 200°C). The main advantage of the 

sputtering process is its capacity to pass materials into vapor phase while largely 

preserving their chemical compositions (Thornton 1977). Moreover sputtering is an 

environmentally clean deposition technique. According to Navinšek et al. (1999) “PVD 

coatings are more expensive than electroplating‟‟ is no longer valid, if we take into 

account environmental limits, substrate material, size, quantity and the quality of the 

surface improvement. Large quantities of low-cost substrates could be successfully 

coated in an optimum reactor arrangement with a high deposition rate and the highest 

possible throughput of substrates can be achieved.  

The ejection of the adatoms could be quantified by the term “sputtering yield”, which is 

defined as the ratio of the atoms sputtered to the number of high energy incident particles 

(Example Cu=2.35 Atoms/Ar ions; Ag= 2.4 Atoms/Ar ions) (Ohring 2001). The 

deposition parameters, like target power, argon pressure, substrate temperature have a 

significant role in the microstructure and morphology of the coating. Sputter deposition 

of the film is a collision process and the deposition rate is limited by the target power 

density (Musil 1998). The relation between deposition rate and sputtering voltage are 

given by the Langmuir–Child relationship as given in equation (2.5) and (equation 2.6). 
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Jion       
 
 ⁄                   (2.5) 

 KEav   Vdc                (2.6) 

where, Vdc is the DC applied voltage, Jion is the sputter deposition rate on argon ion flux, 

KEav is the kinetic energy of the argon ion flux (Chan and Teo 2006). From the 

Langmuir–Child relationship, it is clear that flux density and energy of the sputtered ions 

are directly proportional to the applied voltage (Vdc). The applied voltage is proportional 

to the sputtering power. Hence, the sputtering rate as well as kinetic energy of the 

sputtered atoms increases with sputtering power. So at higher sputtering power, the 

crystallinity of the film is improved due to the higher surface mobility. Moreover, the 

nucleation and growth are faster at higher sputtering power and   thereby the 

microstructure also improves (Le et al. 2010).  

Along with better microstructure, adhesive quality of the coating on to the substrate is an 

important requirement for good antimicrobial copper coating. The negative bias to the 

substrate improves the adhesion strength (Ouis and Cailler 2013).  Moreover, sputter 

cleaning (bombardment of the substrate surface prior to deposition) promotes better 

adhesion due to the removal of the adsorbed hydrocarbons and water molecules. During 

sputter cleaning, the nucleation density also increases, which helps to increase the 

adhesion strength (Singh and Wolfe 2005). During higher deposition range, better 

adhesion is obtained due to the better reflow of the copper atoms in to the grooves 

(Nguyen et al. 1997). The thin film with columnar morphology also exhibits a good 

adhesion because each column is separately bonded to the substrate (Mattox 1998).  

2.2.3 Pretreatment on the aluminium substrate for improving adhesion strength 

Poor adhesion strength of the copper thin film on to the aluminium substrate is the main 

problem of the copper coated aluminium. If adhesion strength is poor, coating becomes 

functionless (Gonczy and Randall 2005). The native oxide layer on the aluminium 

surface causes poor bonding between the substrate and the coating (Willigan et al. 2014). 



23 
 

So the removal of the oxide is necessary for the adherent copper coating. Due to the rapid 

formation of aluminium oxide, it is common to deposit thin zinc layer on to the 

aluminium via the ion exchange reaction between the aluminium and the zincate ions 

(Willigan et al. 2014 and Murakami et al. 2006).  A zincate film formed by this process is 

thought to be thin since the cathodic reaction (precipitation of zinc) and the anodic one 

(dissolution of the aluminum into the zincate solution) immediately stops when the 

surface of the substrate is uniformly covered with the zinc film (Murakami et al. 2006). 

At higher value of pH, the oxide gets dissolved in the zinc bath initially (Ai et al. 2011). 

A more detailed explanation of the ion exchange reaction between the zinc and the 

aluminum is given in section 7.2.2.1(Chapter 7). 

Zincate treatment could be done any number of times by repeating the dipping process 

over a fixed time interval followed by stripping in 50% nitric acid (Eg; double zincation, 

triple zincation etc.) (Parthasaradhy 1989). Murakami et al. (2006) has studied the 

efficiency of single, double and triple zincation process and concluded that double 

zincation is better. During double zincation, the uniform zincate film with better adhesive 

strength is achieved. During triple zincation, the adhesion is poor due to higher thickness 

of the zinc layer (Murakami et al. 2006). Similarly, single zinc deposition from zincate 

solution may not be providing adequate surface coverage, typically due to surface 

heterogeneity of the aluminum substrate (Willigan et al. 2014). Double immersion with 

acid etching between immersions is therefore standard practice prior to the copper 

deposition. It is reported that the incorporation of the sodium chloride into the bath also 

improves the adhesion strength of the copper thin film to the aluminium substrate 

(Bharucha and Janjua 1973). 
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2.3 Microstructural Characteristics of the Copper Coating 

2.3.1 Nucleation and growth behavior of thin film 

Microstructure of the thin film depends on the nucleation and growth mechanism. Singh 

and Wolfe (2005) have explained the growth mechanism of thin films, in which the 

structural evolution of the thin film undergoes three main stages:  

(i) In the early stage, atoms will condense on the substrate and migrate to a site where 

lowest activation energy is available for the nucleation to occur. It is called as nucleation 

stage. 

 (ii) Next step is the incorporation of the incoming condensation flux into the growing 

individual units of the film structure. The condensate will try to re-structure in order to 

reduce surface free energy. This step is called crystal/film growth. Since, the free energy 

of the surface is generally an anisotropic property, crystal growth will take place initially 

in all directions to reduce the surface free energy. 

 (iii) Re-organize the unit structure of the film. It is called grain growth by coalescence. 

This depends upon the substrate deposition temperature, or total energy of the system. 

According to the modes of growth, thin film is classified in to three categories viz. (i) 

island (or Volmer-Weber), (ii) layer (or Frank-van der Merwe), and (iii) Stranski-

Krastanov, which are illustrated schematically in Figure. 2.4. Island growth occurs when 

the smallest stable clusters nucleate on the substrate and grow in three dimensions. This 

happens when atoms or molecules in the deposit are more strongly bound to each other 

than to the substrate. Many systems of metals on insulators, alkali halide crystals, 

graphite, and mica substrates display this mode of growth. The opposite characteristics 

are displayed during layer growth. Here the extension of the smallest stable nucleus 

occurs overwhelmingly in two dimensions resulting in the formation of planar sheets. In 

this growth mode, the atoms are strongly bound to the substrate than to each other. The 
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first complete monolayer is then covered with a somewhat less tightly bound second 

layer. The layer growth model is sustained if the bond energy is continuously decreasing 

towards the bulk crystal value. The layer plus island or Stranski-Krastanov (S.K.) growth 

mechanism is an intermediate combination of the aforementioned modes. In this case, 

after forming one or more monolayers, subsequent growth of layers become unfavorable 

and islands are formed (Le et al. 2010 and Ohring 2001).  

 

Figure 2.4 Schematic representations of growth modes. 

In the case of sputtering, the morphology and growth behavior at different operating 

condition could be explained with the help of Thornton‟s structure zone model as given 

below. 

2.3.1.1 Thornton’s structure zone model 

During growth, competition occurs between crystals of different orientations, and crystal 

with low surface energy will dominate and continue to grow (Singh and Wolfe 2005). 

Along with sputtering power, argon pressure also affects the microstructure of the thin 
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film. As the deposition pressure increases, the deposition rate decreases due to the 

collision scattering events between the sputtered copper atoms and the argon species in 

the deposition chamber (Chan and Teo 2006). So deposition is normally carried out at a 

sufficiently low pressure so that the flux undergoes an essentially collisionless transport 

to the substrate (Thornton 1977). The effect of the microstructure on the substrate 

temperature and argon pressure in sputtering could be explained by Thornton‟s structure 

zone model, which is schematically shown in Figure 2.5. In this model various growth 

morphologies are presented as a function of the substrate temperature and argon the 

pressure. According to this model, the deposit consists of tapered crystals with porosity 

between the tapered crystals. This is observed over a wide range of gas pressures but 

deposition temperature is relatively low. It is called as zone I. Zone II layer is formed at 

slightly higher temperature (0.5-0.6 T/Tm, where T and Tm are the substrate temperature 

and the target melting temperature in degree Kelvin, respectively). In Zone II, the growth 

process is dominated by surface diffusion of the adatom. In this region, surface diffusion 

allows the densification of the intercolumnar boundaries. However the basic columnar 

morphology remains. The grain size increases and the surface features tend to be faceted. 

Zone I and zone II is separated by a transition zone, called as zone T. In Zone T, the 

coating has a fibrous morphology. Formation of the Zone T material is due to the 

energetic bombardment from reflected high energy neutrals from the sputtering target at 

low gas pressures. These energetic high energy neutrals erode the peaks and fill-in the 

valleys to some extent. At higher temperatures, zone III morphology is observed. In Zone 

III, bulk diffusion allows recrystallization, grain growth and densification. Often the 

highly modified columnar morphology is detectable with the columns being single 

crystals of the coating material (Thornton 1977 and Ohring 2001).  
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Figure 2.5 Structure zone model of the sputter deposited coating (Thornton 1977). 

2.3.2 Nano-twin formation 

Defects are necessary for the thermodynamic stability of real crystals. Twinning could be 

considered as a type of planar defect. In electroplating and sputtering, twins are formed 

due to error in stacking of unit cells when crystal first starts to grow. Copper has very low 

stacking fault energy (70-78 mJ m
-2

) due to single valance electron of the copper (Zhao et 

al.2005 and Venables 1964). As a result, large numbers of stacking faults are formed 

easily in the copper thin film. Higher number of stacking faults together forms twins. So 

the introduction of nano-twins in the copper thin films is easily possible by controlling 

the operational parameters during electrodeposition and sputtering methods (Lu et al. 

2009, Zhang et al. 2004a, Chen et al. 2008 and Zhang et al. 2004b).  

Among various parameters, deposition rate has a significant role in the formation of the 

twins. The nucleation of twins has equal probability as perfect nucleus in the case of 
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higher deposition rate of low twin boundary energy materials. In the case of perfect 

nucleus (twin free nucleus), critical size  

          
 =

 

  
               (2.7) 

Where,   is the surface energy 

              is the bulk free energy.  

In the case of twinned nucleus, critical size (Zhang et al. 2004a) 

      
  

 

   
  
 

               (2.8) 

Where,    is the twin boundary energy, h is the height of the disc shaped nucleus. Note 

that ∆G is taken to be positive and hence, typically,         
  <      

   and nucleation of a 

perfect nucleus will be preferred to a twinned nucleus. However, if    is very low and ∆G 

is very high, then the difference between         
  and      

  will be negligibly small, and 

the formation of twinned nuclei may occur freely during growth. Note that, ∆G is large at 

higher deposition rate (i.e., higher super saturation). Hence, in general, low    and high 

deposition rate will favor deposition of films with twinned structures. For materials with 

relatively higher   , sputter deposition at higher deposition rate  is needed to form high 

twin densities (Zhang et al. 2004a). Hence at higher deposition rate, stable nano-twins are 

formed. In the case of elecrodeposition as well as sputtering, twins are formed with 

deposition rate of 10 nm sec
-1 

or higher (Lu et al. 2009 and Zhang et al. 2004a).  

Moreover, copper thin film have a tendency to grow parallel to (111) plane along [111] 

direction due to the low surface energy of (111) plane offered by its close packed 

structure (Zhou and Wadley 1999). In FCC, growth in (111) plane can only facilitate twin 

nucleation because for (111) plane ABCABC…..is the stacking sequence, but  ABAB . . . 

is for both the (200) and the (220) planes. When adatom is deposited onto an ``A'' plane 

during [111] growth, it can either occupy the parent lattice ``B'' sites or the twin lattice 

(stacking faulted) ``C'' sites. Subsequent atoms that bond to this atom then form a nucleus 
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for either a regular lattice or a twin faulted one. However, during either [110] or [100] 

growth, the adatom can only occupy the parent ``B'' sites when dropped onto an ``A'' 

plane. As a result, twin nucleation is an intrinsic phenomenon accompanying deposition 

in the [111] direction but does not occur during growth in other principal crystal 

directions. Notice that the stacking sequence of an FCC (face centered cubic) crystal 

along the [111] (y) direction is ABCABC. . ., so an exchange of any two planes, say, A 

and B, leads to a shift in which A →B and B →A. The stacking sequence then becomes 

BACBACBAC which is in a twin orientation (Zhou and Wadley 1999). The schematic 

representation of normal as well as twinned crystal structure is shown in Figure 2.6. 

 

 

Figure 2.6 Schematic representation of the normal and the twinned crystal structure 

(Zhou and Wadley 1999). 

2.3.3 Microstrain in the coating 

Defects like twins and grain/crystallite boundaries introduce microstrain (lattice strain) in 

to the thin film coatings. Microstrain is thus the signature of defects density (Lu et al. 

Normal   Twinned 
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2000). In thin films, the excess energy is stored as microstrain and surface energy 

(Guazzone et al. 2006). Microstrain is a measure of the distribution of the lattice 

constants arising from crystal imperfections, such as, lattice dislocations, grain boundary 

triple junctions, stacking faults, and twins (Mote et al. 2012). It is a dimensionless value, 

which is usually assumed to be proportional to the square root of the density of 

dislocations (Rosenberg et al. 2000). In the studies carried out by Lu et al. (2009), it was 

explained that as twin density increases (twin space from 15 nm to 4 nm), the percentage 

of microstrain increases from 0.01% to 0.057%. In the case of nano crystalline palladium, 

microstrain decreased from 0.5% to 0.05% as the crystallite size increased from 10 nm to 

100 nm (Guazzone et al. 2006). Since lattice strain certainly affects the properties of nano 

crystalline coatings, its measurement is important (Biju et al. 2008 and Qin and Szpunar 

2005). X-ray profile analysis is a simple and powerful tool to estimate the crystallite size 

and lattice strain.  These two characteristics could be extracted from the peak width 

analysis (Mote et al. 2012). Though the full pattern fitting methods are more rigorous, the 

analysis involved is quite complex and hence less direct analytical methods such as 

Warren-Averbach analysis or Williamson-Hall analysis is often employed. Warren-

Averbach analysis requires at least two reflections along the same crystallographic 

direction and when higher angle reflections are weak and difficult to analyze, 

Williamson-Hall method is preferred.  

Williamson-Hall analysis is carried out by assuming three different models, viz. (i) 

uniform deformation, (ii) uniform deformation stress and (iii) uniform deformation 

energy density (Biju et al. 2008). For metallic samples with cubic structures, the uniform 

deformation energy model is suitable (Mote et al. 2012 and Rosenberg et al. 2000). 

According to this model, the cause of lattice strain is assumed to be the density of 

deformation energy (Singla et al. 2013). The x-ray investigation showed that stress field 

coming from the grain boundaries would be the source for lattice strain. The high 

resolution electron microscope observations also shows that lattice strain exist mainly 

near the grain boundaries (Zak et al. 2011). The stress induced by the excess volume of 

the grain boundaries and twin boundaries is the principal reasons for microstrain in nano 
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crystallite coating (Biju et al. 2008). In small grains, strong stress fields from the grain 

boundaries tend to pull mobile dislocations out of the grains. So the grains with 

extremely small size experience the microstrain due to excess grain boundary volume. In 

bigger grains, the dislocations in the grains contribute to the microstrain (Qin and 

Szpunar 2005).     

2.4 Mechanical Characteristics of the Copper Coatings 

In electrodeposition and sputtering methods copper thin film is constituted by nano sized 

grains. The nano sized grains of the polycrystalline materials have the advantage of 

increased mechanical properties due to the hindering of dislocation movement. The 

strengthening originates from the fact that the grain boundaries block the dislocation 

movement. As a result plastic deformations become difficult (Lu et al. 2009). The 

empirical relation between grain size (crystallite size) and hardness is given by Hall –

Petch relation. It is given in equation (2.9).   

σ = σ0 + K0  
  

  
 
                                                                          (2.9) 

where, d is the grain size in nm, σ is the yield stress, σ0 and K0 are Hall-Petch constants. 

Its values for nanocrystalline copper are 20 MPa and 0.14 MPa m
-1/2

, respectively 

(Hansen 2004). From equation (2.9), it is inferred that hardness ~  
  

  (Meriç et al. 1997). 

Hardness of thin films made up of copper as well as nickel has been measured and 

correlated with grain size by a number of authors (Schuh et al. 2002, Sanders et al. 1997, 

Lu et al. 2000 and Meriç et al. 1997). Yield strength of the nano crystalline copper is 

increased by 5-10 times from that of the annealed coarse grained copper (Sanders et al. 

1997).The increased microhardness value of 1.2 GPa is reported in electrodeposited 

nanocrystalline copper, whereas, annealed copper showed 0.5 GPa (Lu et al. 2000). But if 

grain size becomes very small, dislocation pile ups can‟t be supported by grains (Bull and 

Berasetegui 2006). Such break down of Hall- Petch relation starts for copper below ~16 
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nm grain size (Sanders et al. 1997, Carlton and Ferreira 2007). This softening process 

could be attributed to the texture change, diffusion creep, triple junctions and sliding of 

grain boundaries (Sriraman et al. 2006 and Schiøtz et al. 1998). 

Beegan et al. (2007) measured the  coating hardness by following scratch test method. In 

scratch test method, the hardness is measured using equation (2.10).  

Hs = (8FN)/(πb
2
 )                                                                    (2.10) 

Where, FN is the normal force used and b is the average scratch width. In this method, the 

variation of the hardness could be estimated by taking the average scratch width on a 

larger length.  

2.4.1 Effect of nano-twins on the mechanical properties  

In addition to the nano-grains, nano-twins also contribute to increase in the strength of 

the copper thin films. The contribution of twins present in the copper thin films on the 

mechanical properties has been extensively studied (Lu et al. 2000, Zhang et al. 2004, Lu 

et al. 2005, Beegan et al. 2007 and Qian et al. 2005). As the density of the twins 

increases, the hardness obtained from nano indentation increased from 2 GPa to 2.6 GPa. 

Whereas the twin free ultrafine copper shows a maximum hardness of 1.6 GPa (Lu et al. 

2005). The twin spacing has a significant role in the mechanical properties of the coating. 

On studying the samples having twin spacing ranging from 4 nm to 100 nm, it was seen 

that the mechanical strength continuously increased up to twin space of 15 nm. Below 15 

nm twin space, the properties break down even though other structural parameters, such 

as, grain size and texture are unchanged (Lu et al. 2009). The uniaxial tensile true-stress 

true-strain curves for nano-twin copper samples of different twin spacing are shown in 

Figure 2.7.  
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Figure 2.7  Uniaxial tensile true stress–true strain curves for nano-twinned (nt)-Cu 

samples tested at a strain rate of 6 × 10
−3

 s
−1

, a) curves for samples with mean twin 

thickness varying from 15 to 96 nm, and b) curves for samples with mean twin thickness 

varying from 4 to 15 nm. For comparison, curves for a twin-free ultra-fine grain (ufg)-Cu 

with a mean grain size of 500 nm and for a coarse grained (cg)-Cu with a mean grain size 

of 10 mm are included (Lu et al. 2009). 

The nano meter scale twin spacing is needed for higher strength because at higher twin 

spacing, dislocation pile-ups would form and the stress concentration from the pile-up 

would allow slip transmission across twin boundary at a lower applied stress, thereby 

reducing the strength of the material (Zhang et al. 2004a). The strain hardening behavior 

of nano-twinned copper samples is governed by two competing process; dislocation-

dislocation interactions hardening in coarse grain and dislocation twin boundary 

interaction hardening in fine grains (Lu et al. 2009). Therefore in coarse grain materials, 

(a) (b) 

True strain (%) True strain (%) 
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if dislocations are made to move through grain interior, the twin boundaries can block 

effectively (Lu et al. 2005).  

2.5 Antimicrobial Characterization Techniques  

The antimicrobial properties of the copper and its reasons are explained in the section 

2.1.2. These properties are commonly tested by the following methods. 

i) Zone of inhibition method,  

ii) Colony forming unit (CFU) counting technique  

 iii) Spectrophotometric method.  

 2.5.1 Zone of inhibition method 

The zone of inhibition method is a semi quantitative test for the antibacterial sensitivity 

of a material. The zone of inhibition can be defined as the area of growth inhibition 

around a point source of antimicrobial agent, within a lawn of cultured organisms on a 

solid medium, due to the antimicrobial action of the source. In this test, samples 

containing antibacterial property are placed on an agar plate where bacteria have been 

placed, and the plate is left to incubate. If a sample which has antibacterial property stops 

the bacteria from growing or kills the bacteria, there will be an area around the sample 

where the bacteria have not grown enough to be visible. This area is called a zone of 

inhibition. The size of this zone depends on how effective the antibacterial sample is at 

stopping the growth of the bacterium. A stronger antibacterial agent will create a larger 

zone. 

 2.5.2 Colony forming unit (CFU) counting technique 

The CFU counting method is an indirect measurement of cell density and reveals 

information related only to live bacteria. This method belongs to the quantitative test 



35 
 

methods of antimicrobial testing. The standard plate count method consists of diluting a 

culture with sterile saline solution, which is followed by treatment with antimicrobial 

substance. The dilution is continued until the bacteria are dilute enough to count 

accurately so that final plates in the series should have between 30 and 300 colonies 

because more than 300 colonies on a plate appear too close to each other and difficult to 

distinguish. The diluted culture is spread plated on agar plate. The assumption is that each 

viable bacterial cell is separate from all others and will develop into a single discrete 

colony (CFU). Thus, the number of colonies should give the number of bacteria that can 

grow under the incubation conditions employed. A wide series of dilutions (example; 10
4
 

to 10
10

) is normally plated because the exact number of bacteria is usually unknown (JIS 

2000).  From the dilution factor, number of CFU and volume of culture plated, the 

number of cell could be calculated by using equation (2.11) as given below. 

Number of bacteria = (Number of CFU) / (Volume plated × total dilution)               (2.11) 

Usually Japanese Industrial Standard (JIS 2801:2000) is taken as the reference for testing 

antimicrobial materials in this method (JIS 2801: 2000, 2000). 

