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Abstract of the dissertation 

The emergence of antibiotic resistant bacteria and healthcare-acquired infections are 

regarded among the greatest socioeconomic threats of our time, affecting up to two 

million patients annually, of whom about 90,000 die. Hospital surfaces are a reservoir 

of pathogens, which can be correlated to 20-40% of nosocomial infections due to 

hand to hand or surface to hand cross contamination. Pure copper and Cu-based 

alloys display outstanding antimicrobial activity (i.e. 7-8 log10 reduction per hour), but 

their relatively poor mechanical properties restrict their use. Cu-rich metallic glasses 

and metallic glass composites can bring together the high biocidal performance of 

copper and the exceptional physiochemical properties of amorphous materials. This 

work aimed to understand which parameters influence the antimicrobial and wear 

behaviour of Cu-rich metallic glasses metallic glasses. 

Analysis of composition (i.e. increasingly copper content) and volume fraction of 

crystalline phases in Cu-Zr-Al bulk metallic glass composites revealed that increasing 

both parameters led to higher wear and antimicrobial performance, reaching scratch 

hardness between 3-2 GPa and antimicrobial activity as high as 2.5 log10 reduction 

after 4 hours. The main parameter influencing antimicrobial activity and wear 

resistance was the volume fraction of crystalline phases, optimal when the percolation 

threshold (~50%) was reached, but not overcome. Experiments developed on as-cast 

and oxidised samples of different roughness, 70-600 nm,  showed that, while 

superficial changes had a limited influence on the contact killing properties, oxidation 

enhanced their antimicrobial properties, by at least 1 log10 reduction, due to the 

formation of a complex multi-layered Cu-rich structure. 

Coating large surfaces with thin films is an attractive manufacturing option for 

antimicrobial surfaces; thus, Cu-Zr films were deposited by Magnetron sputtering 

using different chamber pressures, 0.1 to 0.5 Pa, and substrate temperatures, from 

room temperature to 403 K. Here, lowering compactness improved the antimicrobial 

activity (i.e. from 0.2 to 2.3 log10 reduction after 4 hours). At the same time, the 

authenticity of standard antimicrobial testing protocols for hospital touch surfaces is 

questionable. “Dry” applications of bacteria to surfaces is more authentic than the  

“wet” applications used in standards; here  no substantial differences were found in 
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these experiments but dry applications resulted in more effective killing in the less 

compact films. A combination of careful bacterial recovery and imaging studies on 

both bulk and film samples suggested that contact killing occurs due to copper ion 

diffusion into the cell, rather than by extensive cell envelope degradation. 

All aforementioned tests showed that it is possible to obtain tuneable materials with 

optimal antimicrobial and wear resistance for use in preventing bacterial transmission 

and healthcare-acquired infections. 
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1 Introduction 

1.1 Antimicrobial properties of metallic surfaces, metallic 
glasses and metallic glass composites 

1.1.1 Why it is important to develop bactericidal surfaces? 

The importance in developing new bactericidal materials can be summarized in two 

great hazards for public healthcare: increasing rates of nosocomial or hospital-

acquired infections (HAI) and the emergence of antibiotic-resistant pathogens or 

“superbugs”. Despite the efforts and economic resources invested in tackling 

nosocomial infections, the number of diseases acquired during in-patient hospital stay 

remain significant. The number of HAI in European hospitals was around 3.2 million 

in 2011-2012 [1-5], while in America 2 million patients are infected annually, of whom 

about 90,000 die [6], leading to an estimation of 5-10 % hospitalizations in Europe or 

North America result in a HAI [7,8]. At the same time, the emergence and 

transmission of antimicrobial resistance pathogens represents a major hazard. After 

decades of exposure to antibiotics in medicine and agriculture, pathogens (i.e. New 

Delhi Metallo-Beta-Lactamase (NDM-1) and Klebsiella pneumoniae Carbapenemase 

(KPC-2)) have evolved and transmitted resistance mechanisms to common and, in 

some cases, “last resource drugs” (i.e. colistin) [9-12].  The evolution of pathogens 

had led to the dawn of a post-antibiotic era with heavy economic and human 

consequences. As such, the World Health Organization is assessing and coordinating 

global action to tackle this threat to public health [13]. 