 2.5.3 Spectrophotometric method 

The spectrophotometric method is based on turbidity and indirectly measures all bacteria 

(cell biomass), dead and lives. Increased turbidity in a culture is another index of 

bacterial growth and cell numbers (biomass). Here the amount of transmitted light 

decreases as the cell population increases. The transmitted light is converted to electrical 

energy, and this is indicated on a galvanometer. The reading, called absorbance or optical 

density, indirectly reflects the number of bacteria. This method is faster than the standard 

plate count but is limited because sensitivity is restricted to bacterial suspensions of 10
7
 

cells or greater. 
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2.6 Summary of the Literature Review 

The summary of the literature review could be concluded as below: Infections are mainly 

occurring through the touch surfaces in the health care sector. The most common 

pathogens are Escherichia coli and Staphylococcus aerous. Copper has excellent 

antimicrobial properties and can be used in the design of antimicrobial touch surfaces. 

The multifaceted attack of the copper can kill the microbes effectively. The coating of 

copper is a potential method for converting existing non- antimicrobial aluminium touch 

surface to antimicrobial touch surface. Coatings by thin film deposition have the 

properties, like, excellent mechanical properties, easiness to coat on any complex shape 

and ability to tune the microstructure by controlling the coating parameters. Copper can 

be easily deposited on the aluminium substrate by electrodeposition and DC magnetron 

sputter deposition. Hence, the applicability of the copper by coating for antimicrobial 

touch surface application can be evaluated.    

From the literature review, the research gaps have been identified and which are given 

below. 

2.7 Research Gaps 

The literature reviews indicates that health care associated infections (HCAI) are the 

severe problem in the health sector. The touch surfaces made of copper are one of the 

feasible solutions for preventing HCAI. But the study of antimicrobial activity of the 

copper coatings on the aluminium touch surface is not explored in detail. Moreover, the 

comparative study of the antimicrobial touch surfaces made by using bulk copper and 

coated one is absent in the literatures. The microstructural aspects of the copper coatings 

deposited by electrodeposition as well as DC magnetron sputter deposition at different 

coating parameters on the double zincated aluminium needs to be analyzed in detail. The 

impact of coating parameters on microstructure, mechanical properties and antimicrobial 

activities of the copper coating also not explored for the design of the better antimicrobial 
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touch surface. Literatures say that the exact mechanism of antimicrobial activity of 

copper is not yet clear.    

The gap in literatures mentioned above leads to the formulation of research objectives 

and scope of work as given below.   

2.8 Objectives and Scope of the Work 

The aim of the current study is to prepare the antimicrobial touch surface particularly for 

hospitals, by depositing copper on aluminium products by following electrodeposition 

and DC magnetron sputter deposition methods and to investigate their microstructural 

features, mechanical properties and efficacy of the antimicrobial behaviour. Followings 

are the objectives of the present study: 

 To optimise the coating parameters for the successful electrodeposition of the 

copper on the aluminium substrate using non-cyanide alkaline bath with and 

without the addition of ammonium nitrate.  

 To optimise the coating parameters for the successful DC magnetron sputter 

deposition of the copper on the aluminium substrate.  

 To characterize the microstructural features using scanning electron microscopy, 

transmission electron microscopy, x-ray diffractometer and energy dispersive 

spectroscopy of the electrodeposited as well as the DC magnetron sputter 

deposited copper coatings. 

  To characterize the mechanical properties, like, adhesion strength and surface 

hardness of the electrodeposited as well as the DC magnetron sputter deposited 

copper coatings on the aluminium substrate. 

 To estimate the biocidal efficacy of the copper coated by electrodeposition as well 

as  DC magnetron sputter deposition on the aluminium substrate as compared to 

that of the bulk copper plate against gram negative and gram positive bacteria.  
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 To understand the mode of attack of copper on gram negative and gram positive 

bacteria using electron microscopy. 

The scope of the work: 

The scope of the present study can be divided as follows: 

 Most of the hospital touch surfaces (especially in India) are made up of 

aluminium due to its advantages like less weight, easiness of making complex 

shapes, its recyclability, etc. So converting the existing aluminium touch 

surface to antimicrobial one by using copper coating is economically more 

feasible than replacing the same with the bulk copper.  

 The deposition methods, such as, electrodeposition and sputter deposition 

methods have its own scope in different engineering applications. Complex 

shaped samples can be coated very easily by electrodeposition whereas, 

sputtering can be used for smooth and adherent coatings in large numbers of 

the samples. 

 The microstructure of the coating can be tuned by adjusting the coating 

parameters. As a result, the copper coated aluminium surface can perform 

better than the bulk copper as an antimicrobial touch surface. 

 The exact mechanism of the antimicrobial activity of the copper is not clearly 

revealed in the literatures. The electron microscopic study of the copper 

treated microbes can give better understanding in this regards.  
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Chapter 3  

MATERIALS AND METHODOLOGY 

Many of the hospital touch surfaces like doorknobs, push plates, bed rails and faucet 

handles are commonly made of commercially pure aluminium. In the present studies, the 

copper has been deposited on the commercially pure aluminium by using 

electrodeposition and sputter deposition techniques. The detailed explanation of the 

deposition procedures and the methodology for microstructural, mechanical and 

antimicrobial characterizations of the same are explained in the present chapter.  

3.1 Substrate Preparation 

Commercial pure aluminium plate of size 7 cm x 3 cm has been polished using buffing 

machine (1HP, 1500 rpm). The surface roughness is measured by using stylus 

profilometer (Mitutoyo SJ301) and confirmed that Ra (average value of surface 

roughness) value is in the range of 0.07 μm to 0.09 μm for all samples. The polished 

samples are degreased by using trichloroethylene and cleaned in ultrasonic cleaner for 10 

minutes.  

3.1.1 Double zincation process 

Aluminium surface has an inherent oxide layer due to its exposure to the atmosphere. 

Such continuous oxide layer reduces the adhesion strength between the metallic coating 

and the substrate. This problem could be overcome by double zincation process (Willigen 

et.al. 2014). The detailed procedure for double zincation process is given below. 

The polished commercial pure aluminium sheet is dipped in 50 mL of zinc bath 

containing ZnO (100 g/L), NaOH (525 g/L), FeCl2 (1 g/L) and Rochelle salt (10 g/L) for 
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one minute and washed in distilled water. The zinc coating is stripped by 50% dilute 

nitric acid and this process is repeated for one more minute. As a result, the aluminium 

oxide is replaced with a thin zinc layer. The chemical reactions occurred during double 

zincation process is given in section 7.2.2.1 (Chapter 7). Figure 3.1 shows the photograph 

of different stages of double zincation process. 

   

Figure 3.1 Photograph of double zincation process, a) polished aluminium substrate, b) 

dipping the sample in the zincate bath and c) zincated sample.  

3.2 Copper Coating 

The double zincated aluminium coupons are used as the substrate for the copper coating. 

The deposition process is carried out by the following deposition techniques viz i) 

Electrodeposition and ii) DC magnetron sputter deposition.  

3.2.1 Electrodeposition of the copper on the double zincated aluminium 

The copper is coated on the double zincated aluminium by electrodeposition. The non-

cyanide alkaline bath has been used as the electrolyte for the deposition. The details of 

the bath preparation, bath optimization techniques and deposition process are given 

below.  

 

(a) (b) (c) Zincated 
area 
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3.2.1.1 Preparation of non-cyanide alkaline copper baths 

In the present work, the electrodeposition has been carried out in non-cyanide alkaline 

bath. There are two set of coatings prepared. Initial one is prepared from the bath 

(electrolyte) containing ammonium nitrate (Bath-I). Since the commercial availability of 

the ammonium nitrate is restricted due to its explosive nature, second set of the copper 

coatings has been prepared from the bath which does not contain ammonium nitrate 

(Bath-II). The details of the bath preparation are given below.     

i) Copper bath with ammonium nitrate (Bath-I) 

The bath constitutes of 0.745 M of copper nitrate (Cu (NO3)2.3H2O), 0.76 M of 

tetraethelenepentamine (C8H23N5) and 0.21M of ammonium nitrate (NH4NO3). The 

tetraethelenepentamine and ammonium nitrate are used as the complexing agents 

(complexing agent: a compound in which independently existing molecules or ions of a 

nonmetal form coordinate bonds with a metal atom or ion). The optimization of the bath 

is carried out by following Hull cell optimization process, which is explained in section 

3.2.1.2. The details of the chemicals used for the Bath-I are given in Table 3.1. The 

product details of the chemicals are given in Table 3.3.   
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Table 3.1 Chemical composition for the Bath-I 

Name of the chemicals Concentration 

Copper nitrate (Cu (NO3)2.3H2O), 0.745 M 

Tetraethelenepentamine (C8H23N5) 0.76 M 

Ammonium nitrate (NH4NO3) 0.21M 

Ammonia solution (NH4OH) 0.1 M 

 

The above mentioned chemicals are dissolved in 200 mL of distilled water, stirred using 

magnetic stirrer for 10 minutes and filtered with Whatman filter paper 40. The optimized 

pH for bright coating is found to be 7.9 and it is maintained by addition of the ammonia 

solution (NH4OH) to the Bath-I. 

ii) Copper bath without ammonium nitrate (Bath-II) 

The commercial availability of the ammonium nitrate is restricted in many countries like 

India (Russia Today (2016), Government of the Netherlands (2010) , Sharma, A (2011)). 

So the new copper bath (Bath-II) is prepared with 0.4 M of copper nitrate, 0.4 M of 

tetraethelenepentamine and 3 mL of hydrochloric acid. The above mentioned chemicals 

are dissolved in 200 mL of distilled water, stirred using magnetic stirrer for 10 minutes 

and filtered with Whatman filter paper 40. The optimization of the bath is carried out by 

using Hull cell optimization process, which is explained in section 3.2.1.2. The optimized 

pH for bright coating is found to be 8.4 and it is maintained by addition of the 

concentrated hydrochloric acid to the Bath-II. The composition details of the Bath-II 

shown in Table 3.2 indicated that the Bath-II is simpler in composition as compared to 

that of the Bath-I.  
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Table 3.2 Chemical composition for the Bath-II 

Name of the chemicals Concentration 

Copper nitrate (Cu (NO3)2.3H2O), 0.4 M 

Tetraethelenepentamine (C8H23N5) 0.4 M 

Hydrochloric acid 0.1 M 

 

Table 3.3 Product details of the chemicals 

Name of the chemicals Manufacturer 

Copper nitrate (Cu (NO3)2.3H2O) Nice chemicals 

Tetraethelenepentamine (C8H23N5) Tokyo chemical 

industry 

Ammonium nitrate (NH4NO3) Nice chemicals 

Zinc oxide (ZnO) Nice chemicals 

Sodium hydroxide (NaOH) Nice chemicals 

Ferric chloride (FeCl2) Nice chemicals 

Rochelle Salt ( KNaC4H4O6.4H2O ) Merck 

Hydrochloric acid (HCl) Nice chemicals 

Nitric acid (HNO3) Nice chemicals 

Trichloroethylene Nice chemicals 
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3.2.1.2 Optimization process 

Optimization of bath is important for obtaining good deposition. In electrochemistry, 

Hull cell method is the most commonly used technique for optimization (Parthasaradhy 

1989). By this method, both coating current density and bath composition are optimized. 

The schematic sketch of the Hull cell along with the Hull cell scale is shown in Figure 

3.2.  

The bright and adhesive coating for the copper bath containing ammonium nitrate (Bath-

I) is found to be achieved within the range of current density between 1 A dm-2 to 10 A 

dm-2.  The optimized coating current density for the Bath-II is 1 A dm-2 to 4 A dm-2. The 

pH of the Bath-II is optimized as 8.4. The bath composition given in section 3.2.1.1 is 

obtained by using Hull cell test. 

 

 

Figure 3.2 Schematic representation of the Hull cell. 
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3.2.1.3 Electrodeposition process 

The double zincated aluminium sheet is fixed in the electrodeposition cell as the cathode 

and pure copper plate is fixed as the anode. The DC power source is connected with a 

variac to pass the required current density. The bath is continuously stirred during 

deposition. With an increment of 1 A dm-2 current density, copper is deposited from both 

type of copper baths (Bath-I and Bath-II). The coating is carried out at room temperature. 

The photographs of the copper bath, the deposition set up and the coated sample are 

given in Figure 3.3.  The schematic diagram of cross section of the coated sample is 

shown in Figure 3.4.  

               

Figure 3.3 Photograph representing a) deposition bath, b) electrodeposition set up and c) 

coated sample. 

(a) (b) (c) 
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Figure 3.4 Schematic representation of cross section for the copper coated double 

zincated aluminium. 

3.2.2 DC Magnetron sputter deposition of copper  

The DC magnetron sputtering system (VR Technology, India) is used to deposit the 

copper on the double zincated aluminium substrate. The schematic diagram of the 

sputtering chamber is given in Figure 3.5. Before starting the sputtering process, the 

substrate and 99.99% pure copper target are fixed on its holders. Then the chamber has 

been evacuated with the help of the rotary pump and the diffusion pump. The 99.999 % 

pure argon gas is purged in to the chamber after the Penning gauge indicated a chamber 

pressure of 5x10-5 mbar. The argon flow rate is controlled by the mass flow controller 

(Aalborg). Once the argon flow is maintained at a rate of 17 mL/min, the DC power is 

supplied to the target. The deposition to the substrate is controlled by the shutter attached 

to the chamber.  The sputtering power is varied from 50 W to 150 W by adjusting the DC 

power supply. The double zincated aluminium sample has been rotated with 100 rpm for 

obtaining uniform deposition. The heat generated on the target is absorbed by the cooling 

water.  The deposition is carried out at room temperature. The optimized parameters are 

fixed by conducting a number of trial experiments, which is given in Table 3.4. The 

sputter deposited samples are prepared with the sputtering power of 50 W, 100 W and 

150 W.   The detailed mechanism of process of sputter deposition is given in section 
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7.1.2.1 (Chapter 7). The photographs of the sputtering chamber, the copper target and the 

coated sample are shown in Figure 3.6.  

 

Figure 3.5 Schematic representation of the functioning of sputtering chamber with a 

sample. 

Table 3.4 Process parameters of DC magnetron sputtering 

Process parameter Value 

Argon flow rate 17 mL/min 

Distance between the target and the 

substrate 

12 cm 

Substrate rotation speed 100 rpm 

Initial pressure 5 x 10-5 mbar 

Working pressure 0.012 mbar 
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Figure 3.6 Photograph representing a) DC magnetron sputtering chamber, b) used copper 

target and c) coated sample. 

The roughness of the coated samples deposited at different conditions has been measured 

and recorded by using stylus profilometer (Mitutoyo SJ301).   

3.3 Microstructural Characterization  

The microstructural characterization of the electrodeposited as well as sputter deposited 

copper coatings has been carried out by scanning electron microscope, transmission 

electron microscope, energy dispersive spectroscope and x-ray diffraction techniques.  

3.3.1 Scanning electron microscopy (SEM) study 

Analysis of the morphology is very important for understanding antimicrobial behavior 

of the coating. The surface roughness and hydrophilicity of the coating depends on the 

surface morphology. The surface morphology of the electrodeposited copper coating has 

been analyzed by using Scanning Electron Microscope (Model JSM-6380 LA, JEOL). 

The secondary electron images of top view and cross sectional view of coating have been 

used to analyses the growth of the coating which is carried out at different coating power.  

 (a) (b) 

(c) 
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3.3.2 Transmission electron microscopy (TEM) study 

The characteristics of the coatings such as hardness, microstrain and surface energy are 

depending on the crystallite size of the coating. TEM is the most powerful tool to analyze 

the crystallite size, dislocation, twins, stacking faults and inter-planar spacing. TEM 

(JEOL, JEM-2100) is used to study the above ones of the copper coatings deposited on 

the double zincated aluminium. The extreme care is needed for the sample preparation of 

the coating, the details of which is given below. 

3.3.2.1 Sample preparation for TEM 

A disc of 3 mm diameter is punched out from the 60 micrometer thick copper coated 

double zincated aluminium. The 3mm diameter disc is dimpled in dimple grinder up to 

40 micron thickness. It is further thinned down to 20 micron by ion milling equipment 

(Gatan, PIPS-691) in the presence of liquid nitrogen to prevent the grain growth. Milling 

at an angle of 5 degree is carried out from the substrate side. Initial milling is carried out 

with beam energy of 5 keV upto the point of formation of hole, cleaning is done at lower 

angle of 3 degree with beam energy of 3 keV. The TEM image is taken at the appropriate 

position as marked in the schematic diagram of ion milled sample in Figure 3.7. The 

micrographs have been taken in both cross sectional as well as topographical direction. 

The alignments of both directions are schematically shown in Figure 3.8.  
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Figure 3.7 Schematic diagram of the ion milled sample.  

 

Figure 3.8 Schematic representations of the sample alignments for TEM micrograph in 

a) topographic direction and b) cross sectional direction, respectively. 

3.3.3 X-ray diffraction spectroscopy (XRD) 

X-ray diffraction pattern gives information about crystallite size, growth direction, 

percentage of crystallinity, phase structure, microstrain, etc. From the FWHM (full width 

half maxima) and Scherer formula, crystallite size could be readily calculated for nano 

sized crystallites. The copper coatings deposited at different coating parameters in 

  (a)  (b) 
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electrodeposition and sputter deposition have been studied by using x-ray diffractometer 

(JDX-8P JEOL) using Cu Kα (λ= 1.5406 Aͦ) radiation with a scanning speed of 2 

degree/min and 0.02 degree step size. The x-ray tube is operated with the power of 600 

W. The 2θ value of the scanning is fixed in the range of 20° to 100°.  

3.4 Mechanical Characterization  

The mechanical characteristics like hardness and adhesion strength are the most essential 

properties required for the coating in the antimicrobial touch surface applications. The 

hardness of the copper coated aluminium touch surface has been tested by using scratch 

hardness test as well as microhardness test. The adhesion strength of the coatings to the 

double zincated aluminium is evaluated by cross-hatch cut test as well as pull-off 

adhesion test. 

3.4.1 Hardness testing  

The hardness of the coating has been evaluated by using scratch hardness as well as 

microhardness test. The details of the testing procedure are given below.  

3.4.1.1 Scratch hardness test 

Scratch hardness of the samples is measured by using scratch hardness tester 

(LINEARTESTER-249, Erichsen). The schematic representation of the test set up is 

shown in Figure 3.9. In this set up, the coated sample is drawn against a tungsten carbide 

stylus tip of 1mm diameter at a constant normal load of 10 N. The stroke length is fixed 

as 1 cm and stroke speed as 25 mm/s. The morphological study of the coating and width 

measurement of the scratches are carried out by using Scanning Electron Microscope 

(SEM, JSM-6380, JEOL make).  
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Figure 3.9 Schematic representation of the scratch hardness test set up. 

3.4.1.2 Microhardness test 

The static indentation hardness of the coated sample is measured using microhardness 

tester (CLEMEX, Japan). The load applied in this case is 50 g and dwell time is 15 sec. 

3.4.2 Adhesion test  

The adhesion strength of the coatings has been estimated by using pull-off adhesion test 

as well as cross-hatch cut test. 

3.4.2.1 Pull-off adhesion test 

The adhesive strength between the substrate and the coating is tested as per the 

specification ASTM D4541 with a pull-off adhesion tester (Positest AT, DeFelsko). A 20 

mm diameter aluminium dolly with loading rate of 0.3 MPa/s is used for testing the 

adhesion strength. Epoxy patch adhesive (Loctite 907 Hysol) is used to fix the dolly on 

the coated samples four hours before the pull-off adhesion test. The schematic 

representation of pull- off adhesion test set up is shown in Figure 3.10. 
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Figure 3.10 Schematic representation of the pull-off adhesion test set up. 

 

3.4.2.2 Cross-hatch cut test 

Cross hatch cut test is conducted to analyze the adhesion strength of the coating by using 

scratch hardness tester (Linear Tester 249, Erichsen). The test has been carried out as per 

ASTM D3359. The right angled lattice patterns on the samples with one mm spacing are 

made with the cross hatch cutter and are shown in Figure 3.11. The cutter is made out of 

hardened steel with a hardness of 60 Rc.  

 

 
 

Figure 3.11 Photograph of the cross-hatch cutter.  

Cu layer 
Zn layer 
Al substrate 

Al dolly (20mmɸ) 
Epoxy patch adhesive 

  

   

 
 
  

 

Pull-off direction 



54 

 

3.5 Anti-bacterial Test  

The antimicrobial activity of the copper coating has been estimated by the technique of 

counting the colony forming unit (CFU). The cultured microbes, namely, Escherichia 

coli (E. coli: ATCC 25922) and methicillin-resistant Staphylococcus aureus (MRSA: ATCC 

43300) with concentration of 107 CFU/mL (0.5 McFarland standard) is dropped on 1.5 cm 

x 1.5 cm area of coupon of the copper coated aluminium. The culture is serially diluted 

after six hours of treatment on the metallic surface and spread on the agar plate. For E. 

coli, Müller-Hinton agar (MHA) and for MRSA, nutrient agar is used for plating.  After 

24 hours of incubation at 32 °C, the number of surviving E. coli bacteria on each agar 

plate is measured by the colony analyzer. Similarly, the coupons made by using uncoated 

aluminium and bulk copper are tested for their antimicrobial properties and the results are 

compared with that for copper coated aluminium coupons.  

The SEM and TEM analysis are carried out to understand the changes in the cell structure 

of both E.coli and MRSA which had been exposed to copper coated surface and to 

compare the same with the other substrates, like, naked aluminium and the bulk copper 

surface. The presence of the copper in the cell is evaluated by using the EDS attached to 

SEM and TEM.  

3.6 Summary of the Chapter 

The present chapter explains about the experimental procedures followed for the sample 

preparation, copper coating and characterization with respect to microstructural, 

mechanical and antimicrobial properties. In the sample preparation, the polishing and 

double zincation procedures are explained. The double zincated samples are copper 

coated by following electrodeposition and DC magnetron sputter deposition route. For 

electrodeposition, the electrolyte has been prepared in two compositions, which is named 

as bath-I and bath-II. The pH, bath composition and coating current densities are 

optimized by using Hull-cell optimization technique. For the DC magnetron sputter 
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deposition, the target power is varied from 50 W to 150 W. The coated samples are 

microstructurally characterized with the help of SEM, TEM, XRD and EDS. The 

hardness of the coatings are tested by following scratch hardness and microhardness tests. 

The adhesive strength of the coating is evaluated by using cross-hatch cut test and pull-

off adhesion test. The antimicrobial property of the coating is evaluated against gram 

positive bacteria (methicillin-resistant Staphylococcus aureus) and gram negative bacteria 

(Escherichia coli). The antimicrobial activity of the coating is compared with the bulk 

copper and the non- coated aluminium substrate (control) by CFU counting method. The 

microbes exposed to coatings are characterized by using SEM and TEM to understand 

the mechanism of the antimicrobial activity of the copper. 
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Chapter 4  

ELECTRODEPOSITED COPPER COATINGS: 

MICROSTRUCTURAL AND MECHANICAL 

CHARACTERIZATIONS 

In the present chapter, the results of the electrodeposited copper coating on the double 

zincated aluminium substrate have been presented. The current chapter has been divided 

into two parts, which are: a) copper coating from the bath containing ammonium nitrate, 

which is mentioned as Bath-I, and b) copper coating from the bath without ammonium 

nitrate, which is mentioned as Bath-II. 

4.1 Copper Coating from the Bath-I  

In this section, the microstructure and mechanical properties of the copper deposits from 

Bath-I on the double zincated aluminium substrate have been characterized.  

4.1.1 Physical observations  

On macro observation, the coating was observed to be homogeneous and compact. The 

coatings produced at all levels of current density exhibited a salmon colour. At higher 

current densities (7 A dm-2 to 10 A dm-2 ), the coating looked less bright than the coating 

produced using current density at medium range (4 A dm-2 to 6 A dm-2). The roughness 

of the coatings was measured with a stylus profilometer. The variation in the Ra values 

(coating roughness) with the current densities is given in Table 4.1. Coatings produced at 

lower current densities (≤3 A dm-2) exhibited higher Ra values, indicating more surface 

roughness. Smoother coatings were observed in the middle range of current density (4 A 

dm-2 to 6 A dm-2). At higher current densities (≥7 A dm-2), Ra values increased up to a  
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Table 4.1 Surface roughness of the coating deposited with different current densities 

Coating 
current 
density,  
A dm-2 

1 2 3 4 5 6 7 8 9 10 

Surface 
roughness 

(Ra) in 
μm 

0.647

±.019 

0.643

±.018 

0.453

±0.01 

0.41

±.01 

0.40

±.01 

0.513

±.015 

0.563

±.016 

0.686

±.012 

0.757

±.014 

0.66

±.01 

 

 

 

 
 

Figure 4.1 Roughness profiles of the coatings deposited by using current density of a) 5 

A dm-2 and b) 10 A dm-2, respectively.  

 

(a) 

(b) 
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maximum value of 0.757 μm. The roughness profiles corresponding to the coatings of 5 

A dm-2 and 10 A dm-2 current densities are given in Figure 4.1. 

4.1.2 Microstructural characterization 

In this section, the microstructural characterization of the copper coatings deposited at 

different coating current densities by using SEM, TEM, XRD and EDS has been 

presented.  

4.1.2.1 Scanning electron microscopic study 

Figure 4.2 shows the SEM micrograph (topography) of the electrodeposited copper on 

the double zincated aluminium by using different coating current densities. As current 

density was increased from 1 A dm-2 to 10 A dm-2, with fixed time of deposition, the 

morphology of the nodular structure continuously changed. Figure 4.2 (a - c) shows that 

the coatings with current densities of 1 A dm-2 to 3 A dm-2 are not continuous while the 

coatings using current densities greater than 3 A dm-2 are found to be continuous. To get 

more insight into morphology of the nodules, micrographs were taken at higher 

magnification and have been presented in Figure 4.3. At higher current densities (≥ 7 A 

dm-2), it is seen that the nodules protrude unevenly on the surface. This is depicted clearly 

in the cross sectional SEM micrograph of the coating corresponding to Figure 4.2 (e) and 

Figure 4.2 (i), in Figure. 4.4. It shows the columnar growth of the nodules perpendicular 

to the substrate.  The average size of the nodules is 5.3 μm with a standard deviation of 

1.44 μm. The distribution of nodules’ size obtained from SEM micrograph is shown in 

Figure 4.5. The growth behavior of nodules at different current densities will be 

explained in the section 7.1.1.2 (Chapter 7). The purity of the electrodeposited copper 

coating was confirmed from the EDS profile, which has been presented in Figure 4.6. 
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 Figure 4.2 SEM micrographs revealing the topography of the copper coatings deposited 

on the  double zincated aluminium with varying current densities  a) 1 A dm-2, b) 2 A  

dm-2, c) 3 A dm-2, d) 4 A dm-2, e) 5 A dm-2, f) 6 A dm-2, g) 7 A dm-2 h) 8 A dm-2 i) 9 A 

dm-2  and j) 10 A dm-2, respectively. 

  

(g) (h) 

(i) (j) 

(a) (b) 
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Figure 4.3 Higher magnification SEM micrographs (topography) of the copper deposits 

by using different coating current densities a) 2 A dm-2, b) 5 A dm-2 and c) 9 A dm-2, 

respectively. 

  

Figure 4.4 Cross section of the copper coating deposited at a) 5 A dm-2 and b) 9 A dm-2. 

(c) 

(a) (b) 
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Figure 4.5 Nodules’ size distribution of the copper coating deposited by using Bath-I.    

  

Figure 4.6 EDS result of the coating deposited by using 10 A dm-2 current density. 

4.1.2.2 Transmission electron microscopic study 

The TEM micrographs of the coating were taken in both, topographic as well as cross 

sectional directions. The schematic representation of the sample alignment for both 

topographic and cross sectional views is shown in Figure 3.8. In the text, the term ‘TEM 

micrograph’ represents the image along the topographic direction as shown in Figure 3.8 

(a). In the case of TEM micrographs taken along the cross sectional direction, (as shown 

in Figure 3.8 (b)), the term ‘cross sectional’ is used.  
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Figure 4.7 (a) represents the bright field TEM micrograph of the copper coatings 

deposited using a coating current density of 2 A dm-2
 (A visual image corresponding to 

Figure 4.7 (a) is given in Appedix-I). The crystallite size distribution was determined by 

measuring sizes of about 100 crystallites, and the size distribution is presented in Figure 

4.7 (b). The average crystallite size is 63 nm and the standard deviation is 22.37 nm. 

SAED (selected area electron diffraction) pattern of the crystallite is shown in Figure 4.7 

(c). The lattice image shown in Figure 4.7 (d) indicate the‘d’ spacing of 0.208 nm 

corresponding to (111) plane.  

Figure 4.8 (a) represent the bright field TEM micrograph of the copper deposition 

corresponding to the current density of 5 A dm-2. The histogram representing crystallite 

size distribution of the same is shown in Figure 4.8 (b). At 5 A dm-2 coating current 

density, the average crystallite size was observed to be 44 nm with a standard deviation 

of 12.3 nm. The SAED pattern of the TEM micrograph given in Figure 4.8 (a) is shown 

in Figure 4.8 (c). Figure 4.9 (a) represents the bright field TEM micrograph of the copper 

deposit corresponding to current density of 10 A dm-2. The histogram representing 

crystallite size distribution of the same is shown in Figure 4.9 (b). At 10 A dm-2 coating 

current density, the average crystallite size was observed to be 32 nm with a standard 

deviation of 10.47 nm. Figure 4.9 (c) represents the SAED pattern corresponding to the 

coating deposited by using current density of 10 A dm-2.  

In order to confirm the absence of epitaxial growth of the coating, TEM micrograph 

along cross sectional direction is presented in Figure 4.10 (a). The histogram 

corresponding to the Figure 4.10 (a) shown in Figure 4.10 (b) indicates the average 

crystallite size of 32 nm with a standard deviation of 8.3 nm. Figure 4.10 (c) represents 

the SAED pattern corresponding to the TEM micrograph. Moreover, TEM micrographs 

corresponding to higher current density contain planar defects like nano-twins. The 

detailed explanations are given below.  
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Figure 4.7 a) Bright field TEM micrograph of the copper coating deposited at 2 A dm-2 

(lower current density), b) histogram representing the crystallite size distribution 

corresponding to Figure 4.7 (a), c) SAED pattern of the copper coating, and d) lattice 

image indicating ‘d’ spacing. 

(a) (b) 

(c) 

(111) 
(200) 
(220) 
(311) (d) 

0. 208 nm 



66 
 

        

           

 

 
Figure 4.8 a) Bright field TEM micrograph of the copper coating deposited at 5 A dm-2 

current density, b) histogram representing crystallite size distribution and c) SAED 

pattern corresponding to the same.  

 

 

 

(a) (b) 

 (a) (b) 

 (111) 
(200) 

(220) 

(311) (c) 
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Figure 4.9 a) Bright field TEM micrograph of the copper coating deposited at 10          

A dm-2 current density, b) histogram representing crystallite size distribution and c) 

SAED pattern corresponding to the same.  

 

 

      

 

(c) 

(a) (b) 

(111) 

(200) 

(220) 
(311) 
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Figure 4.10 a) Bright field TEM micrograph (cross sectional) of the copper coating 

deposited at 10 A dm-2 current density, b) histogram representing crystallite size 

distribution and c) SAED pattern of the copper coating.  

Nano-twins: 

Figure 4.11 (a) represents the TEM micrograph of nano-twins (indicated by arrow marks) 

in the coating deposited at 10 A dm-2 current density. The magnified micrograph of the 

highlighted twin is shown in Figure 4.11 (b). It indicates that the width of the twins is in 

the range of 3 nm to 7 nm. The SAED pattern corresponding to the same is shown in 

Figure 4.11 (c). The density of nano-twins was estimated and it is in the range of 

approximately 400 numbers per square micrometer imaging area. 

(111) 
(200) 
(220) 

(c) 
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Figure 4.11 Bright field TEM micrograph corresponding to coating with 10 A dm-2 

representing a) nano-twins, b) magnified micrograph of selected twins, and c) SAED 

pattern of the same indicated as ‘T’. 

4.1.2.3 X-ray diffraction study 

Figure 4.12 shows the x-ray diffraction profiles of the copper coating corresponding to 

different coating current densities. The peak at 43.22° indicates the presence of a   thin 

layer of zinc formed during double zincation of the aluminium substrate. The peaks at 

43.316°, 50.448°,74.125°, and 89.94° represent the (111), (200), (220), and (311) planes 

 (b) (a) 

(c) 

T 

T 
(111) 

(111) 
(200) 
(220) 
(311) 
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of the polycrystalline copper coating, respectively. The relative intensity of the peak 

corresponding to the (111) plane is observed to be higher as compared to that presented 

in ICDD#89-2838 file. The high value of the peak intensity of (111) plane is indicative of 

the preferred growth along (111) plane along [111] direction. This is confirmed from the 

XRD profile taken on the thicker coating (20 μm thick), as shown in Figure 4.13. Such 

coatings are prepared solely for the purpose of XRD studies. As the coating current 

density was increased, the full width half maxima (FWHM) of the peak increased. The 

increase of FWHM with increase in coating current density corresponding to the peak at 

43.316° is shown in Figure 4.14.  It is used for the estimation of the crystallite size and 

the microstrain. From the value of FWHM, the microstrain and crystallite size have been 

estimated by using Williamson-Hall method. The detailed explanation of the microstrain 

calculation and crystallite size estimation is given in the section 7.1.1.4 (Chapter 7).  

 

Figure 4.12 X-ray diffraction profiles of the copper coating deposited with different 

coating current densities (ICDD#89-2838). 



71 
 

 
Figure 4.13 XRD profile corresponding to the thick coating deposited with 10 A dm-2 

current density indicating (111) texture. 

 
Figure 4.14 FWHM values at 43.316° corresponding to coating deposited with different 

coating current densities (j). 
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4.1.3 Mechanical characterization 

Hardness and adhesion strength are the major mechanical characteristics of the coating 

required for the antimicrobial touch surface applications. The surface hardness of the 

coating is estimated by using scratch hardness test and microhardness test. The adhesion 

strength of the copper coating to the substrate is evaluated by using cross-hatch cut test 

and pull off adhesion test. 

4.1.3.1 Scratch hardness test 

Scratch hardness value gives the scratch resistance of the material against the indenter 

which moves tangentially along the sample surface. Scratch hardness depends on 

multiple parameters, like, coating material, friction between the coating and the indenter, 

surface roughness and thermal conductivity (ASTM G171-03). Figure 4.15 shows the top 

view of the scratches imprinted on the copper coating deposited with varying current 

densities. For this purpose, all the coatings have been produced with a fixed thickness of 

20±1 μm. The values of the scratch hardness (Hs) are obtained from equation (4.5) 

(Beegan et al., 2007). 

Hs = (8FN) / (πb2)                                                                                                           (4.5) 

where, ‘FN’ is the normal force used and ‘b’ is the average scratch width. The average 

values of the scratch width and scratch hardness obtained by using equation (4.5) are 

tabulated in Table 4.2. It is seen that the scratch width is continuously varying with the 

current density. The highest hardness is obtained for the coating current density of 10 A 

dm-2. 
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Figure 4.15 SEM micrographs of the scratches, with scratch width on the samples 

deposited with of (i) 2 A dm-2, (ii) 4 A dm-2, (iii) 6 A dm-2, (iv) 8 A dm-2 and (v) 10  A 

dm-2, respectively. 

4.1.3.2 Microhardness analysis 

Microhardness test is a static indentation hardness test and it gives indentation resistance 

of the material against the compression load acting perpendicular to the coating. 

Microhardness measurements on the copper coating deposited with different current 

densities are given in Table. 4.2. It reveals that as coating current density changes, the 

microhardness values vary. Among the measured values, highest microhardness of 

2.05±0.11 GPa is recorded on the deposit in which the deposition current density was 10 

A dm-2. This value is about 4 times greater than that of the annealed copper (0.49 GPa) 

(European copper institute, 2015). Further, the microhardness values were closer to the 

scratch hardness values (Table 4.2), for a given coating.  
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Table 4.2 Scratch hardness and microhardness values of the coating deposited with 

different coating current densities 

Current density 
(A dm-2) 

Average 
scratch width 

(μm) 

Scratch hardness 
(GPa) 

Microhardness 
(GPa) 

2 171 0.868 0.8±0.10 

4 155 1.05 0.98±0.11 

6 141 1.277 1.15±0.10 

8 128 1.55 1.26±0.12 

10 100.4 2.52 2.05±0.11 

4.1.3.3 Cross-hatch cut test 

According to ASTM D3359, the adhesive strength of the coating could be evaluated 

qualitatively by using cross-hatch cut test. SEM micrograph of the cross-hatch cut tested 

sample corresponding to 2, 5 and 10 A dm-2 current densities are shown in Figure 4.16, 

Figure 4.17 and Figure 4.18, respectively. The SEM micrograph in Figure 4.16 (a), 

Figure 4.17(a) and Figure 4.18 (a) indicates that none of the squares has completely 
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Figure 4.16 a) SEM micrograph of the cross-hatch cut tested sample deposited at 2 A 

dm-2, and b) magnified images representing the affected area. 

 

 

 

Figure 4.17 a) SEM micrograph of the cross-hatch cut tested sample deposited at 5 A 

dm-2, and b) magnified image representing the affected area. 

peeled-off from the substrate. But small flakes of the coating have been removed near to 

the cross cut. It is indicated by arrow marks in the magnified images shown in Figure 

4.16 (b), Figure 4.17 (b) and Figure 4.18 (b), respectively. The affected area is less than 

(a) (b) 

(a) (b) 
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5% of the total cross-hatch tested area. The ASTM adhesion standard is shown in Table 

4.3. The visual comparison of the tested sample with the standard indicates that the 

coating belongs to the 4B class, which represents adequate adhesion strength of the 

coating to the substrate. 

 

 

 

 

 

 

Figure 4.18 a) SEM micrograph of the cross-hatch cut tested sample deposited at 10 A 

dm-2, and  b) magnified image representing the affected area. 

Table 4.3 Classification of the coating according to ASTM D3359 adhesion standards 

 
Classification 

Percentage 
area 

removed 

Surface of the cross-cut area from 
which flaking has occurred for six 
parallel cut and adhesion range by 

percentage 
 

5B 
 

0% 

 
 

4B 
 

Less than 
5% 

 

(a) (b) 
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3B 

 
5-15% 

 
 

2B 
 

15-35% 
 

 
1B 

 
35-65% 

 
 

0B 
 

Greater 
than 65%  

 

4.1.3.4 Pull-off adhesion test 

According to ASTM D4541, the adhesion strength of the copper coating to the substrate 

could be evaluated quantitatively by using pull-off adhesion test. The test result shows 

that the coating is completely peeled off at 1.2±0.25 MPa pull-off strength. The 

photographs of the tested samples corresponding to different coating current densities are 

shown in Figure 4.19, which indicates the complete detachment of the coating from the 

substrate at the interface of the copper and zinc.  

   

Figure 4.19 Photograph of the pull-off adhesion tested sample along with dolly, 

corresponding to a) 2 A dm-2, b) 5 A dm-2 and c) 10 A dm-2 current density values. 

Double zincated 
aluminium  

 Coating attached 
to the dolly 

(a) (b) (c) 
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4.2 Copper Coating from the Bath-II  

In this section, the microstructural features and mechanical properties of the copper 

deposits from the Bath-II on the double zincated aluminium substrate have been 

presented. 

4.2.1 Physical observations  

The coated samples obtained from the optimized range of current densities (1A dm-2 to 4 

A dm-2) were observed as uniform and compact. The salmon colored shiny coating was 

observed for all the current densities used for the deposition. The variation in the Ra 

values (coating roughness) with the coating current density is given in Table 4.4. The 

roughness of the coating was varying from 0.262 μm to 0.453 μm when coating current 

density was varied from 1 to 4 A dm-2. The roughness profile of the coating deposited by 

using current density 4 A dm-2 is shown in Figure 4.20.  

Table 4.4 Variation of the surface roughness of the coating with the deposition current 

density 

Coating current 
density, A dm-2 1 2 3 4 

Surface 
roughness (Ra), 

μm 
0.262±0.007 0.322±0.009 0.453±0.009 0.40±0.008 
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Figure 4.20 Roughness profile of the deposit corresponding to coating current density of  

4 A dm-2. 

4.2.2 Microstructural characterization 

In this section, the microstructural characterization of the copper deposited at different 

coating current densities by using SEM, TEM and XRD have been presented.  

4.2.2.1 Scanning electron microscopic study 

The SEM micrographs (topography) of the copper coatings deposited at different current 

densities are shown in Figure 4.21. It is observed that the coatings contain nodules of 

different sizes. With the increase in the coating current density, the size and distribution 

changed. At 1 A dm-2 current density, a primary layer is formed with a nodular diameter 

of 1.08±0.1μm. As coating current density is increased, the primary nodular size reduces. 

At 4 A dm-2, the primary nodular size is 0.77± 0.1 μm. So, the increase in the current 

density during deposition from 1 A dm-2 to 4 A dm-2 reduces the primary nodular size by 

28.7 %. As the coating current density increases, the nodules protrude unevenly and 

randomly in the perpendicular direction to the substrate as shown in Figure 4.21 (b-c). 
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The size of such nodules is 3.4±0.6 μm. The coating with 1 A dm-2 was observed as 

highly uniform compared to that deposited with higher current density. This could be 

clearly depicted in the higher magnified SEM micrographs shown in Figure 4.22. The 

cross sectional SEM micrograph shown in Figure 4.23 gives more insight about the 

growth nature of the coating. The average size of the nodules is 2.6 μm with a standard 

deviation of 1.36 μm. The distribution of nodules’ size obtained from the SEM 

micrograph is shown in Figure 4.24. The ultrahigh purity of the coating has been 

confirmed from the EDS measurement. The result of the coating deposited by using 4 A 

dm-2 current density is given in Figure 4.25.  

  

  

Figure 4.21 SEM micrographs (topography) of the copper coating on the double zincated 

aluminium deposited with different current densities a) 1 A dm-2, b) 2 A dm-2, c) 3           

A dm-2, and d) 4 A dm-2, respectively. 

(a) (b) 

(c) (d) 
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Figure 4.22 Magnified image of the coating deposited with current densities of a) 1 A 

dm-2 and b) 3 A dm-2, respectively. 

 
Figure 4.23 Cross sectional SEM micrograph of the coating deposited with 4 A dm-2 

current density.  

(a) (b) 
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Figure 4.24 Nodules’ size distribution of the copper coating deposited by using Bath-II. 

  

Figure 4.25 EDS results on the coating corresponding to 4 A dm-2 current density. 

 

4.2.2.2 Transmission electron microscopic study 

Transmission electron micrographs of the copper coatings on the double zincated 

aluminium which were deposited with a coating current density of 1 A dm-2 is shown in 

Figure 4.26 (a). The TEM micrograph showed that the coating is composed of fine, 

equiaxed copper crystallites. The crystallite size distribution is expressed by the 

histogram shown in Figure 4.26 (b). From the crystallite size distribution, the average 

size is obtained as 17.6 nm with a standard deviation of 5.4 nm. The nucleation density of 
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the copper crystallite was found to be 4.2 x 1011 cm-2. The continuous rings in the SAED 

pattern shown in Figure 4.26 (c) indicate the nano size of the crystallites. 

 

 

 

 

 

Figure 4.26 (a) Bright field TEM micrograph of the copper coating deposited at current 

density of 1 A dm-2, (b) histogram representing the crystallite size distribution and (c) 

SAED pattern of the coating. 

Figure 4.27 (a) shows the bright field TEM micrograph of the coating deposited with a 

current density of 4 A dm-2. The micrograph indicates that the coating consists of 

equiaxed crystallites. Moreover some of the crystallites contain nano sized twins 

(indicated by arrow marks in Figure 4.27 (a)). Figure 4.27 (b) shows one of the twins at 

higher magnification, where the width of the twins is less than 5 nm. Crystallite size 

distribution is expressed by the histogram shown in Figure 4.27 (c). From the large  

(111) 

  (200) 
(220) 

(a) 

(b) 

(c) 
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Figure 4.27 (a) Bright field TEM micrograph of the copper coating deposited with the 

current density of 4 A dm-2 , (b) magnified image of nano-twins, and (c) histogram of the 

crystallite distribution corresponding to Figure 4.27(a). 

(a) 

(b) 

(c) 
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Figure 4.28 a) Bright field TEM micrograph (cross sectional) of copper coating 

deposited with the current density of 4 A dm-2 , b) histogram representing the crystallite 

size distribution and c) SAED pattern of the same. 

 

numbers of crystallite size measurement, the average crystallite size was obtained as 12.9 

nm with a standard deviation 3.6 nm. Because of such ultra-fine crystallites, the 

nucleation density of copper crystallite in 4 A dm-2 was found to be 6.8 x 1011 per cm2. 

 

4.2.2.3 X-ray diffraction study 

The x-ray diffraction patterns of the copper coating deposited with different current 

densities are shown in Figure 4.29. The diffraction peaks corresponding to different 

crystallographic planes were analyzed and found that FWHM (full width half maxima) of 

(a) (b) 

(c) 

(111) 

(200) 

(220) 

(311) 
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the peaks was increased with increase in the coating current densities. This could be 

attributed to the reduction in the crystallite size as well as increase in the microstrain 

(Biju et al. 2008). The microstrain and crystallite size has been calculated from the XRD 

profile corresponding to different coating current densities using Williamson-Hall 

method. The detailed explanation for the estimation of the microstrain and the crystallite 

size from Williamson-Hall method is given in section 7.1.1.4 (Chapter 7).  

 

 

Figure 4.29 X-ray diffraction profile of the copper coatings deposited with different 

current densities (j). 

4.2.3 Mechanical characterization 

The mechanical characteristics of the coatings such as hardness and adhesion strength 

have been evaluated for the coatings deposited with different current densities. The 

surface hardness is estimated by using scratch hardness test and the microhardness test. 
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The adhesion strength has been evaluated by using the cross-hatch cut test and pull-off 

adhesion test.  

4.2.3.1 Scratch hardness test 

Figure 4.30 shows the SEM images of the scratch hardness tested samples deposited at 

different coating current densities. The average value of the scratch width corresponding 

to each current density is shown in Table 4.5. The scratch hardness of the each coating is 

calculated by using equation 4.5 given in Table 4.5. The maximum hardness value is 

obtained for the coating deposited with current density of 1 A dm-2.  

 

Figure 4.30 SEM micrographs of the scratches on the coated samples with the scratch 

width dimensions on it. The micrographs correspond to coating deposited with current 

densities of (i) 1 A dm-2, (ii) 2 A dm-2, (iii) 3 A dm-2, and (iv) 4 A dm-2, respectively. 
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4.2.3.2 Microhardness test 

The microhardness values of the coating deposited with different coating current 

densities are given in Table 4.5.  The highest value of the microhardness is registered for 

the coating deposited with 1 A dm-2. There is not much difference in the hardness values 

among the coatings deposited with different current densities.   

Table 4.5 Scratch hardness and microhardness values of the coating deposited with 

different coating current densities 

Current 

density 

(A dm-2) 

Average 

scratch width 

(μm) 

Scratch hardness 

(GPa) 

Microhardness 

(GPa) 

1 121.7 1.72 1.46±0.12 

2 123 1.68 1.41±0.09 

3 125 1.62 1.34±0.08 

4 130 1.5 1.22±0.9 

 

4.2.3.3 Cross-hatch cut test  

Adhesion strength between the copper coating and the double zincated aluminium 

substrate was evaluated qualitatively by using cross-hatch cut test. Figure 4.31 and Figure 

4.32 shows the SEM images of the cross-hatch cut tested sample deposited with 1 A dm-2 

and 4 A dm-2, respectively. None of the cross-hatched squares were detached as shown in   

Figure 4.31 (a) and Figure 4.32 (a). The magnified images shown in Figure 4.31 (b) and 

Figure 4.32 (b) indicate that the coating flakes are also not removed at the intersection of 

the cross-hatch. As a result, the percentage area affected by the cross-hatch test is zero. 

So, as per the visual comparison with ASTM D3359 standard shown in Table 4.3, the 

coating could be included in the category of 5B class.  
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Figure 4.31 a) SEM micrograph of the cross-hatch cut tested sample deposited with 

coating current density of 1 A dm-2, and b) magnified image representing affected area. 

 

 

 

 

Figure 4.32 a) SEM micrograph of the cross-hatch cut tested sample deposited with 

coating current density of 4 A dm-2, and b) magnified image representing affected area. 

4.2.3.4 Pull-off adhesion test  

Adhesive strength of the coating with the substrate deposited at different current densities 

has been measured using pull-off adhesion tester. All samples are showing excellent 

adhesive strength to the double zincated aluminium substrate. The dolly has detached 

(a) (b) 

(b) (a) 
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from the copper coating at pull-off adhesion strength of 1.9±.2 MPa irrespective of the 

coating current density used. The photograph of the pull-off adhesion tested samples 

corresponding to 1A dm-2 and 4 A dm-2 are shown in Figure 4.33. Hence it is concluded 

that the coatings do have an adhesion strength ˃1.9 MPa. 

 

 

Figure 4.33 Photograph of the pull-off adhesion tested samples with the dolly for the 

coating deposited with the coating current density of a) 1 A dm-2 and b) 4 A dm-2, 

respectively.  

4.3 Summary of the Chapter 

a) Copper coating from the Bath-I  

The copper coating deposited from the Bath-I with optimized current density range of 1 

A dm-2 to 10 A dm-2 has been characterized for microstructural features and mechanical 

properties. Physical observation shows that the coating has a salmon colour. The 

morphological study of the coating by using SEM shows the nodular structure with a 

nodular size of 4 μm to 6 μm. The TEM micrographs of the coating show that each 

nodule is formed by nano sized crystallites of average size varying from 63 nm to 32 nm. 

The crystallite size varies with the coating current density. At higher deposition current 

density, the presence of nano-twins of 3 nm to 7 nm width was confirmed. The preferred 

orientation along (111) plane of the copper coatings is confirmed by using XRD. As the 

Dolly surface after pull-off 
adhesion test Pull-off adhesion 

tested surface 

(a) (b) 
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coating current density increases, FWHM of the peaks increases. The hardness of the 

coating has been tested by using scratch hardness test and microhardness tests. The 

highest value of the hardness is observed for the coating corresponding to 10 A dm-2 

current density. The adequate adhesion strength of the coating to the substrate was 

confirmed from the cross-hatch cut test and the pull-off adhesion test.  

b) Copper coating from the Bath-II  

Adherent and shiny coating was obtained from the newly optimized non-cyanide alkaline 

bath. The optimized current density was in the range of 1 A dm-2 to 4 A dm-2. The SEM 

study showed that the coating constitutes nodules ranging in size from 0.77 μm to 1.08 

μm. Each nodule is composed of nano sized crystallites of size varying from 12.9 nm to 

17.6 nm which change with coating current density. As coating current density increases, 

the crystallite size reduces. At higher coating current densities, some of the crystallites 

contain nano-twins. The preferred growth of the copper coating along (111) direction is 

confirmed from the XRD profiles. The surface hardness of the coating has been tested by 

using scratch hardness test and microhardness tests. It is inferred that as the coating 

current density increases, the hardness value reduces. The adhesion strength of the 

coating with the double zincated aluminium substrate was tested by using cross-hatch cut 

test and pull-off adhesion tests. Excellent adhesion strength was observed in both cross-

hatch cut test and pull-off adhesion tests.  
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Chapter 5  

DC MAGNETRON SPUTTER DEPOSITED 

COPPER COATINGS: MICROSTRUCTURAL 

AND MECHANICAL CHARACTERIZATIONS 

In this section, the microstructural features and mechanical properties of the DC 

magnetron sputter deposited copper coating on the double zincated aluminium substrate 

has been discussed. 

5.1 Physical Observations  

Uniform adherent coating was observed for the sputtering power in the range of 50W to 

150W. Dark salmon colored coating was observed irrespective of the sputtering power. 

The variation in the Ra value (coating roughness) with the sputtering power is given in 

Table 5.1. The Ra value varies from 0.14 μm to 0.18 μm. A typical roughness profile 

obtained from stylus profilometer corresponding to the coating at 150 W is given in 

Figure 5.1.  

Table 5.1 Variation in the surface roughness of the coating with different sputtering 

powers 

Sputtering power, W 
50 100 150 

Surface roughness 

(Ra) in μm 0.18±0.01 0.17±0.01 0.14±0.01 
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Figure 5.1 Roughness profile corresponding to coating deposited at sputtering power of 

150 W. 

5.2 Microstructural Characterization 

In this section, the microstructural characterization of the copper coatings deposited using 

different sputtering power is presented. Tools like SEM, TEM and XRD were used for 

the microstructural characterization.  

5.2.1 Scanning electron microscopic study 

The SEM micrographs of the copper coating deposited on the double zincated aluminium 

by using different DC magnetron sputtering power have been shown in Figure 5.2. The 

coating constitutes uniformly distributed copper nodules with globular topography. As 

the sputtering power increases from 50 W to 150 W, the size of the nodules decreases. 

These are given in Table 5.2. Figure 5.3 shows the cross sectional image of the coating 

corresponding to 50 W and 150 W. It indicates the columnar growth behavior. The EDS 

result shown in Figure 5.4 indicates that the coating is made up of pure copper. The 
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presence of zinc in the EDS spectra is attributed to the zinc layer in between the copper 

and the aluminium due to the intermediate zincating step.  

   

Figure 5.2 SEM micrograph of the sputtered copper coatings with sputtering power of a) 

50 W, b) 100 W and c) 150 W, respectively. 

  

Figure 5.3 Cross sectional SEM micrograph of the sputter deposited copper coating with  

a sputtering power of a) 50 W and b) 150 W respectively. 

Table 5.2 Variation of nodule’s size with sputtering power 

Sputtering power 

(W) 

50 100 150 

Nodule’s size 

(nm) 

477.2±36.2 301.15±24 193.4±16.2 

 

(a) (b) (c) 

(a) (b) 
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Figure 5.4 EDS results of the selected area in the coating. 
 

5.2.2 Transmission electron microscopic study 

Figure 5.5 (a) shows the TEM micrograph of the DC magnetron sputtered copper 

coatings at sputtering power of 50 W. The average crystallite size is observed as 49 nm 

with a standard deviation of 15.5 nm. Each nodule is composed of these nano crystallites.  

The low magnified TEM micrograph of the Figure 5.5(a) shown in Figure 1 (Appendix 1) 

also proves the same. The continuous rings in the SAED pattern shown in Figure 5.5 (b) 

indicate the presence of nano sized crystallites corresponding to different crystallographic 

planes. The histogram shown in Figure 5.5 (c) corresponding to the same indicates the 

crystallite size distribution.  

Figure 5.6 (a) shows the TEM micrograph of the coating deposited with a sputtering 

power of 100 W. The coating has an average crystallite size of 33.36 nm with a standard 

deviation of 10.6 nm. The histogram shown in Figure 5.6 (b) shows the crystallite size 

distribution. Figure 5.7 (a) shows the TEM micrograph of the coating at a sputtering 

power of 150 W. It shows that the average crystallite size is 18 nm with a standard 

deviation of 5.24 nm. The histogram shown in Figure 5.7 (c) shows the crystallite size 

distribution corresponding to Figure 5. 7 (a). As the sputtering power increases from 50 

W to 150 W, the crystallite size reduces from 49 nm to 18 nm. Moreover, at higher 

sputtering power, some crystallites contain nano-sized twins, as shown in Figure 5.7 (d). 

Element At% 
Cu 96 

Zn 3.8 
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The magnified image of the selected twin, shown in Figure 5.7 (e) indicates that twins 

have a width in the range of 3 nm to 8 nm.  

 

 

Figure 5.5 a) Bright field TEM micrograph of the copper coating deposited at the 

sputtering power of 50 W, b) SAED pattern corresponding to the TEM micrograph and c) 

histogram showing the crystallite size distribution in the deposit corresponding to 50 W.    

(c) 

(b) (a) 

(111) 

(200) 

(220) 
(311) 
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Figure 5.6 a) Bright field TEM micrograph of the copper coating deposited at the 

sputtering power of 100 W, and b) histogram showing the crystallite size distribution in 

the micrograph.    

 

 

 

 

 

(a) 

 

(b) 

Crystallite size (nm) 
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Figure 5.7 a) Bright field TEM micrograph of copper coating at the sputtering power of 

150 W, b) SAED pattern of the TEM micrograph, c) histogram showing the crystallite 

size distribution corresponding to 150 W, d) and e) nano-twins observed at higher 

magnifications. 

(d) (e) 

(a) 

(c) 

(b) 
(220) 

(200) 

(111) 
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In order to confirm the absence of epitaxial growth of the coating, TEM micrograph in 

cross sectional direction is presented in Figure 5.8 (a). The SAED pattern of the TEM 

micrograph is shown in Figure 5.8(b). The histogram corresponding to Figure 5.8 (a) is 

shown in Figure 5.8(c), in which the average crystallite size is observed as 17.6 nm with 

a standard deviation of 3.72 nm.  

 

 

 

Figure 5.8 a) Bright field TEM micrograph (cross section) of the copper coating at the 

sputtering power of 150 W, b) SAED pattern of the TEM micrograph and c) histogram 

showing the crystallite size distribution in the coating corresponding to 150 W. 

 

 

(111) 

(200) 

(220) 

(311)  (a) (b) 

(c) 



101 
 

5.2.3 X-ray diffraction study 

XRD profile of the DC magnetron sputtered copper coatings at different sputtering power 

is shown in Figure 5.9. The FWHM of the peaks increase with the increase in sputtering 

power. Since the peaks are observed only for three crystallographic planes, microstrain 

calculation is difficult (Biju et al. 2008). The relative intensity ratio of peak for (111) 

plane is higher as compared to that of the standard copper file (ICDD # 89-2838). This is 

attributed to the preferred texture of the coating along (111) plane along [111] direction.  

 

Figure 5.9 XRD profile of the copper coating deposited at different sputtering powers. 

5.3 Mechanical Characterization 

5.3.1 Scratch hardness test 

Scratch resistance is one of the major mechanical properties required for the 

antimicrobial coatings. The SEM images of the scratch tests on the sputtered copper 

coatings are shown in Figure 5.10. The variation of the scratch width (average value) 

with sputtering power is given in Table 5.3. The scratch hardness of the coating deposited 

at different sputtering power has been calculated using equation 4.5, and is given in Table 
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5.3. The scratch hardness is seen to increase from 1.21 GPa to 1.72 GPa with increase in 

the sputtering power from 50 W to 150 W.  

 

Figure 5.10 SEM micrographs of the scratches, with scratch width dimensions on the 

coated samples deposited at different sputtering power of (a) 50 W, (b) 100 W, and (c) 

150 W, respectively. 

5.3.2 Microhardness test 

The resistance against the static indentation of the coating has been measured by using 

microhardness test. The test results for the coatings at the different sputtering power have 

been given in Table 5.3. Maximum hardness value is observed for the coating at 

sputtering power of 150 W. Compared to scratch hardness values, microhardness values 

are higher. This is attributed to the severe plastic deformation having occurred during 
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scratch test. The highest surface hardness of the coating at 150 W was three times higher 

than that of annealed copper (European copper institute, 2015).  

Table 5.3 Scratch hardness and microhardness values for the copper coatings deposited 

with different sputtering powers.   

Sputtering 

power (W) 

Average 

scratch width 

(μm) 

Scratch 

hardness (GPa) 

Microhardness 

(GPa) 

50 145.1 1.21 1.01±0.9 

100 136.8 1.36 1.26±0.11 

150 121.7 1.71 1.49±0.11 

 

5.3.3 Cross-hatch cut test 

The qualitative adhesion strength of the coating to the substrate is evaluated by cross-

hatch cut test, carried out as per ASTM D3359. Figure 5.11 and Figure 5.12 show the 

SEM images of the cross-hatch cut tested sample deposited with 50 W and 150 W 

sputtering powers, respectively. Figure 5.11 (a) and Figure 5.12 (a) indicate that none of 

the squares are detached from the substrate after removing the pressure sensitive tape 

from the cross-hatched surface. The magnified images shown in Figure 5.11 (b) and 5.12 

(b) indicate that the coating flakes are also not removed at the intersection of the cross-

hatch. As a result, the percentage area affected by the cross-hatch cut test is zero. So, as 

per the visual comparison with ASTM D3359 standard shown in Table 4.3, the coating is 

included in the category of 5B class.  
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Figure 5.11 a) SEM micrograph of the cross-hatch cut tested sample deposited with 50 

W power and b) magnified images representing affected area. 

 

 

 

 

Figure 5.12 a) SEM micrograph of the cross-hatch cut tested sample deposited with 

150W power, and b) magnified images of the cross hatched portion. 

5.3.4 Pull-off adhesion test 

The adhesion strength of the copper coating with the double zincated aluminium substrate 

has been quantified by following pull-off adhesion test. The photograph of the adhesion 

tested sample is shown in Figure 5.13. At a pull-off adhesion strength of 1.7±0.2 MPa, 

(a) 
(b) 

(a) (b) 
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the dolly  detaches from the coating irrespective of the sputtering power. But the coating 

is not completely detached from the substrate. Hence, it is inferred that the coating has an 

adhesion strength ˃1.7±0.2 MPa.  

  

Figure 5.13 Pull- off adhesion tested sample with the dolly for the copper coating with 

sputtering power of a) 50 W, and b) 150 W, respectively. 

5.4 Summary of the Chapter 

The copper coating was successfully deposited on the double zincated aluminium by the 

DC magnetron sputter deposition technique. The deposition was carried out with an 

optimized target power of 50 W, 100 W and 150 W. The SEM study of the sputter 

deposited coating reveals its nodular morphology with globular topography. The size of 

the nodules is reduced with increase in the sputtering power. The TEM study reveals that 

each nodule is made up of nano-sized crystallites. The crystallite size reduces from 49 nm 

to 18 nm with an increase in target power from 50 W to 150 W. The TEM micrographs 

show that at higher sputtering power, some of the crystallites contain nano-twins. The 

preferred growth of the copper coating along (111) direction is confirmed from the XRD 

profiles. The surface hardness of the coating has been tested by using scratch hardness 

test and microhardness tests. It is inferred that as the coating sputtering power increases, 

the hardness value increases. The adhesion strength of the coating with the double 

zincated aluminium substrate was tested by using cross-hatch cut test and pull-off 

Copper coating remains on the substrate 

after pull-off adhesion test 

(a) (b) 
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adhesion tests. Excellent adhesion strength was observed in both cross-hatch cut test and 

pull-off adhesion tests. The coating hardness belongs to 5B class as per ASTM D3359.  
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Chapter 6 

ANTIMICROBIAL ACTIVITY OF THE 

COPPER COATINGS 

In the present chapter, the results obtained from the antimicrobial characterizations have 

been presented. The antimicrobial activity of both electrodeposited and sputter deposited 

coatings have been tested against both gram negative and gram positive bacteria. The 

Escherichia .coli (E. coli) and Methicillin-resistant Staphylococcus aureus (MRSA) are 

taken as the model of pathogenic gram negative and gram positive bacteria respectively. 

The biocidal efficacy of the copper coated aluminium has been quantitatively estimated 

by CFU (colony forming unit) counting technique. The results were compared with the 

uncoated aluminium (control) and the bulk copper plate. In order to understand the 

structural changes happening in the bacterial cell after the copper treatment, the electron 

microscopic (SEM and TEM) study results are presented. From the contrast of the TEM 

micrographs, dense cellular bodies and liquidus soft media could be distinguished in the 

bacteria cell and thereby loss of fluid from the cell due to copper treatment could be 

identified. The SEM micrographs of the bacteria help to understand the morphological 

changes of the copper treated cells with respect to the non-copper treated cells. 

Moreover, the EDS attached to TEM and SEM is used to find the presence of the copper 

in the cell after the copper treatment.  

6.1 Antimicrobial Study against Gram Negative Bacteria (E. 

coli) 

The antimicrobial activities and its mechanism of gram negative and gram positive 

bacteria are different due to their difference in cell wall structure. E. coli is one of the 

most common gram negative pathogenic bacteria present on the hospital touch surfaces. 
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In the present section, the survivability of the E.coli on the copper coatings as compared 

to the bulk copper and the uncoated aluminium as well as the electron microscopic study 

of the same has been presented. 

6.1.1 CFU count results 

Figure 6.1 represents the photographs of the E.coli colonies corresponding to the 

uncoated aluminium, the bulk copper and the copper coated aluminum. Figure 6.1(a) 

represents the colonies corresponding to the uncoated aluminium sample of dimension 

1.5 cm x 1.5 cm and surface roughness of 0.07 μm. Because of its zero antimicrobial 

activity, ~ 200 colonies of E.coli bacteria were observed in Figure 6.1(a). For the 

comparison of the antimicrobial activity of the coating, uncoated aluminium is used as 

the control. Figure 6.1(b) represents the colonies corresponding to the bulk copper with 

the same dimensions and roughness as that of the uncoated aluminium (control). Even 

though the copper has biocidal activity, Figure 6.1(b) exhibits ~23 colonies of E. coli. 

Hence in the present study, bulk copper has an antimicrobial activity of ~88% as 

compared to the control sample. Figure 6.1(c-e) represents the colonies growing on the 

copper coatings deposited on the aluminium substrate of dimension 1.5 cm x 1.5 cm. 

Figure 6.1 (c) represents the colonies growing on the coating deposited from the 

electrolytic Bath-I (current density = 9 Adm-2), Figure 6.1(d) represents the colonies 

growing on coating from the electrolytic Bath-II (current density = 4Adm-2)and Figure 

6.1(e) represents the colonies growing on coating by DC magnetron sputter deposition 

technique (sputtering power=150 W). Compared to the colonies growing on the bulk 

copper samples (Figure 6.1(b)), copper coated samples have lesser number of colonies. 

This is due to the better antimicrobial activity of the copper coatings as compared to that 

of the bulk copper. Among the coated samples, colonies growing on the coating 

deposited using Bath-II (Figure 6.1(d)) show lesser number of colonies as compared to 

that of other coatings, shown in Figure 6.1(c) and Figure 6.1(e). Hence coatings obtained 

from the Bath-II have better performance in antimicrobial activities among the coatings. 

The reasons for improved antimicrobial activity of the copper coatings as compared to  
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Figure 6.1 Photographs of E. coli colonies formed after six hours exposure on a) 

uncoated aluminium (control), b) bulk copper c) copper coated aluminium from the Bath-

I, d) copper coated aluminium from the Bath-II and e) copper coated aluminium by DC 

magnetron sputtering method, respectively.  

(a) (b) 

(c) (d) 

(e) 
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the bulk copper as well as the variations of antimicrobial activities among the coatings is 

attributed to the difference in the morphological and microstructural features of the 

coatings. The detailed discussion is given in section 7.3.2 (Chapter 7).    

6.1.2 Electron microscopic test results 

The CFU study results showed that the copper coating can kill the E.coli bacteria more 

effectively. But the mechanism of killing microbes by the copper is not yet clearly 

understood (Augustin et al. 2016c). The electron microscopic study of the copper treated 

E.coli helps to understand its structural and morphological changes due to the attack of 

the copper.  Thereby mechanism of the antimicrobial activity of the copper on the gram 

negative microbes could be revealed up to a certain level.  In the present section, the 

micrographs obtained from the SEM and TEM analysis of the bacteria along with EDS 

results have been presented. 

6.1.2.1 Scanning electron microscopic study of the E. coli 

Figure 6.2 and Figure 6.3 represents the SEM micrographs of the E. coli. The E. coli cells 

which are exposed to the copper coatings for six hours is shown in Figure 6.2, whereas, 

the E. coli cell treated on the uncoated aluminium plate (control) is shown in Figure 6.3. 

Compared to the copper treated E.coli cell, the non-treated cells were healthy and rod 

shaped. The copper treated E. coli cells were wrinkled and damaged as shown in Figure 

6.2 (a). Due to the copper treatment, holes are formed on the cell surface as shown by the 

arrow mark in Figure 6.2 (b). The EDS corresponding to the selected area in Figure 6.2 

(b) is shown in Figure 6.2 (c). It indicates that the copper treated E. coli contains copper 

ions. This may either be on the cell wall or inside the cell structure. Cells which are 

treated with the uncoated aluminium do not show the presence of the copper, as seen in 

Figure 6.3 (b). Hence, it is proved that the copper ions were accumulated in the cell due 

to its exposure to the copper coatings. 
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Figure 6.2 a) SEM micrograph of the copper treated E. coli, b) enlarged view of the 

Figure 6.2 (a) and c) EDS corresponding to the selected area in Figure 6.2 (b), 

respectively. 

 

(a) (b) 

(c) 
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Figure 6.3 a) SEM micrograph of the E. coli exposed to the uncoated aluminium and b) 

EDS corresponding to the same.  

6.1.2.2 Transmission electron microscopic study of the E. coli 

Figure 6.4 represents the TEM micrographs of both the copper treated and the non-copper 

treated E. coli cells along with their corresponding EDS results. Figure 6.4 (a) represents 

the E. coli cells exposed to the copper coated aluminium, whereas Figure 6.4 (c) 

represents the E.coli which is treated with the uncoated aluminium substrate. Figure 6.4 

(b) and Figure 6.4 (d) represents the EDS corresponding to the copper treated as well as 

the non-copper treated cells respectively. The copper treated cells were damaged and 

shrunken as compared to the non-copper treated cells. The cells which were exposed to 

the non-copper coated surface maintained their rod shape and healthiness.  The white 

region in the TEM micrographs of cells corresponding to the uncoated aluminum (Figure 

6.4 (c)) represents the fluid present in the cell structure. The dark regions of E. coli 

represent the solid part in the cell. The complete dark region in the copper treated cell 

shown in Figure 6.4 (a) indicates the complete leakage of the fluid from the cells. As a 

result, the copper treated cells were shrunken to ~ 80% as that of the non-copper treated 

cells. The detailed discussion of the results is given in section 7.3.1.1(Chapter 7). 

(a)  (b) 
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Figure 6.4 a) TEM micrograph of the copper treated E. coli, b) EDS corresponding to the 

same, c) TEM micrograph of the E. coli without copper treatment and d) EDS results 

corresponding to the same, respectively. 

6.2 Antimicrobial Study against the Gram Positive Bacteria 

(MRSA) 

MRSA is the most predominant pathogen causing infection through hospital touch 

surfaces (World Health Organization 2011). Moreover, the MRSA is considered as a 

typical model for gram positive groups of the bacteria. Hence the antimicrobial activities 

of the MRSA have been estimated by CFU counting method and the structural and 

 (a) (b) 

(d) (c) 
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morphological changes due to the copper treatment has been presented in the current 

section with the help of the micrographs obtained by using  the electron microscopes. 

 6.2.1 CFU count results 

The antimicrobial activities of the copper coatings deposited by different ways are 

quantitatively estimated by counting the number of CFUs of MRSA. The Figure 6.5 (a) 

represents the colonies formed after treated the bacteria with the uncoated aluminium, 

which is taken as the control sample. Figure 6.5 (b) represents the colonies corresponding 

to the bulk copper plate of same dimension and roughness as that of the control. Figure 

6.5 (b) contains ~20 colonies of MRSA. Figure 6.5 (c) and Figure 6.5 (d) represents the 

colonies corresponding to the electrodeposited coating obtained by using Bath-I and 

Bath-II respectively. Figure 6.5 (e) represents the colonies grown on the sputter deposited 

coatings. The number of MRSA colonies grown on the electrodeposited coatings was 

almost nil. It indicates that 100% antimicrobial activity of the electrodeposited coatings 

  
 

  

(a) (b) 

(c) (d) 
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Figure 6.5 Photographs of the MRSA colonies formed after six hours of exposure on a) 

uncoated aluminium (control), b) bulk copper c) copper coated aluminium from Bath-I, 

d) copper coated aluminium from Bath-II and e) copper coated aluminium deposited by 

using DC magnetron sputtering method, respectively. 

 against MRSA within six hours of exposure with the coatings. The sputter deposited 

coating was slightly less antimicrobial as compared to the electrodeposited coatings. The 

microstructural and morphological difference could be the reasons for such variations in 

the antimicrobial activities. The detailed discussions on these factors are given in section 

7.8 (Chapter 7). 

6.2.2 Electron microscopic test results 

As mentioned in the literature survey, the cell wall of gram positive and gram negative 

bacteria has significant difference in structure as well as composition. As a result, the 

mode of attack of the copper and the mechanism for killing the gram positive bacteria are 

expected to be different as compared to the gram negative bacteria.  

6.2.2.1 Scanning electron microscopic study of MRSA 

Figure 6.6 represents the SEM micrographs of the MRSA. The MRSA cells which are 

treated with copper are shown in Figure 6.6 (a). Figure 6.6 (b) and Figure 6.6 (c) 

(e) 
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represent the MRSA cells which were not exposed to copper surface. Compared to the 

non-copper treated cells, copper treated cells do not show much deformation in their 

spherical shape. But copper treated cells have many pits on the cell wall, as indicated by 

the arrow mark in Figure 6.6 (a). The MRSA cells exposed to the uncoated aluminium 

substrate were free from such damage, as seen in Figure 6.6 (c). Moreover, the cell 

divisions (mitosis and meiosis) observed in the marked region in Figure 6.6 (b) indicates 

a favorable environment for the growth of MRSA on the uncoated aluminium substrate as 

compared to that of the copper coated surface.  

 

    

Figure 6.6 a) SEM micrograph of the copper treated MRSA, b) SEM micrograph of non-

copper treated MRSA showing cell divisions, and c) Magnified image of the MRSA 

selected from Figure 6.6 (b).  

  (a) 

(b) (c) 
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6.2.2.2 Transmission electron microscopic study of the MRSA 

Figure 6.7 represents the TEM micrograph of the copper treated MRSA along with its 

EDS data. Figure 6.8 represents the TEM micrograph and the EDS results of the non-

copper treated MRSA. The presence of copper in the MRSA cell shown in Figure 6.7 (a) 

was confirmed from the EDS, as given in Figure 6.7 (b). The TEM image showed that the 

cell wall of the copper treated MRSA was damaged, as marked in Figure 6.7 (a). Such cell 

damages were absent in the MRSA cells which were not treated with the copper (exposed 

to uncoated aluminium). Moreover, these cells had undergone cell divisions. Such 

healthy cells after divisions are shown in Figure 6.8 (a). The initial stage of cell division 

(mitosis) of MRSA that occurred on the non-coated aluminium is given in Figure 6.8 (b). 

As reported by Hong and Koo (2005), the spherical shape of the MRSA cells was not 

distorted due to the exposure to the copper (Figure 6.7 (a)). However, the cell dimension 

was reduced to 10-15% as compared to the non-copper treated cells. The detailed 

explanation of the structural changes of the MRSA cells due to the copper treatment is 

given in section 7.3.1.2 (Chapter 7).     

 

 

 

 

Figure 6.7 a) TEM micrograph of the damaged MRSA cells during copper treatment and 

b) The EDS of the damaged MRSA cells. 

(a) (b) 
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Figure 6.8 a) TEM micrograph of the non-copper treated MRSA, b) Initial stages of cell 

divisions on the uncoated aluminium substrate and c) EDS of the same. 

6.3 Summary of the Chapter 

The antimicrobial activity of the copper coating on the aluminium substrate deposited by 

electrodeposition and DC magnetron sputtering technique has been evaluated against 

gram negative bacteria (E.coli) and gram positive bacteria (Methicillin-resistant 

Staphylococcus aureus (MRSA)). The CFU (colony forming unit) count of the bacteria 

after six hours of exposure to the coating showed that the copper coating has better 

(a) (b) 

(c) 
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antimicrobial activity as compared to that of the bulk copper sample. The TEM and SEM 

analysis of the microbes revealed that the cell wall is the primary target of attack of the 

copper in both E.coli and MRSA. The EDS results of the bacteria cells which are exposed 

to the coatings shows the presence of the copper in the cells. The copper treated E.coli 

cells were damaged and shrunken as compared to the non-treated E.coli cells and the 

copper treated MRSA cells contain pits on the cell wall as compared to that of the non-

copper treated cells. The cell integrity of the MRSA cells, however, is maintained due to 

its thicker cell wall structure.  

List of publications related to Chapter 6 

1. Augustin, A., Thaira, H., Bhat, K.U. and Udupa, K.R. (2016). Effect of 

Electrodeposited Copper Thin Film on the Morphology and Cell Death of E. Coli; an 

Electron Microscopic Study. In Biotechnology and Biochemical Engineering, (Springer), 

pp 227–232. 

2. Arun Augustin, Huilgol, P., Udupa, K.R. and Bhat, U. (2016). "Effect of Current 

Density during Electrodeposition on Microstructure and Hardness of Textured Cu 

Coating in the Application of Antimicrobial Al Touch Surface." Journal of the 

Mechanical Behavior of Biomedical Materials, Elsevier Publishing 63, 352–360. 

 

 

 

 

 

 



120 
 

 

 

 

 

 

 

This page is intentionally left blank 



121 
 

Chapter 7 

DISCUSSION 

The copper coating on the double zincated aluminium is carried out by two 

processes: (i) Electrodeposition and (ii) DC magnetron sputter deposition. 

The results of the microstructural, mechanical and antimicrobial 

characterization of the coatings have been presented in chapters 4, 5, and 6, 

respectively. The detailed discussion of the obtained results is presented in 

the current chapter.  

7.1 Microstructural Analysis 

The antimicrobial activities and mechanical properties of the copper coatings are very 

much dependant on its microstructural features. The difference in antimicrobial activity 

of the copper coating compared to that of the bulk copper could be easily explained with 

the help of the microstructural study. The results obtained from the microstructural 

characterization of the copper coating using SEM, TEM, EDS and XRD have been 

presented in Chapters 4 and 5. The detailed analysis of the obtained results of the 

electrodeposited as well as DC magnetron sputtered copper coatings on the double 

zincated aluminium is explained in the present section.  

7.1.1 Electrodeposited copper coatings 

The microstructural characteristics of the electrodeposited copper coatings are mainly 

dependent on its process of deposition. Hence, before coming to the topic of 

microstructural features, we take a brief look on the process of electrodeposition. 
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7.1.1.1 Process of electrodeposition 

During the electrodeposition of the copper, the copper is dissociated into the electrolyte 

by oxidation at the copper anode, whereas at the cathode, the copper is are deposited by 

reduction. The oxidation and reduction reactions are given below. 

Cu→Cu2++2e (Anode)        (7.1) 

Cu2+ + 2e→Cu (Cathode)        (7.2) 

The bond dissociation energy of Cu+-Cu=155.2±7.7 kJ/mol (Delley et al. 1983). 

The copper ions are supplied from the copper anode. The energy for the reduction of the 

copper is provided by the external DC power source. During deposition, fully solvated 

copper ions formed by ligands (an ion or molecule attached to a metal atom by coordinate 

bonding) of tetra ethelyne pentamine (complexing agent- a compound in which 

independently existing molecules or ions of a nonmetal form coordinate bonds with a 

metal atom or ion) get attracted towards oppositely charged electrode surface by 

Coulombic forces. The electrical double layer or Helmholtz double layer formation (as 

shown in Figure 2.3) during electrodeposition is broken by continuous stirring of the bath 

near the cathode. More details on the electrical double layer are explained in section 

2.2.2.1(Chapter 2). Copper ions are adsorbed onto the cathode (double zincated 

aluminium) surface by displacing the attached water molecules and ligands. Upon 

continuous depletion of the copper ions from the double layer region, fresh copper ions 

are supplied from the bulk electrolytes by either one or a mix of three different processes, 

namely, i) diffusion due to the concentration gradient, ii) electric field assisted migration 

and iii) convection current in the electrolyte due to the stirring action (Ray 2015). 

The electrodeposition of the copper takes place in three steps (Ray 2015). 
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i. Copper ion migration 

The solvated copper ions (copper ions in the bath) in the electrolyte migrate towards the 

cathode under the influence of an applied potential as well as through diffusion and/or 

convection. 

ii. Electron transfer 

At the cathode surface, the solvated copper ions enter the diffusion layer (shown in 

Figure 2.3), where the water molecules of the hydrated ion are aligned by the weak field 

present in this layer. Eventually, the copper ions enter the fixed Helmholtz layer, where, 

due to the higher field present, the hydrated ions and ligand’s shell is lost as shown in 

Figure 2.3. Subsequently, the individual ion is neutralized by electron transfer from the 

cathode and is adsorbed at the cathode surface. 

iii. Incorporation of the copper into the surface 

In this last step, the adsorbed atom is drifted to a growth point on the cathode and is 

incorporated in the growing lattice. The process continues as long as the applied potential 

is near to the reduction potential of the ion. 

Even though the bath concentration, pH, additives and type of cations affect the 

deposition, coating current density determines, in particular, the rate of the deposition of 

the cations and hence microstructure of the deposited coatings (Paunovic and Schlesinger 

2006). More copper ions are formed with increase in the current density of the coating.  

7.1.1.2 Morphological analysis of the electrodeposited copper coatings 

Nodular shaped morphology was observed in the electrodeposited coatings in the present 

investigation. Similar morphology was reported by De Almeida et al. (2002), Balaraju 

and Rajam (2005), Kanungo et al. (2003), and Grujicic and Pesic (2002). The SEM 

micrographs of the coating deposited from Bath-I is shown in Figure 4.2. From the 
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micrographs, it is inferred that the coverage of the coating increased with the increase in 

the coating current density. At lower current densities, the coating contains semispherical 

and distinct nodules (shown in Figure 4.2 (a-c)). As a result, the coating coverage is 

discontinuous, revealing the underneath double zincated aluminium surface. Such 

discontinuous coatings are produced because not enough copper ions are transferred to 

the substrate to promote sufficient nucleation and growth of nodules. In this case, copper 

ions would move to the selected region (preferred sites) and grow, rather than supporting 

fresh nucleation event. At lower coating current density, copper ions get sufficient time to 

choose the preferred sites due to its slower movement. At moderate current densities, the 

nodules grew up to the physical impingement of the same and covered the entire 

substrate, which is clear from the SEM images shown in Figure 4.2 (d-e). This is due to 

the adequate availability of the copper ions at moderate current densities. This uniform 

growth was confirmed from the SEM micrographs taken over the cross section of the 

deposited sample, as shown in Figure 4.4 (a). Further, at higher current densities, the 

substrate is covered completely with the unevenly grown nodules. This could be 

attributed to the supply of the excess amount of the copper ions to the cathode due to 

over-potential at higher current densities as reported by Rashidi and Amadeh (2008) and 

Ebrahimi and Ahmed (2003). As a result, uniform layers of the nodules are formed at 

initial stage and few nodules among the existing ones further grow in a perpendicular 

direction, as shown in Figure 4.2 (f-j) and Figure 4.4 (b). As a result, the coating 

roughness is more at higher coating current density. It is given in Table 4.1 and 4.4 

(Chapter 4). The above mentioned three types of morphology are schematically 

represented in Figure 7.1.  
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Figure 7.1 Schematic diagram showing different types of morphologies of nodular 

growth based on current density. 

The formation of such morphology could be explained by the schematic representation of 

the mechanism of electrodeposition as shown in Figure 7.2. In accordance with the 

variation of the current density, the copper ion flux density varies because current density 

is the driving force for the ion movement (Pradhan and Reddy 2009). At lower coating 

current densities, fewer copper ions are transferred from the anode to the cathode through 

the electrolyte, as depicted in Figure 7.2 (a). At this stage, the rate of nucleation being 

very small, only few nuclei occur on the double zincated aluminium plate. These nuclei 

grew to form semi-spherical shaped nodules and have an island like morphology. These 

features are visible in SEM micrographs presented in Figure 4.2. In this case, only the 

most favorable site on the zinc surface happened to be selected for the process of the 

nucleation. Soon after the nucleation, growth can be conceived to be occurring by 

‘smooth plane front’ crystallization, in which each copper atom gets an opportunity to 

occupy a kink position. At moderate current densities, sufficient copper flux towards the 

Islands of copper nodules at 
lower coating current density 

Continuous layer of copper 
nodules at medium coating 
current density 

Copper nodules protrudes 
unevenly from primary 
nodules at higher coating 
current density 
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cathode from the anode creates uniform nodular coating as shown in Figure 7.2 (b). At 

this stage, all the sites on the plates are occupied without much preference for the ‘most 

favorable site’ as the urge for nucleation is high due to high rate of arrival of Cu++ ions to 

the surface of the plate. Of course, growth stops because of the impingement of growing 

nuclei from all the directions. These results in a smooth surface of the deposits as shown 

in the SEM micrographs presented in Figure 4.2 (d-e). At higher coating current 

densities, the copper flux densities are higher than the previous ones, as shown in Figure 

7.2 (c). As a result, initially, copper nodules of uniform size form  similar to Figure 7.2 

(b), followed by preferred copper nodules growing perpendicular to the substrate due to 

the rapid copper ion enrichment in the vicinity of the surface. Finally, uneven growth of 

copper nodules occurs as shown in Figure 7.2 (c). The uneven growth of the copper 

nodules is due to the reduction in the effective coating current density. This happens due 

to increase of the surface area. The change in the surface area could be estimated as given 

below. 

If the substrate is assumed as flat with dimension of 2𝑟 𝑥 2 𝑟 

Initial area ofthe substrate =4𝑟2  (7.3) 

If the nodules are assumed as semi-spheres of radius ‘𝑟’  

Surface area after forming uniform nodules= 4𝜋𝑟
2

2�  (7.4) 

Hence, 

Increase in the surface area of the cathode after forming uniform nodules =  𝜋
2
  times that 

of the initial area. As a result, surface area has increased after forming uniform nodular 

surface by ~ 57 % compared to the flat substrate. So the effective current density (current 

per unit area) gets reduced. As a result, selected nodules grow perpendicular as shown in 

Figure 7.2 (c). Moreover, the protruded nodules are bigger in size as compared to the 

initially formed nodules as shown in Figure 4.2 (j) and Figure 4.21 (b). Once the nodules 

start protruding, the copper ions get attracted towards the protruded nodules compared to 

other nodules due to their closeness to the anode, which is indicated by dotted arrow 
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marks in Figure 7.2 (c). Hence, more copper ions get deposited on the protruded nodules 

and as a result these nodules are bigger in size. This is more common in those coating 

deposited with higher coating current densities. Such morphology offers more surface 

area on the coating. The growth modes of the electrodeposited coating resembled the 

Stranski-Krastanor type among the three types of growth modes reported by Le et.al 

(2010) and Ohring (2001). It is shown in Figure 2.4.  

 

 
 

Figure 7.2 Copper flux distributions in electrolytic cell for a) lower current density, b) 

medium current density, and c) higher current density, respectively. 

In the case of electrodeposited coatings from the Bath-II, similar type of coating 

morphology was observed as shown in Figure 4.21. But the size of the nodules became 

smaller compared to that of the coating from Bath-I. For the coating from Bath-I, the 

nodule size was in the range of 4 μm - 7 μm, whereas that for the coating from the Bath-

II was 0.77 μm - 3.4 μm.  So the reduction in the nodules’ size was observed in the case 

of the coating formed by using Bath-II. This is attributed to the increase of nucleation 

density of copper nodules formed in the case of the coating from the Bath-II as compared 

to that from the Bath-I. The presence of the chloride ions from the hydrochloric acid 
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added to the bath may have facilitated the increased nucleation in the case of the Bath-II 

(Dini and Snyder 2011). The pH and chemical concentration of the copper salts may also 

have affected the size of the nodules. 

As a conclusion, it is observed that the electrodeposited copper from the Bath-I and Bath-

II offer more surface area which have a bearing on three dimensional contacts for the 

microbes on the surface of the copper deposit carried out at higher deposition current 

density as compared to that at lower coating current densities.  

7.1.1.3 Analysis of the crystallites structure of the electrodeposited copper coatings 

In the case of the electrodeposition, the crystallite size of the copper coating from the 

Bath-I for a coating current density of 2 A dm-2 was 63 nm as shown in Figure 4.7, 

whereas the crystallite size for the same bath at 10 A dm-2 was 32 nm, as shown in Figure 

4.9. Similarly, for the copper coating from the Bath-II, the crystallite size for 1 A dm-2 

was 17.6 nm and that for 4 A dm-2 was 12.9 nm. The reduction in the crystallite size of 

the electrodeposited coating is achieved in both types of baths (Bath-I and Bath-II) by 

increasing the current density. This is schematically shown in Figure 7.3. While 

increasing the current density, deposition rate of the copper is increased by increasing the 

number of copper ion flux as shown in Figure 7.2. Due to higher density of the copper 

ion flux, the nucleation density increases (Rashidi and Amadeh 2008 and Ebrahimi and 

Ahmed 2003). As a result, the growth of the crystallite is restricted, and more number of 

nucleation has occurred. 
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Figure 7.3 Schematic representation of crystallite size distribution at a) lower current 

density and b) higher coating current density, respectively.  

In the case of coating from the Bath-II, the crystallites are equiaxed in shape as compared 

to that from the Bath-I. The histogram representing the crystallite size distribution shown 

in Figure 4.26 (b) and Figure 4.27 (c) also indicate that the coating from the Bath-II gives 

more uniformity in the size of crystallites as compared to that of Bath-I, as shown in 

Figure 4.7 (b) and Figure 4.9 (b). The SAED pattern of continuous rings shown in Figure 

4.26 (c) also indicates the ultra-fine crystallite structure of the same. The cross sectional 

TEM micrographs shown in Figure 4.10 and Figure 4.28 proved that the coating is made 

up of nano sized crystallites. This means that the epitaxial growth was absent. Such 

nanocrystallites were formed in the copper coating due to the following reasons. 

a) Lattice mismatch 

Lattice mismatch between the substrate and the coating leads to the high density of 

dislocations. As a result, the thin film could become polycrystalline (Mattox 1994). The 

lattice mismatch could be calculated using the equation (7.5). 

Lattice mismatch=(as- af)/af         (7.5) 

where ‘as’ is the lattice parameter of the substrate and ‘af’ is that of the film. In the case 

of the double zincated aluminium substrate, as = 2.4735 Aͦ and that of copper the film af = 

(a) (b) 

Crystallite boundary 

Nano crystallites 
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2.0871 Aͦ. Hence the lattice mismatch is obout 18%.  This results in tensile stress on the 

copper thin film as shown in Figure 7.4. As a result, the coated sample tries to bend 

towards the coated side. 

 

 

 

 

Figure 7.4 Schematic representation of the lattice mismatch between the substrate and 

the coating results a) tension in the coating and b) dislocations in the coating. 

b) Polycrystallinity of the substrate 

The polycrystalline aluminium is used as the substrate. A zinc layer is coated on it by 

using double zincation process. The TEM micrograph shown in Figure 2 (Appendix I) of 

the double zincated aluminium substrate indicates that the crystallite size of the zincated 

coating is ~20 nm. As a result, the copper coating has a tendency to grow in 

polycrystalline nature (Mattox 1994).  

c) Preferred nucleation at the intersection of the crystallite 

The intersection of two adjacent crystallites can act as the nucleation point. As a result, 

instead of growth of existing crystallites, nucleation of new crystallites occurs. This is 

attributed to the lower energy required to nucleate a crystallite at crystallite boundary 

intersections than the growth of the existing crystallites. As a result, the growth of the 
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Coating 
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existing copper crystallites stops at certain point and thereby the epitaxial growth was 

absent in the coatings. This is schematically shown in Figure 7.5. 

 

Figure 7.5 Schematic representation of the crystallite growth with nucleation point at a) 

initial stage and b) grown up stage. 

i) How reduction in the crystallite size occurred at higher deposition rate? 

According to Ohring (2001), the critical size of the nuclei decreases with increase in the 

deposition rate. On decrease of critical nuclei size, growth has been restricted and more 

number of nucleation occurred. The decrease in the critical nuclei size (r*) with increase 

in the deposition rate (Ṙ) occurs because first derivative of r* w.r.t deposition rate (Ṙ), at 

fixed temperature is less than zero (Ohring 2001). The above statement is rewritten as 

below 

�𝜕r∗
𝜕Ṙ
�
𝑇

< 0                                                   (7.6) 

From Maxwell–Boltzmann relation, the change in the chemical free energy occurring 

during deposition is                    ∆𝐺𝑣= −𝑘𝐵𝑇
𝛺

ln � Ṙ
Ṙ𝑒
�                                                     (7.7)  

The first derivative of the equation (7.7) with respect to Ṙ is given as   

                                                    𝜕∆𝐺𝑣
𝜕Ṙ

= - 𝑘𝐵𝑇
𝛺Ṙ

                                                                (7.8)    
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From the thermodynamic equilibrium condition given in the Appendix-II 

  r* = −2(𝑎1𝛾𝑓𝑣+𝑎2𝛾𝑓𝑠−𝑎2𝛾𝑠𝑣)
3𝑎3∆𝐺𝑣

                                                    (7.9) 

The first derivative of the equation (7.9) with respect to   ∆𝐺𝑣   is given as 

𝜕r ∗
𝜕∆𝐺𝑣

= −
−2(𝑎1𝛾𝑓𝑣+𝑎2𝛾𝑓𝑠 − 𝑎2𝛾𝑠𝑣)

3𝑎3(∆𝐺𝑣2)  

                    Hence              𝜕r∗
𝜕∆𝐺𝑣

= − r∗
∆𝐺𝑣

                                                                     (7.10) 

Where, 

𝑘𝐵 is the Boltzmann constant (=1.38064852 × 10-23 m2 kg s-2 K-1) 

 𝛺 is the atomic volume 

T is the temperature (K) 

Ṙ is the equilibrium deposition rate (atoms/cm2-sec) 

∆𝐺𝑣 is the chemical free energy change per unit volume (J/m3) 

γ is the interfacial tension (J/m2) 

Ṙ𝑒 is the equilibrium desorption rate from the film nucleus at the substrate temperature 

‘T’(atoms/cm2-sec) 

Equation (7.6) is rewritten using direct chain rule with the equation (7.8) and (7.10) as 

below 

�𝜕r∗
𝜕Ṙ
�
𝑇

= � 𝜕r∗
𝜕∆𝐺𝑣 

� �𝜕∆𝐺𝑣
𝜕Ṙ

�                                                        (7.11) 

=�− r∗
∆𝐺𝑣

� �− 𝑘𝐵𝑇
𝛺Ṙ
�                                                       (7.12) 

Since ∆𝐺𝑣  is negative from the equation (7.6), the overall sign is negative.  
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So it is proved that                     �𝜕r∗
𝜕Ṙ
�
𝑇

< 0 

Hence it is inferred that the decrease in the size of the critical nucleus occurs with 

increase in the deposition rate.  

ii) How twins are forming at higher deposition rate? 

At higher deposition current densities, few crystallites in the coating contain nano sized 

twins. This indicates that the nucleation of twins is easier at higher coating current 

densities for copper. In the case of higher current densities, the deposition rate is faster. In 

such cases, the critical size of the twinned nucleus is almost equal to that of the perfect 

nucleus (twin free nucleus), due to the higher value of the bulk free energy (∆G) and 

lower twin boundary energy for the copper.  

The condition for the twin formation at higher deposition rate is explained as follows 

Assume a perfect nucleus of disc shape having radius ‘r’ and height ‘h’( shown in Figure 

1 in Appendix III)( Zhang et al. 2004a). 

Its total free energy (∆G1) =2πrhγ-πr2h∆Ga                                                                (7.13) 

Where γ is the surface free energy and ∆Ga is bulk free energy per unit volume driving 

the nucleation.  

On the first derivation of ∆G1 with respect to ‘r’ equating zero,  

                        If            r =r*,        then         𝑑(∆G1) 
𝑑𝑟

= 0 

Then,              critical radius of the perfect nucleus r*=γ/∆Ga                                                        (7.14) 

Assuming that if twins are forming in the crystallite with a twin boundary energy γt, then 

equation (7.13) is rewritten as 

∆G2=2πrhγ-πr2h∆Ga+πr2 γt                                                                                                                                        (7.15) 
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Hence the critical radius of the twinned nucleus r*twin=γ/(∆Ga + γt/h)                         (7.16) 

In normal case, r*<r*twin , and a perfect nucleus (twin free nucleus) will nucleate. 

However, in the case of higher deposition rate for the copper, the bulk free energy (∆Ga) 

will be higher. Moreover copper has lower twin boundary energy (24 mJ m−2) (Jain 

2007). As a result, the difference between r* and r*twin is negligibly small. Thus the 

probability of the nucleation of the twins is more or equal to the perfect nuclei during the 

growth at higher deposition rate during the copper coating. 

The excess energy during rapid deposition of the copper is thus accommodated by the 

formation of the nano-twins (Augustin et al. 2016). The (111) texture of the copper also 

has a prominent role in the nucleation of twins. The (111) texture in the copper thin film 

growth is observed from the XRD analysis. The mechanism of the formation of the twins 

along (111) plane is explained in section 2.3.2 (Chapter 2). 

To conclude, TEM study of the electrodeposited copper coating reveals that each nodule 

is composed of nano sized crystallites. Some of the crystallites in the coating deposited 

with higher current densities contain nano-twins. The overall observation is schematically 

shown in Figure 7.6.  

 
Figure 7.6 Schematic representation of the microstructure in the nodules of the copper 

coating as revealed by TEM studies. 
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7.1.1.4 Microstrain and texture analysis of the electrodeposited copper coatings 

The XRD results of the electrodeposited coating deposited using both types of bath 

(Bath-I and Bath-II) are shown in Figure 4.12 and 4.29, respectively. The XRD profiles 

indicate the presence of the peaks corresponding to the crystallographic planes of (111), 

(200), (220) and (311), respectively. From the analysis of the XRD peaks, it is observed 

that as the current density increases during electrodeposition of the coating using both 

Bath-I and Bath-II, the FWHM of the XRD peaks are increased. As an example, the 

magnified profile corresponding to the (111) plane of the coating from the Bath-I is 

shown in Figure 4.14. This is attributed to the decrease in the crystallite size as well as 

increase in the microstrain, with the increase in the coating current density used for the 

electrodeposition (Singla et al. 2013). The crystallite size and microstrain in the coating is 

estimated by using Williamson-Hall method. This is shown below. 

i) Crystallite size and microstrain measurement using Williamson-Hall method 

Microstrain is calculated from the XRD profile using Williamson-Hall (W.H) method. 

This method consist of three models, viz. Uniform deformation model (UDM), Uniform 

stress deformation model (USDM), and Uniform deformation energy density model 

(UDEDM) (Singla et al. 2013). UDEDM is the most suitable for cubic crystal structured 

metallic samples (Rosenberg et al. 2000). In Uniform deformation energy density model 

of Williamson-Hall analysis, the material is assumed to be anisotropic in microstrain and 

is due to density of deformation energy (u) (Biju et al. 2008). The breadth of the XRD 

peak is the sum of the instrumental effect, crystalline size and microstrain.  

(𝛽ℎ𝑘𝑙)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 of the Bragg’s peak is calculated by using a self-consistent profile fitting 

technique using a regular Pearson VII function, which assumes that the peak shape is 

symmetrical (Singla et al. 2013).The corrected instrumental broadening (𝛽ℎ𝑘𝑙) is obtained 

by subtracting the breadth of the XRD peak obtained from the annealed copper. 

𝛽ℎ𝑘𝑙 = [(𝛽ℎ𝑘𝑙)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑2 −  𝛽𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙2 ]0.5                          (7.17) 
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Williamson-Hall method assumes that the peak broadening(𝛽ℎ𝑘𝑙)is exclusively originates 

from small crystallite size and microstrain. 

 So 

𝛽ℎ𝑘𝑙 = 𝛽𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒 + 𝛽𝑠𝑡𝑟𝑎𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡                                 (7.18) 

We have  

𝛽𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒 = 𝐾𝜆
𝑡 cos𝜃ℎ𝑘𝑙

     (Scherrer formula)                                (7.19) 

𝛽𝑠𝑡𝑟𝑎𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 = 4𝜀 tan𝜃ℎ𝑘𝑙  (Wilson formula)                                (7.20) 

𝐾 is the shape factor, 𝜆 is  x-ray wave length, t is the effective crystallite size normal to 

hkl planes, 𝜀 is the root mean square value of the microstrain and 𝜃 is the Bragg’s angle. 

Substituting Scherrer formula and Wilson formula in equation (7.18) gives 

𝛽 cos 𝜃 = 𝐾𝜆
𝑡

+ 4𝜀 sin𝜃ℎ𝑘𝑙                                                       (7.21) 

Equation (7.21) is known as Williamson-Hall equation. Assuming that microstrain is 

induced by deformation energy density (u). Using Hook’s law u=𝜀ℎ𝑘𝑙2 𝐸ℎ𝑘𝑙/2,Williamson-

Hall equation could be rewritten as below 

𝛽ℎ𝑘𝑙 cos 𝜃ℎ𝑘𝑙 = 𝐾𝜆
𝑡

+ �4 � 2
𝐸ℎ𝑘𝑙

�
1
2 sin𝜃ℎ𝑘𝑙� 𝑢1/2                                                            (7.22) 

Equation (7.22) represents the uniform deformation energy model of Williamson-Hall 

method. For cubic crystal, Young’s modulus  

𝐸ℎ𝑘𝑙=𝑠11 − (2𝑠11 − 2𝑠12 − 𝑠44)[(𝑘2𝑙2 + 𝑙2ℎ2 + ℎ2𝑘2)/(ℎ2 + 𝑘2 + 𝑙2)2]               (7.23) 

Where 𝑠11  ,  𝑠12and 𝑠44 are the elastic compliances and their values for copper are 

1.50x10-11,   -6.3x10-11 and 1.33x10-11 Pa-1, respectively (Love 1944 and Xu et al. 2000). 

The Young’s modulus of cubic structured copper is calculated as 𝐸111=0.55x10-11, 𝐸200= 

1.59x10-11, 𝐸220=0.8125x10-11 and 𝐸311=1.1x10-11 Pa-1. The slope of the linear fitted line 
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represents 𝑢1 2�  and y intercept represents 𝐾𝜆
𝑡

. The Williamson-Hall plot for current 

density of    10 A dm-2 is shown in Figure 7.7. From the y-intercept value and slope value 

obtained from Figure 7.7, crystallite size and microstrain along [111] direction was found 

to be 38.1 nm and 0.172 % respectively. The crystallite size and percentage of 

microstrain for the remaining coating current densities of Bath-I are also estimated in the 

same method and values are tabulated in Table 7.1. The average crystallite size obtained 

from TEM analysis at 2 A dm-2 and 10 A dm-2current densities are in agreement with the 

crystallite size values obtained by using Williamson-Hall method. Hence it is assumed 

that microstrain values obtained from Williamson-Hall method is free from error. 

Similarly, the microstarin obtained from the XRD profile of the coating corresponding to 

the Bath-II is given in Table.7.2. 

 

Figure 7.7 Williamson-Hall plot for the deposit using coating current density of 10 A 

dm-2 using Bath-I. 
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Table 7.1 Crystallite size and microstrain measurement using Williamson-Hall method 

for the coating using Bath-I 

Current density 
(A dm-2) 

Crystallite 
size (nm) 

% of microstrain along 
(111) 
plane 

2 78.0 0.030  
4 70.6 0.051 
6 56.2 0.090  
8 52.0 0.142 
10 38.1 0.172 

 

Table 7.2 Crystallite size and microstrain measurement using Williamson-Hall method 

for the coating using Bath-II 

Current density 
(A dm-2) 

Crystallite 
size (nm) 

% of microstrain along 
(111) 
plane 

1 25.6 0.182 
2 22.8 0.186 
3 19.1 0.194 
4 16.8 0.202 

 

As per the data presented in Table 7.1 and Table 7.2, the value of microstrain increases 

with increase in the current density. This is attributed to the decrease in the crystallite size 

with increase in the coating current density. The reason for the decrease in the crystallite 

size with increase in the coating current density is due to the increase of nucleation with 

increase in the copper ion supply, as explained in the Figure 7.2. With the reduction in 

the size of the crystallites in the nano structured copper coating, the crystallite boundary 

volume increases. The copper atoms get attracted from the crystallite to the boundary due 

to the large amount of vacancies at crystallite boundaries. As a result, certain amount of 

elastic strain develops as shown in Figure 7.8. As reported by Qin and Szpunar (2005), 

such elastic strain is more near the crystallite boundaries as compared to the interior of 
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the crystallites. Thus in small crystallites, the mobile dislocations are pulled to the 

crystallite boundaries. This is evidenced by the dislocation free crystallites in the TEM 

micrographs of copper coatings. The arrows shown in Figure 7.8 indicate the pulling 

direction of the copper atoms from the crystallites into boundary volumes. If microstrain 

exceeds elastic limit, plastic deformation like stacking faults and twins are formed in the 

copper coatings (Qin and Szpunar 2005). Moreover at higher deposition current density, 

due to increased energy, twins are quite common in copper coatings. Such growth twins 

and stacking faults also contribute to the microstrain. Because of the increase in volume 

of defects with increase in the current density of the nano structured coating, the copper 

atoms experience a pulling force into it. Certain amount of microstrain thus developed in 

the lattices near the defects like crystallite boundaries (Qin and Szpunar 2005). The 

tabulated values of microstrain is given in Table 7.1 and Table 7.2 also support this.  

 

 

 
 

Figure 7.8 Schematic representation of microstrain gradient directions in nano 

crystallites. 

ii) Texture analysis of the electrodeposited copper coating 

The XRD profile of the electrodeposited coating given in Figure 4.12 and Figure 4.29 

showed that intensity ratio for the peak corresponding to the (111) plane at 43.16° is 

Crystallite 
boundary 

Nano-
crystallite 

Directionof microstrain gradient 
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higher compared to that for the same  recorded in ICDD # 89-2838 (International Centre 

for Diffraction Data). Such higher intensity ratio represents the texture of the (111) plane 

in the coating. The preferred growth direction of the deposited copper is confirmed from 

the XRD profile of the coating (as shown in Figure 4.13), which has been deposited for 

longer duration to get a higher thickness. In Figure 4.13, only peak at 43.16° 

corresponding to (111) plane of the copper is observed. The absence of all other peaks in 

the XRD pattern indicates that the coating is deposited in highly preferred orientation 

parallel to (111) plane along [111] direction. The preferred growth of (111) plane 

in<111> direction is due to its minimum growth strain as compared to other planes in 

FCC crystal structure (Sriraman et al. 2006). The (111) plane is the most densely packed 

plane in FCC crystal structure. The (111) growth texture facilitates the nucleation of the 

nano-twins because it is known that in FCC metals, twins can form only in (111) plane 

(Zhou and Wadley 1999). The mechanism of nano-twin formation is schematically 

explained in section 2.3.2 (Chapter 2) with the help of Figure 2.6. 

7.1.2 DC Magnetron Sputter Deposition 

The microstructural characteristics of the sputter deposited copper coatings are mainly 

dependant on its process of deposition. Hence before coming to the microstructural 

features, a brief look on the process of DC magnetron sputter deposition is given below. 

7.1.2.1 Process of sputter deposition 

Sputter deposition is the process of deposition of the atoms from the target surface by 

momentum transfer due to bombarding energetic atomic sized particle (Mattox 1998). 

The process of sputter deposition could be divided into three steps viz i) sputtering of the 

copper, ii) transportation of the ejected (sputtered) copper atoms and iii) deposition of the 

copper on the substrate (Ohring 2001). 

 



141 
 

i) Sputtering of copper 

The sputtering chamber contain high vacuum with adequate amount of argon gas. 

Because of higher negative potential applied to the copper target, the electrons are 

released from the target and hit the neutral argon gas atom. As a result, the argon atoms 

become positively charged argon ions (Ar+). The reaction is given below. 

                                                     Ar + e- → Ar+ + 2e-                                                                          (7.24) 

Because of the positive charge, the argon ions get accelerated to the negatively charged 

copper target. As a result, the copper atoms sputter off from the target surface by getting 

knocked out. The knocking of the copper atom is possible by momentum transfer 

between the energetic argon ions and the atoms on the surface of the copper target. This 

is schematically shown in Figure 3.5.  

The ratio of the number of sputtered atoms to the number of incident ions is known as 

‘sputtering yield’. The sputtering yield could be related to the momentum transfer by the 

empirical relation given in equation (7.25) (Ohring 2001). 

Sputtering Yield = 3𝛼
4𝜋2

4𝑚𝑖𝑚𝑡
(𝑚𝑖+𝑚𝑡)2

𝐸𝑖
𝑈

       (7.25) 

Where ‘𝑚𝑖’ is the atomic mass of the bombarding (or incident) argon ion (=40 amu), 

‘𝑚𝑡’ is the atomic mass of the copper target (= 63 amu), ‘U’ is the binding energy of the 

surface atom of the target, ‘Ei’ the energy of the incident ion, and α is the ratio of  𝑚𝑖/

𝑚𝑡.  

From the equation (7.25), it is clear that the sputtering yield is proportional to the energy 

of the incident ion. The energy of the incident ion is proportional to the target power 

(sputtering power) because as the sputtering power increases, more electrons are released 

from the copper surface and hit the argon atoms.   
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ii) Transportation of the ejected copper atoms 

Due to the bombardment of the argon ions, the copper atoms are ejected from the target 

surface. Once the copper is ejected, these atoms can travel to the double zincated 

aluminium substrate through high vacuum. The vacuum pressure is important in the 

morphology of the coating because the growth behavior of the copper coatings depends 

on the kinetic energy of the ions that arrive at the substrate and the mean free path of the 

particle, which allows an increase or decrease in the bombardment of the copper atoms to 

the surface of the double zincated aluminium substrate. The coating morphology at 

different argon pressure is illustrated with the help of the structure zone model given in 

section 2.3.1(Chapter 2).  

iii) Deposition of the copper  

The copper atoms released from the targets impinge on the double zincated aluminium 

substrate and condense on the substrate by losing their energy. The energy loss occurs by 

chemical reaction with the substrate surface atoms, finding preferential nucleation sites 

(e.g lattice defects, atomic steps), collision with the other diffusing surface atoms and 

collision with the adsorbed surface species (Mattox 1994). The condensed atoms are 

bonded to the atoms which are already deposited (Cu or Zn) by chemical reactions. The 

chemical bonding may be metallic bonding where the copper atoms share orbital 

electrons. The bonding takes place at preferred nucleation sites. The SEM micrograph of 

the double zincated aluminium is shown in Figure 4 (Appendix I). In which the 

unevenness on the surface could act as the nucleation sites. The mobile surface adatoms 

could also nucleate by collision with other similar adatoms to form a cluster of atoms and 

then stable nuclei (Mattox 1998). The interaction of the copper to the zinc at the Cu-Zn 

interface is one of the major factors deciding the mobility of the copper atoms on the 

substrate. The nuclei grow by collecting adatoms which either impinges on the nuclei 

directly or migrate over the surface to the nuclei. Types of nucleation depending on the 

nature of the interaction between the depositing atoms and the substrate material are 
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given in section 2.3.1 (Chapter 2). In which the present deposition is under the Stranski-

Krastanov (S-K) mechanism. The S-K mechanism is common with metal on metal 

deposition and at low temperatures where the surface mobility is low (Mattox 1994). 

7.1.2.2 Morphological analysis of the sputter deposited copper coatings 

In the case of DC magnetron sputter deposited copper coatings, nodular morphology with 

globular shaped topography was observed by the SEM study. The SEM micrographs are 

shown in Figure 5.2 and Figure 5.3. With increase in the sputtering power, the nodules’ 

size of the copper reduces as shown in Table 5.2. This is attributed to the increase of the 

copper flux density towards the substrate with increase of Ar+ bombardment on the 

copper target. The bombardment of the Ar+ is increased due to the increase of the target 

power. Consequently, the copper atom flux density towards the substrate is increased 

because sputtering yield is proportional to the target power, as given in equation 7.25. 

With increase in the copper atom flux density, the nucleation density is increased. This is 

similar to the case of the electrodeposition. As a result, smaller nodular shaped 

morphology is observed on the topography of the coating deposited using higher 

sputtering power.  

In the cross-sectional study, columnar structure is observed as illustrated in SEM images 

presented in Figure 5.3. According to the structure zone model shown in Figure 2.5, the 

present copper sputter deposition belongs to Zone-I because the values of T/Tm <2.5 

(where T =300 K (substrate temperature) and Tm =1356 K (melting temperature of the 

target)) and the argon pressure was maintained at 10 mTorr. The low argon pressure was 

maintained to ensure an essentially collisionless transport of the copper flux to the 

substrate. Since sputtered atoms are deposited along the line of site, the deposition is 

more uniform. The deposit is observed as smoother compared to the coating deposited by 

using electrodeposition method. The roughness values given in Table 5.1 also indicate the 

same. 
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7.1.2.3 Analysis of crystallite structure in the sputter deposited copper coatings 

TEM micrographs of sputtered copper coating corresponding to the sputtering powers of 

50 W, 100 W, and 150 W are shown in Figure 5.5, Figure 5.6 and Figure 5.7, 

respectively. The average crystallite size measured from the above mentioned TEM 

micrographs corresponding to different sputtering power is graphically shown in Figure 

7.9. The graph shown in Figure 7.9 indicates that sputtering power is linearly 

proportional to the crystallite size in the power range between 50W to 150 W under a 

given set of operating parameters, given in Table 3.4. As the sputtering power increases 

from 50 W to 150 W, the average crystallite size is reduced from 49 nm to 18 nm. The 

TEM micrograph at lower magnification shown in Figure 1 (Appendix I) indicates that 

each copper nodule is composed of nano sized crystallites. The cross sectional TEM 

micrographs shown in Figure 5.8 proves that the epitaxial growth was absent. The 

absence of epitaxial growth is attributed to the reasons like lattice mismatch, 

polycrystallinities of the substrate and rapid deposition as explained in the case of the 

electrodeposition given in section 7.1.1.3.  

 
Figure 7.9 Variation of the crystallite size with sputtering power in DC magnetron 

sputter deposited copper coating.  
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In the present study, since the deposition parameters other than the sputtering power 

remain same, it is observed that the change in the crystallites’ size is due to the variation 

of sputtering power. As the sputtering power increases, crystallite size of the coating 

reduces. Similar results are given by Le et al. (2010). Due to the increase in the sputtering 

power, more argon ions bombard the copper target. As a result, more number of copper 

species get sputtered from the copper target and deposited on the substrate. Because of 

more copper flux density towards the substrate at higher sputtering power, more 

nucleation sites are activated. Hence, crystallite size becomes reduced with increase in 

the sputtering power. The variation of copper flux at lower and higher sputtering power is 

schematically shown in Figure 7.10. This phenomenon is similar to that of increase in the 

current density during the electrodeposition. At lower copper flux density, the condensed 

copper species on the substrate surface may move on the surface to nucleate at preferred 

sites or to the nucleated crystallite. As a result, less number of nucleation as well as more 

growth occurs at lower sputtering power.  At higher sputtering power, the copper 

crystallites nucleate at the condensing point without much surface movement. The growth 

gets stopped due to the physical impingement as compared to that at lower sputtering 

power. As a result, crystallites size becomes smaller as compared to that in the coating 

deposited with lower sputtering power. The above mechanism is schematically shown in 

Figure 7.10. 

 

Figure 7.10 Schematic representation of the copper flux during DC magnetron sputtering 

at a) low sputtering power and b) higher sputtering power. 

(a) 
(b) 
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In the sputter deposited copper coatings, as in the case of the electrodeposited coatings, 

nano-twins are observed when deposition is carried out at higher sputtering power 

(Figure 5.7 (d)). An occurrence of twins at this condition is mainly due to the higher 

deposition rate. As mentioned in the case of the electrodeposition, critical size of the 

twinned nucleus is almost equal to perfect nucleus (twinned free nucleus) at higher 

deposition rate during sputtering. This is due to the increased bulk free energy (∆G) 

during rapid deposition. Moreover, copper has less twin boundary energy (24 mJ/m2) on 

(111) planes, which is less than that of the crystallite boundaries (625 mJ/m2) (Zhou and 

Wadley 1999). Thus, such nano-twinned crystallites are energetically stable. The detailed 

mechanism of the same is given in section 7.1.1.3 (ii).As explained in the section 2.3.2 

(Chapter 2), the twins can nucleate only in (111) plane for FCC crystal structure. So the 

(111) texture revealed from XRD of the sputtered copper coatings supports our 

proposition. 

7.1.2.4 Microstrain and texture analysis of the sputter deposited copper coatings 

The XRD profiles of the sputter deposited copper coatings deposited at different 

sputtering power is shown in Figure 5.9. The peaks corresponding to the crystallographic 

planes of (111), (200) and (311) are indicative of the crystalline nature of the copper 

coatings deposited by sputtering method. The FWHM of the XRD peaks are found to 

increase with increase in the sputtering power. The major reason for increase in the peak 

width is attributed to the decrease in the crystallite size which occurs with increase in the 

sputtering power. This is confirmed from the analysis of the TEM micrograph of the 

sputter deposited copper coatings. The reduction in the crystallite size with increase in 

sputtering power is obvious. This is attributed to the increased flux density of copper as 

explained in section 7.1.2.3. Since the crystallite size of DC magnetron sputtered copper 

coating is in the range of 49 nm to 18 nm, a considerable amount of microstrain is 

expected as in the case of the electrodeposited copper coatings. But the quantitative 

estimation of the microstrain of the DC magnetron sputter deposited coating is difficult 

due to the presence of less number of peaks in the x-ray diffraction profile. It is reported 
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that at least four peaks are needed for microstrain measurement by using Williamson-Hall 

method (Biju et al. 2008). The absence of dislocations in the crystallites is attributed to 

the pulling of mobile dislocations to the crystallite boundaries due to the microstrain (Qin 

and Szpunar 2005). 

The increased value of the peak intensity of (111) with respect to the ICDD#89-2838 

represents the preferred growth of the copper coatings. This is attributed to the minimum 

growth strain associated with (111) plane in <111> direction as reported in the case of 

electrodeposited copper coatings. Due to the preferred growth of (111) along <111> 

direction, nano-twins are formed in the nano sized crystallites. Such nano-twins also 

contributed to the microstrain in the copper coatings. 

7.2 Mechanical Characterizations 

Determination of mechanical properties like surface hardness and substrate adhesion 

strength of the coating are important because they indicate their ability to withstand the 

abuse during its handling as a touch surface. The hardness of the copper coating on the 

aluminium substrate is obtained from the scratch hardness test as well as the 

microhardness test. Similarly, adhesion strength of the coatings to the substrate is 

obtained by using the cross-hatch cut test as well as the pull-off adhesion test. The results 

are presented in section 4.1.3, 4.2.3, and 5.3 (Chapter 4 and Chapter 5). The detailed 

discussion of the obtained results is given in the present section.  

7.2.1 Hardness analysis of the copper coatings  

Scratch hardness test as well as microhardness test are used to evaluate the hardness of 

the coatings. The soft metallic coatings (hardness <5 GPa), like, copper undergo plastic 

deformation during the scratch test (Bull and Berasetegui 2006). In scratch hardness test, 

the copper coated substrate is drawn against the stylus tip. This results in the shearing of 

copper layers. Therefore if cohesive bond strength value is higher, it is expected to show 

a higher value of the scratch hardness. Hence, scratch hardness is an indirect measure of 
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the cohesive bond strength of the coatings. Schuh et al. (2002) and Vencl et al. (2011) 

have proved by their experimental work that increase in the cohesive bond strength is 

also an indication of the improved wear resistance of the coating. Microhardness test, on 

the other hand, is a static indentation hardness test and it gives indentation resistance of 

the material against the compressive load acting perpendicular against the coating at 

selected points. 

7.2.1.1 Electrodeposited copper coatings 

In the electrodeposited copper coatings, both scratch hardness as well as microhardness 

test results are given Table 4.2 and Table 4.5. Table 4.2 represents the hardness values of 

the coating deposited by using Bath-I. From Table 4.2, it is inferred that both scratch 

hardness as well as microhardness values increase with increase in the coating current 

density. Further, the microhardness values are closer to the scratch hardness values. The 

slight increase in the scratch hardness values as compared to the microhardness values is 

due to the severe plastic deformation occurring during the scratch test. Similar findings 

were reported by Beegan et al. (2007). Scratch hardness values increased from 0.868 GPa 

to 2.52 GPa, whereas microhardness values increased from 0.8±0.1 GPa to 2.05±0.1GPa 

with increase in the coating current density. Among the measured values of the hardness 

of the coatings from the Bath-I, highest microhardness of 2.05±0.11 GPa is recorded on 

the deposit in which the crystallite size is 38.1 nm. This value is about four times greater 

than that of annealed copper which recorded 0.49 GPa, as given by European Copper 

Institute, (2015). With increase in the coating current density from 2 A dm-2 to 10 A dm-2, 

crystallite size decreased from 78 nm to 38.1 nm, as given in Table 7.1. It is thus inferred 

that reduction in the crystallite size is the reason for increasing hardness of the coating. 

According to Hall-Petch relation, hardness is inversely proportional to the square root of 

crystallite size (Meriç et al. 1997). As the crystallite size reduces, more number of 

dislocations accumulated at the crystallite boundary. This is well proved by TEM images 

in which high proportion of crystallite boundary area is visible. As a result, the 

dislocation movement became difficult during plastic deformation. This is schematically 
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shown in Figure 7.11 where ‘x’ indicates the distance of the dislocation movement in 

coarser crystallite (Figure 7.11 (a)) and ‘y’ indicates the same in the smaller crystallite 

(Figure 7.11 (b)). From the Figure 7.11, it is clear that, the distance of dislocation 

movement in finer crystallites is smaller than that in the coarser crystallite ( i.e x>y). The 

reason for x>y is attributed to the reduction in the crystallite size. At the crystallite 

boundary, the dislocation movements are blocked. These types of strengthening in metals 

are generally known as grain boundary strengthening mechanism (Dieter and Bacon 

1986).   

 

Figure 7.11 Schematic representation of the dislocation hindering by the crystallite 

boundary in a) coarse crystallite and b) fine crystallite, respectively. 

Moreover, the XRD analysis shows that the coating has a preferred growth parallel to 

(111) plane along [111] direction. The (111) plane has higher value of Young’s modulus 

(172 GPa) due to its denser packing as compared to other planes in the FCC structure of 

the copper (Love 1944 and Xue et al. 2000). As reported in many literatures, the presence 

of the nano-twins also increases the hardness of the coating (Lu et al. 2009, Zhang et al. 

2004a, Zhang et al. 2004b, Lu et al. 2004, and Lu et al. 2005). The detailed explanation 

on the effect of the nano-twins on the hardness of the copper coatings is given in section 

7.2.1.3. Many of these factors in combination pertaining to nano crystallites are 

contributing to the high value of the coating hardness. 

Table 4.5 shows the microhardness and the scratch hardness results of the coating 

deposited using Bath-II. This coating also exhibits good coating hardness values, similar 

to the coating from the Bath-I. This is attributed to its nano-crystallinity and preferred 

texture of (111) plane along <111> direction. Similar to the coating from the Bath-I, the 

(a) (b) 
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crystallite size is reduced with increase in the coating current density. The XRD 

measurement shows that crystallite size decreased from 25.6 nm to 16.8 nm with increase 

in the coating current density from 1 A dm-2 to 4 A dm-2 (Table 7.2). But the scratch 

hardness as well as the microhardness values reduced with the decrease in the crystallite 

size. This is attributed to the softening phenomenon of the nano-crystallites due to its 

ultra-fine crystalline size. It is known as reverse Hall-Petch effect. Literatures reported 

that softening phenomenon of the copper nano-crystallites starts for the crystallites size 

less than ~16 nm (Sanders et al. 1997). In the present investigation, the crystallite size of 

the coating measured from the TEM micrographs, was in between 17.6 nm to 12.9 nm. 

This is given in section 4.2.2.2 (Chapter 4). Compared to the TEM values, crystallite size 

measured from the XRD was a little higher. This may be due to the experimental error. 

The crystallite size is in the reverse Hall-Petch region if the TEM results are considered. 

It is argued by Zhang et al. (2004) that the phenomenon of reverse Hall-Petch relation is 

due to incomplete densification of the crystallite boundary region which gives rise to 

occurrence of crystallite boundary sliding, like Coble creep, even at room temperature. 

But the coating deposited with the current density of 4 A dm-2 hasn’t shown much 

softening during hardness test as compared to the samples deposited with the lower 

coating current densities. The obtained hardness was three times higher than that of the 

annealed copper. It is attributed to the large number of nano-twins present in the nano-

crystallites in the coating deposited with the higher coating current densities. The reasons 

for the nucleation of the twins in the coating deposited with higher deposition rate are 

given in section 7.1.1.3 (ii). The role of the twins on the hardness of the coating is 

explained in the section 7.2.1.3. 

7.2.1.2 DC magnetron sputter deposited copper coatings 

The hardness of the sputter deposited copper coating has been evaluated by using the 

scratch hardness test as well as the microhardness test. The scratch hardness test result of 

the sputtered coating is given in section 5.3.1. Similarly, the microhardness test results 

are given in section 5.3.2. The obtained values for both the scratch hardness and the 



151 
 

microhardness tests are given in Table 5.3. Both scratch hardness as well as 

microhardness values are increased with the sputtering power. As explained in the TEM 

micrograph analysis of sputtered coating (section 7.1.2.3), the crystallite size is reduced 

from 49 nm to 18 nm due to the increase in the sputtering power from 50 W to 150 W. 

The increase in the hardness is attributed to the reduction in the crystallite size. The 

highest value of the microhardness is 1.49 GPa. It is registered for the coating 

corresponding to the 150 W sputtering power. The scratch hardness values are slightly 

higher than that of the microhardness, which is similar to the case of the 

electrodeposition. The increased hardness of the sputtered copper coating as compared to 

the annealed bulk copper could be attributed to the factors like nano-crystallites, 

preferred texture and presence of the nano-twins. The detailed explanations are given 

below. 

i) Nano-crystallite structure 

Crystallite boundaries are strong obstrucles for the dislocation movement. As the 

crystallite size reduces, crystallite boundary volume increases. As a result, more number 

of dislocation movements gets blocked at crystallite boundaries and thereby plastic 

deformation become difficult (Dieter and Bacon 1986). This increases the hardness as 

well as the strength of the coating. The relation between the crystallite size and the 

strength of the coating is expressed by Hall-Petch relation, which is given in Equation 

(7.26). The mechanisms are similar to as explained in the case of electrodeposition, given 

in section 7.2.1.1. 

ii) Preferred texture 

The XRD study of the sputter deposited coating exhibits the preferred texture of the (111) 

plane along <111> direction. In copper, (111) plane is the close packed one, offering 

highest value of Young’s modulus compared to other crystallographic planes in the 

copper (Love 1944 and Xue et al. 2000). As a result the mechanical strength of the 

coating became higher compared to the polycrystalline bulk copper. In the study of 



152 
 

titanium, similar observation is reported by Bahl et al. (2014). Similar observations have 

been made in the case of the electrodeposited copper film too. 

iii) Presence of nano-twins 

Similar to the electrodeposited copper coatings, sputter deposited copper coatings also 

contain nano sized twins in the crystallites. Such twins are more prominent in the 

coatings deposited at higher sputtering power (150W). Along with the crystallite 

boundaries, such nano-twins also hinder the dislocation movement during plastic 

deformations. The TEM micrograph corresponding to the 150 W (shown in Figure 5.7 (d) 

and (e)) indicated that the coating contains a good number of twins. This is due to the 

increased deposition rate of the copper atoms. The reasons of nucleation of the nano-

twins at higher deposition rate are given in section 7.1.1.3 (ii). The condition for 

nucleating nano-twins in sputtering has been explained by Zhang et.al (2004b). It is given 

in the section 2.3.2 (Chapter 2). 

7.2.1.3 Influence of the nano-twins on the hardness of coating 

The presence of nano-twins at higher coating current densities is confirmed by the TEM 

micrographs. In order to analyse the influence of such nano-twins on the hardness of the 

coating, the values of the hardness measured by experimental technique as well as 

empirical relation were compared for the coating obtained from the Bath-I. The 

experimental measurements are carried out by the scratch hardness test and the 

microhardness test.  Whereas, Hall-Petch relation is used to measure the hardness by 

empirical method. The estimated values of the hardness are plotted against different 

crystallite size, obtained by varying the coating current densities is shown in Figure 7.12. 

The Hall-Petch relation is given in equation (7.26) (Meriç et al. 1997). 

                                                                  σ = σ0 + K0d-1/2                                           (7.26) 

Where, d is the crystallite diameter, σ is the yield stress, σ0 and K0 are Hall-Petch 

constants. Its values for nano-crystalline copper are 20 MPa and 0.14 MPa m-1/2, 

respectively (Hansen 2004). Scratch hardness and static microhardness values showed 

similar behavior with the variation in the crystallite size. Maximum values of the scratch 
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hardness and the microhardness values are obtained in the case of the coating having a 

crystallite size of 38.1 nm. At lower crystallite size, there is sudden shoot up of both the 

microhardness and the scratch hardness values. The scratch hardness showed 2.52 GPa 

whereas the microhardness test shows 2.05±0.11 GPa for the deposit having a crystallite 

size of 38.1nm. This maximum value of the hardness is much higher than the hardness 

values obtained from Hall-Petch relation (1.52 GPa). This is attributed to the presence of 

nano-twins in addition to the reduction in the crystallite size as well as the (111) texture. 

 

 

 

Figure 7.12 Comparison between the scratch hardness values, microhardness values and 

hardness from Hall-Petch relation against different crystallite sizes and coating current 

densities.  

Figure 4.11 shows a TEM micrograph corresponding to the coating current density of 10 

A dm-2, in which a large number of nano- twins are visible. One of the crystallite with 

nano-twins is magnified and presented in Figure 4.11 (b). Its SAED pattern is given in 

Figure 4.11(c). Width of the nano-twins is in the range of 3-7 nm. The density of the 

Current density (Adm-2) 
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nano-twins is estimated and it is in the range of approximately 400 twins per square 

micrometer imaging area. The nucleation of such twins is attributed to the excess energy 

developed in the coating deposited with the high coating current density (Simões et al. 

2010). Zhang et al. (2004a) elucidated how twins of few nanometers thick help to 

improve the hardness of the copper thin film. Such twins can effectively obstruct the easy 

movement of the dislocations, leading to dislocation pile-up. This is schematically shown 

in Figure 7.13.  

 
 

Figure 7.13 Schematic representation of the dislocation pile-up within twinned 

crystallite. 

7.2.2 Adhesion strength analysis of the copper coatings to the substrate 

Any coating becomes non-functional, if it does not possess sufficient adhesive strength 

with the substrate. So, the analysis of the adhesion strength of the coating to the substrate 

and its improvement has more significance.  

7.2.2.1 Adhesion strength improvement of the copper coating to the substrate by 

using double zincation process 

In the present study, copper coating by the electrodeposition and DC magnetron 

sputtering has been carried out on the double zincated aluminium, because our 

Nano twin 

Crystallite 

Dislocation movement 
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preliminary experimental results showed that the double zincated aluminium substrate 

offered 4-6 times higher adhesion strength to the copper coatings compared to that of the 

bare aluminium substrate. The literatures also reported similar observations (Monteiro et 

al. 1991). During the zincation process, the aluminium oxide layer on the 

aluminiumsubstrate is removed by the dissolution of the aluminium in the zincate bath 

due to its high alkalinity, which has registered a pH of 12.4. Higher alkalinity of the bath 

is maintained by the presence of the NaOH kept at a concentration of (525 g/l). During 

one minute dipping of the aluminium substrate into the zincate bath, the exchange 

reactions between the aluminium and the zincate ions take places. Such a reaction could 

be represented by following reactions as envisioned by Willigan et al. (2014). 

(i) Dissolution of the aluminium and formation of the aluminate 

Al+3OH¯→ Al (OH)3 + 3 e¯        (7.27) 

Al(OH)3→ AlO2¯ + H2O + H+       (7.28) 

(ii) Reduction of the zincate and the deposition of the aluminium 

Zn(OH)4
2¯→ Zn2++OH¯        (7.29) 

Zn2+ + 2e¯→Zn         (7.30) 

Once the thin layer of the zinc is deposited, further dissolution of the aluminium will be 

stopped by the adherent zinc layer between the aluminium and the solution. But a single 

time zinc deposition does not gives adequate surface coverage and smooth surface. Thus, 

the zincation process is needed to be carried out twice (double zincation) for better 

surface coverage and surface smoothness as reported by Murakami et.al (2006). The 

detailed procedure of the double zincation process is given in the section 3.1.1 (Chapter 

3). 

The zincated aluminium enables direct contacts of the copper to the zinc. The chemical 

interaction of metal to metal contact gives better bond strength than that of the metal to 

ceramic (Al2O3) contacts (Finnis 1996). The improvement in the adhesion strength of the 
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zincated substrate is also facilitated by the lower value of the lattice mismatch between 

the copper and the zinc as compared to that of the copper to the aluminium oxide. 

7.2.2.2 Adhesion strength analysis of the electrodeposited and sputter deposited 

copper coatings  

The adhesive strength of the electrodeposited copper coating as well as the sputtered 

coating on the double zincated aluminium substrate has been evaluated by using cross-

hatch cut test and pull-off adhesion test. Cross-hatch cut test is used to analyze the 

coating qualitatively, whereas Pull-off adhesion test is used to evaluate the adhesion 

strength quantitatively. The obtained results are presented in Chapter 4 and Chapter 5. 

The data given in Table 7.3 shows the comparison of the adhesion test results for 

different types of the coatings. For the purpose of comparison of the adhesion strength 

between different types, uniform coating thickness of 5 μm was used. The data in the 

Table.7.3 shows that the adhesion strength of the copper coating obtained from the Bath-

II and sputtered coating is better as compared to the copper deposit obtained from the 

Bath-I. 

The adhesion strength of the copper coatings to the substrate depends on the nucleation 

density of the nano sized crystallites on the substrate (Mattox 1994). The nucleation 

density of the nano-crystallites is inversely proportional to the crystallite size. The 

coating from the Bath-I has more crystallite size as compared to coating from the Bath-II 

and the sputter deposited coating. The detailed comparison is given in Table 7.3. The 

increased adhesion strength of the coating obtained from the Bath-II and sputtered 

coating is attributed to its increased nucleation density. 

Along with the nucleation, the width of the columnar/ nodular structure also affects the 

adhesion strength. As the width of the columns or nodules becomes narrow, the adhesion 

strength of the coating increases because each column or nodule is separately bonded to 

the substrate and poorly bonded to each other (Prater and Moss 1983). In the case of 

copper coating from the Bath-I, Bath-II and DC magnetron sputtering, the width of the 
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nodules are different as given in Table 7.3. The coating obtained from the Bath-II and the 

sputtered ones have smaller in nodular or columnar width. This is also a reason for the 

improved adhesion strength of these two type of coating as compared to that from the 

Bath-I. 

Table 7.3 Comparison of the adhesion strength values and other related parameters of the 

coating obtained by different methods 

 Electrodeposited coating from DC magnetron 

sputter coating Bath-I Bath-II 

Nucleation density ~1200 / μm2 ~7000 / μm2 ~4000 / μm2 

Width of the 

nodules/columns 

4 μm -6 μm 0.77 μm -3.4 μm 0.2 μm -1 μm 

Cross-hatch cut test  

results 

(As per ASTM D3359) 

4B 5B 5B 

Pull-off adhesion test 

results (As per ASTM 

D4541) 

1.2±0.2 MPa ˃1.9 MPa ˃1.9 MPa 

 

7.3 Antimicrobial Characterizations 

The antimicrobial activity of the copper coating deposited by using electrodeposition as 

well as DC magnetron sputter deposition has been evaluated by CFU (colony forming 

unit) counting technique, as given in Figure 6.1 and Figure 6.5, respectively. The coating 

has better antimicrobial activity as compared to the bulk copper. In the present section, 

the mechanism of antimicrobial activities as well as the reasons for better antimicrobial 

activity of the copper coatings compared to the bulk copper has been discussed 

separately. 
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7.3.1 Mechanism of antimicrobial activity of the copper against bacteria 

Escherichia coli (E. coli) and methicillin-resistant Staphylococcus aureus (MRSA) are the 

bacteria which were taken for antimicrobial testing of the copper coated aluminium 

samples in the present study. E. coli was taken as a typical example for gram negative 

and MRSA as an example for gram positive group of bacteria. Since the cell wall structure 

for the gram negative and gram positive are different, the mechanism of antimicrobial 

activity is also expected to be different. The results of the electron microscopic (SEM and 

TEM) studies of the copper exposed and non-copper exposed bacteria and their EDS 

results have been presented in section 6.1.2 and section 6.2.2 (Chapter 6), respectively. 

From the results obtained from the electron microscopic study of the bacteria, the 

mechanism of the antimicrobial activity of the copper against bacteria has been explained 

below. 

7.3.1.1 Gram negative bacteria (E. coli) 

E.coli is one of the major pathogens in the group of gram negative bacteria for major 

infections from the hospital touch surfaces (World Health Organization, 2011). The 

structure of the E.coli bacteria has been explained in the section 2.1.2.1 (Chapter 2). The 

schematic diagram of the cell wall structure of the typical gram negative bacteria is given 

in Figure 2.2 (a). From the electron microscopic study, it is proved that the copper treated 

cells are wrinkled and damaged as compared to the control (non-copper treated bacteria) 

cells. Moreover, the EDS results obtained with SEM and TEM studies shown in the 

Figure 6.2 and Figure 6.4 indicated the presence of the copper in the copper treated E.coli 

cell.  

The wrinkling occurred due to the leakage of the body fluids to the extra cellular space. 

The outer membrane of the E. coli is made up of lipopolysaccharides, phospholipids and 

proteins (Bai et al. 2007). Lipopolysaccharide contains negatively charged groups which 

attracts Cu+ and Cu2+ ions from the copper surfaces (Pal et al. 2007). These copper ions 
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steal the electrons from the cell wall and affect its integrity. The damage to the cell 

membrane by the copper is reported by Santo et al. (2011) and Ben-Sasson et al. (2013). 

When a bacterium comes in contact with the copper surface, a short circuiting of the 

current in the cell membrane could occur between the positively charged copper ions and 

the negatively charged cell wall. This weakens the membrane and creates holes (Rai and 

Duran 2011). Moreover, it disturbs the selective permeability of the plasma membrane. 

As a result, the efflux and influx of the cell gets imbalanced and loss of K+ ions from the 

cytoplasm reduces its conductivity (Bai et al. 2007). Along with that, the copper 

controlling enzymes like CopA, CueO and CuS are also inactivated. Further, the proteins 

are inactivated due to the breakage of the Fe–S bonds in cytoplasmic hydratases, like, 

dihydroxy-acid dehydratase in the common branched chain pathway and isopropylmalate 

isomerase (IPMI) in the leucine-specific branch as reported by Macomber and Imlay 

(2009). The inherent affinity of the copper ions to the sulphur makes the rapid cell death 

and prolonged exposure of the cells results in permanent damage of the cell wall.  

Another possibility reported is the formation of the reactive oxygen species (ROS) at the 

intracellular region due to the presence of the copper ions in the aqueous medium. This 

generates oxidative stresses in the bacteria followed by the DNA damage and finally 

failure (Shi et al. 2012). The above mentioned mechanisms are schematically shown in 

Figure 7.14. It is essential to note that the exact mechanism for the microbial damage by 

the copper is not fully understood. Our TEM micrographs indicate a reduction in the cell 

volume to 80 % of the initial volume as shown in Figure 6.4. This is possible only if the 

membrane is damaged and cell fluid flows out from the cell.  

7.3.1.2 Gram positive bacteria (methicillin-resistant Staphylococcus aureus) 

In order to understand the antimicrobial activity of the copper against the gram positive 

bacteria, Staphylococcus aureus (MRSA) is exposed with the copper coatings and 

electron microscopic studies were carried out as presented in section 6.2.2 (Chapter 6).  

The structural details of the MRSA are given in section 2.1.2.1 (Chapter 2). Moreover, the 

schematic representation of the MRSA shown in Figure 2.2 indicates that the thick cell 
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wall of the peptidoglycon contains teichoic acid. The negatively charged teichoic acid 

attracts the positively charged copper ions (Lemire et al. 2013). Hence, the copper ions 

could be easily attracted to the cell wall. As a result, the copper ions steal the electrons 

from the cell wall and create pits in it. Such pits are observed in the SEM micrograph of 

copper exposed MRSA, as shown in Figure 6.6 (a). But the spherical shape of the cell 

structure is maintained even after the copper ions attack the cell wall. This is attributed to 

the increased thickness of the cell wall as compared to the cell wall of E.coli (Hong and 

Koo 2005). The rigidity of the cell wall is mainly attributed to the thick peptidoglycan. 

The spherical shape of the MRSA also contributes to the structural integrity of the cell 

wall after the copper attack. When compared to the rod shape of E.coli, spherical shaped 

MRSA helps to accommodate more pressure against the breakage of the cell wall.  So in 

gram positive bacteria, the cell is not completely wrinkled and shrunken as in the case of 

the E.coli. But, the CFU study shows that MRSA has less resistance to the copper as 

compared to the E.coli. This is attributed to the absence of outer membrane and the 

presence of negatively charged teichoic acid molecule within the thick peptidoglycan 

layer (20 nm to 80 nm) on the surface of MRSA as reported by Li et al. (2015). It is 

reported that the rapid killing of the gram positive bacteria during copper treatment is not 

by the membrane damage, but due to the loss of the cell respiration (Antimicrobial 

Copper Cu+, 2015). The schematic representation of the different ways of the copper 

attack on the bacterial cell is shown in Figure 7.14. 

http://www.antimicrobialcopper.org/
http://www.antimicrobialcopper.org/
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Figure 7.14 Schematic diagram showing different ways of the copper attack on the 

bacterial cell.  

7.3.2 Reasons for increased antimicrobial activities of the copper 

coatings 

The CFU study reveals that the copper coating either by electroplating or by DC 

magnetron sputter deposition exhibits better antimicrobial efficacy as compared to the 

bulk copper. The major reasons for the better antimicrobial activity of the copper coatings 

as compared to the bulk copper are (i) three dimensional (3D) contacts of the coatings 

with the microbe surface, (ii) (111) texture of the coating, (iii) nano-crystallites in the 

coatings and (iv) ultra-high purity of the coatings. 

7.3.2.1 Three dimensional (3D) surface of the copper coating 

According to the literature survey, it is well proved that the contact between the copper 

and cell wall of the bacteria is the primary reason for the antimicrobial activity of the 
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copper (Santo et al. 2011 and Warnes et al. 2012). Hence, uneven copper surface can 

offer better antimicrobial activity compared to the smooth copper surface. In the present 

case, copper coatings produced with higher current density have an uneven nodular 

morphology as shown in Figure 4.2 and Figure 4.21. Similarly, sputter deposited coatings 

also has nodular morphology as shown in Figure 5.2. Such uneven nodular morphology 

offers contacts with the microbes in three dimensions. This is schematically shown in 

Figure 7.15. Such 3D surface contacts are more predominant in the electrodeposited 

copper coating as compared to the DC sputter deposited one. In the case of the DC 

magnetron sputtering, the nodules are grown uniformly. The E.coli has a size of 3 μm 

length and 1 μm diameter. For MRSA, the diameter is 2 μm. In the case of 

electrodeposited coatings, the inter-nodular spacing is in the range of 5-7 μm. Hence, the 

electrodeposited coatings at higher coating current densities could offer efficient 3D 

contact with the copper surface. But in the case of bulk copper of surface roughness of 

0.07 μm, bacteria are on the flat surface (ideally). As a result, the bacteria surface is in 

contact in only two dimensions. So the three dimensional surface of the coatings is 

attributed as one of the major reasons of the increased antimicrobial activity of the same 

as compared to the bulk copper. 

 

Figure 7.15 Schematic representation of 3D contact of the bacteria with the copper 

coating. 

Bacteria 

Cu nodules 

Cu coating 
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7.3.2.2 (111) texture of the copper coating 

The XRD results of both the electrodeposited as well as the sputter deposited coatings 

exhibit (111) texture. In the case of copper, (111) plane is the close packed plane of 

highest density. The growth of (111) plane along [111] direction for the coating indicated 

that the exposed surface of the coating contains higher density of the copper atoms. But 

in the case of the bulk copper, such preferred texture was absent. So it is expected that 

more copper atoms are in surface contact with the microbes in the case of the textured 

copper coatings as compared to the bulk copper. As a result, the antimicrobial activity of 

the coatings enhanced than that of the bulk copper. Similar effect is reported in the case 

of (111) plane of the silver nano particles (Pal et al. 2007). 

7.3.2.3 Nano-crystallites in the copper coatings 

The nano-crystallanity of the copper coatings deposited by both sputtering as well as 

electrodeposition has been explained in detailed with the help of TEM micrographs (in 

sections 4.1.2.2, 4.2.2.2 and 5.2.2). They show that the electrodeposited copper coating 

has a minimum crystallite size of 32 nm (from Bath-I) and 12.9 nm (from Bath-II), and 

that of the sputter deposited coating is 18 nm.   The crystallite size (grain size) of the bulk 

copper was in the range of 10 μm, as shown in Figure 2 (Appendix III). Because of the 

nano-crystallinity, the coating has more crystallite boundary volume. It is expected that 

crystallite boundary has more surface energy as compared to the inside of the crystallite. 

Moreover, microstrain is also experienced in the crystallites due to such large crystallite 

boundaries. The microstrain on the periphery of the fine crystallites increases the energy 

of the atoms near the boundary. These factors help to increase the surface energy of the 

coating as compared to that of the bulk copper. In the present antimicrobial testing 

method (CFU counting technique), aqueous culture was dropped on the coating as well as 

on the bulk copper.  The spreading rate of the culture medium is faster on the coating due 

to their higher surface energy as compared to that of the bulk copper. The higher 

wettability of the surface helps to increase the contacts of the microbes with the copper 
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(Nie et al. 2010). As a result, the coating exhibits more antimicrobial activity as 

compared to bulk copper.  

7.3.2.4 Ultra-high purity of the copper coatings 

The antimicrobial activity of the copper is mainly due to the contact between the copper 

atom and the cell wall of the microbes (Santo et al. 2011 and Warnes et al. 2012). So the 

rapidity of the antimicrobial activity is proportional to the number of the copper atoms 

which are in contact with the microbial cell. In this context, the coated copper could offer 

better antimicrobial activity as compared to the bulk copper. This is attributed to the 

ultra-high purity of the coatings along with other properties of the coatings, such as, 3D 

surface, (111) texture and nano-crystallites. There is no other metallic ion co-deposited 

with the copper during electrodeposition. Similarly, during sputter deposition, ultra-high 

pure copper plate was used as the target. The EDS results of the coating also agreed to the 

same result. But the bulk copper which is used for antimicrobial test is commercially 

pure. This is another factor in the increased antimicrobial activity of the copper coated 

surface as compared to the bulk copper. 

7.4 Summary of the Chapter 

The microstructural, mechanical and antimicrobial properties of the copper coatings 

deposited by using electrodeposition and DC magnetron sputter deposition have been 

discussed in the current chapter.  

The microstructural aspects are discussed based on the results obtained from SEM, TEM 

and XRD study of the coating. It includes morphology, crystallite size, nano-twins, 

microstrain and texture of the copper coatings.  Since the microstructure depends on the 

process of deposition, a brief discussion on the process of electrodepostion as well as 

sputter deposition have been included in the section of the microstructural analysis. The 

electrodeposited and DC magnetron sputter deposited coatings contains nodules having 

nano sized crystallites. The size of the crystallites decreased with increase in the 

deposition rate. Moreover, the defects, like twins also observed in the nano crystallites 
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deposited with higher deposition rate. Because of the nano-crystallites, small amount of 

microstrain was observed in the XRD analysis of the coatings. The (111) texture of the 

coating along <111> direction is confirmed from the XRD analysis. The detailed 

discussion on the above characteristics of the coating has been included in the section 7.1. 

The mechanical properties required for the antimicrobial touch surface like hardness and 

adhesion strength of the coating have been discussed in section 7.2. The coating hardness 

(scratch hardness and microhardness) values are increased with decrease in the crystallite 

size up to the Hall-Petch break down point. Along with the reduction in the crystallite 

size, the presence of the nano-twins and the (111) texture also promote the hardness of 

the coating. The adhesion strength of the coating was improved by the pre-treatment of 

the aluminium substrate, such as, double zincation process. The adhesion strength of the 

copper coatings on the double zincated aluminium has been evaluated qualitatively and 

quantitatively by using the cross-hatch cut test and the pull-off adhesion test, 

respectively. The coating of both electrodeposited and DC magnetron sputter deposited 

showed adequate adhesion strength to the double zincated aluminium substrate. Among 

the coatings, deposition by using Bath-II and by using DC magnetron sputtering method 

exhibits better adhesion strength as compared to electrodeposition using Bath-I. 

The antimicrobial properties of the coating were tested against E.coli (gram negative 

bacteria) and MRSA (gram positive bacteria). One set of samples have been selected from 

each category of the coating (coating from Bath-I, Bath-II and DC magnetron sputtering) 

based on the characteristics, like, surface area, crystallite size, and hardness of the 

coatings. The obtained antimicrobial results were compared with the non-coated 

aluminium and the bulk copper available in the market. The copper coated aluminium 

samples have better biocidal efficacy as compared to the bulk copper due to the 

characteristics of the coatings like a) three dimensional surface, b) (111) texture, c) nano 

crystallites and d) ultra-high purity. The mechanisms of the attack of copper on the 

microbes were explained with the help of SEM, TEM and EDS results of copper treated 

and non-treated bacteria. The less resistance of MRSA against copper attack as compared 
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to the E.coli is observed during the six hours of exposure of copper coatings. This is 

attributed to the presence of teichoic acid and the absence of outer membrane in the cell 

wall of MRSA. 
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CONCLUSIONS AND SCOPE FOR FURTHER 

RESEARCH  

 

The major conclusions derived from the results and discussion of the research work is 

given below: 

1. Copper coating on the aluminium substrate was deposited successfully by 

electrodeposition and DC magnetron sputter deposition techniques. In electrodeposition 

technique, coating was carried out in the range of current density from 1 A dm
-2

 to 10 A 

dm
-2

 for bath-I and from 1 A dm
-2

 to 4 A dm
-2

 for bath-II. Similarly, for DC magnetron 

sputter deposition, coating was carried out in the range of sputtering power from 50 W to 

150 W.    

2. The surface morphology obtained from SEM micrographs revealed that 

electrodeposited and DC magnetron sputter deposited coating exhibits nodular 

morphology. The average size of the nodules in the coating from bath-I was 5.3 μm and 

that of bath-II was 2.6 μm.  The uneven growth of the nodules presented at higher current 

density helped to offer a three dimensional surface contacts with microbes. In DC 

magnetron sputter deposited coating, the nodules’ size was decreased from 0.48 μm to 

0.2 μm with increase in the sputtering power.  

3. The topographic as well as the cross sectional TEM micrographs of the 

electrodeposited and the sputter deposited coatings revealed that coating consists of nano 

sized crystallites. The crystallite size in the bath-I decreased from 63 nm to 32 nm with 

increase in the coating current density from 1 A dm
-2

 10 A dm
-2

. Similarly in bath-II, 

crystallite size decreased from 17.6 nm to 12.9 nm with increase in the coating current 
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density from 1 A dm
-2

 to 4 A dm
-2

. In DC magnetron sputter deposition, crystallite size 

was decreased from 49 nm to 18 nm with increase in the sputtering power from 50 W to 

150 W. 

4. The preferred growth of the coating in (111) plane along <111> direction was 

confirmed from XRD studies. Moreover, the microstrain in the coating due to the nano 

sized crystallite structure was estimated by Williamson-Hall method. The results showed 

that microstrain increased with decrease in the crystallite size. 

5. The scratch resistance of the coating was calculated in terms of scratch hardness. The 

values increased with decrease in the crystallite size and presence of the defects, like, 

twins of the coating. The maximum value of scratch hardness for the coating from the 

bath-I was 2.52 GPa and for the bath –II was 1.72 GPa. Similarly, for sputter deposited 

coating, the maximum value of the scratch hardness was 1.71 GPa. 

6. The hardness of the coated samples was measured by using microhardness tester and 

the maximum value for the coating from the bath-I was 2.05 GPa and that for the bath –II 

was 1.46 GPa. Similarly, for sputter deposited coating, the maximum value of the scratch 

hardness was recorded as 1.49 GPa. 

7. The increased hardness of the coating compared to the annealed copper is attributed to 

the nano-crystallinity, preferred texture and presence of the nano-twins in the coating. 

8. The adhesion strength of the coating evaluated by using cross-hatch hardness and pull-

off adhesion test shows adequate adhesion strength of the coating to the substrate. This is 

attributed to the double zincation process prior to the copper deposition. 

9. The copper coatings exhibits good antimicrobial activities against E.coli (gram 

negative bacteria) and MRSA (gram positive bacteria) in the colony forming unit count 

test. The antimicrobial activity of coated sample was better than that of the commercial 

pure copper against E.coli and MRSA. This is attributed to the i) three dimensional 



169 

 

surface of the copper coatings, ii) (111) texture of the coating, iii) nano-crystallinity in 

the coatings and iv) ultra-high purity of the coatings. 

10. The electron microscopic study showed that the gram negative bacteria (E.coli) which 

are exposed to the copper was found to be wrinkled and damaged as compared to the 

non-treated cell because the cell wall was broken and intracellular fluid was leaked out to 

the extracellular space. Whereas, in the case of gram positive bacteria (MRSA), small pits 

were developed on the copper treated cells as compared to the non-treated ones. 

However, the morphology of the cell was maintained due to the thick cell wall in the 

gram positive bacteria.     

Scope for Further Research 

The scope for further study of the current research work can be concluded as given 

below: 

 The corrosion study of the coated sample at different environmental 

conditions can be explored. 

 The heat treatment of the coated samples and its morphological change as 

well as alloy formation can be studied. 

 The oxidation behavior of the coated samples can be evaluated. 

 The surface treatment of the coated sample for improving the antimicrobial 

applications can be studied. 

 The role of the coating parameters can be studied by modeling software.      
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Appendix-I 

 
 

Figure 1 Low magnified TEM micrograph of DC magnetron spurred coating at 50 W 

sputtering power. 
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Figure 2 a) TEM micrograph of double zincated aluminium, b) SAED pattern of the 

Figure 2 (a) and c) EDS corresponding to Figure 2 (a), respectively. 

 

Figure 3 Visual image corresponding to the TEM micrograph shown in Figure 4.7.  
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Appendix-II 

Heterogeneous nucleation 

Assume copper film forming atoms in the vapour phase impinge on the substrate creating 

nuclei of dimension ‘r’. The free energy change during the formation of film can be 

expressed as  

      
       

        
        

        
            (1)                         

   

Where    is the chemical free energy change per unit volume. 

  is the interfacial tension, are identified by the subscripts  f, s, v representing film, 

substrate, and vapour, respectively. For the spherical cap-shaped solid nucleus shown in 

Figure 1, the curved surface area (   
  ), the projected circular area on the substrate 

(   
 ), and the volume (   

   are involved, and the corresponding geometric constants 

are  

   =2         ,    =        and     =
 

 
              ) 

From the Young’s equation                       (2) 

 
Figure 1 Schematic representation of the nucleation process on the substrate surface. 

 



 

188 
 

From the equation (1), it is inferred that if new interface appears, there is an increase in 

surface free energy and hence the positive sign for the first two surface terms. Similarly 

the loss of the circular substrate-vapour interface under the cap implies a reduction in 

system energy and a negative contribution to   . The thermodynamic equilibrium is 

achieved when  
   

  
   , which occurs at a critical nucleus size       

Hence    
                     

      
             (3) 
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Appendix-III 

 

 
Figure 1 Schematic representation of perfect nucleus of disc shape having radius ‘r’ and 

height ‘h’. 

 

 

 
 

Figure 2. SEM micrograph of double zincated aluminium. 
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Figure 3 Optical microscopic image of bulk copper. 
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