The options available in challenging antibiotic-resistance bacteria are limited. The 

development of new antibiotics and an increase in control and correct prescription of 

these substances are common approaches [14,15]. While antibiotic research and 

correct management can be short-term options, mutations of bacteria will result in 

antibiotic resistance. A long-term solution, in part, will rely on the development of new 

bactericidal materials, such as natural biocides. Phoenicians, Romans and Greeks 

were aware of the bactericidal properties of silver, making use of silver bottles and 

vessels to prevent water spoilage. Tuberculosis, skin problems and other infections 

were avoided by the use of copper [16]. These materials and their compounds were 
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relegated to a second place with the discovery of antibiotics. However, antibiotic-

resistant bacteria have awakened the interest in new antimicrobial agents. 

The importance of these materials is linked to the origin of nosocomial infections. 

Recent studies have shown that common Hospital Acquired Infections are related 

with central line-associated bloodstream infections, catheter-associated urinary tract 

infections, surgical site infections and ventilator-associated pneumonia [17]. These 

are the most common infections detected in health care units, but, where do they 

come from? Environmental contamination in hospitals was deemed as an insignificant 

contributor to nosocomial infections during the 70s and 80s [18-20]. However, modern 

studies are showing that sufficient pathogens to cause an outbreak can be found on 

health care surfaces [21-23] (Figure 1a and 1b). A clear example is shown by 

Weinstein’s analysis of intensive care units, which revealed that 20 to 40 % of 

nosocomial infections can be attributed to cross contamination due to hand touch 

after direct or indirect contact with the patient or touch surfaces [24]. Hospital 

furnishing displays broad use of stainless steels, aluminium, plastics and woods, but 

most of them are not able to remove such pathogens. Wilks et al. [25] long term 

analysis of 304 stainless steel shown that large populations of E. coli cells (i.e. 105-

107 viable cells) could survive more than a month on this material, while studies 

conducted on aluminium display large bacteria concentrations after eight days [26]. 

Similarly, the work of Milling et al. [27] on the survival of bacteria in wood and plastics 

revealed that similar populations could survive on these materials for more than nine 

days. More examples can be found in the extensive review of Kramer et al. [28]  and 

specialized texts [29] which conclude that most nosocomial pathogens can survive 

weeks or months in most inanimate surfaces. Although the role of touch surfaces in 

nosocomial infections is still controversial, the long survival times of pathogens 

deposited on common touch surfaces and the threat posed by the emergence of 

antibiotic resistant bacteria led to recognize touch surfaces as a potential source of 

infection.  
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Figure 1 Image showing surfaces susceptible of bacteria colonization (a) in a ward 
hospital and (b) number of bacteria per cm2 recovered from bed rails (dark blue bars), 
call buttons and computer mice (red bars), arms of chairs (yellow bars), tray tables 
(light blue bars), data input devices and palm rest of laptop computer (purple bars) 
and IV poles (grey bars) over 23 months [30]. Red lines indicate the number of 
pathogens susceptible to cause an infection. 

Hospital cleaning and disinfection can contribute to control of HAI. Adequate cleaning 

protocols and proper disinfectants may be of use in infection control. However, 

cleanliness of hospitals is mostly assessed by simple visual inspection after 

sterilisation of surfaces with chemicals (i.e. chlorine) [31,32]. The use of visual 

inspection to evaluate the cleanliness of microorganisms may not be optimal. 

Microbiological sampling, bioluminescence and ultraviolet marking have been used 

to increase the awareness in disinfection thoroughness and to assess the validity of 
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“visual inspection” [32-35]. These analyses revealed that surfaces considered as 

“clean” did not meet benchmark values in 70% to 90% of the cases, rendering visual 

inspection as an inadequate method. The implications of these results are especially 

alarming when some nosocomial infection pathogens (i.e. Staphylococcus aureus, 

Clostridioides/Clostridium difficile or Acinetobacter baumannii) can survive for weeks 

in hospital facilities [36,37]. This weakness in preventing nosocomial infections, is not 

the only one inherent to disinfection. The number of touch surfaces susceptible for 

bacteria colonization is enormous (towel distributor, light switches, toilets, buttons, 

door handles, sinks, push plates, bed rails, monkey pulls, bedside tables etc), and 

disinfection of these surfaces is transient. After the chemical has dried up, surfaces 

are susceptible to bacteria colonization. The difficulty of maintaining cleanliness in 

hospital is further increased by the characteristic of most nosocomial pathogens 

(Table 1). Taking into account the lack of a standard to assess hospital cleaning, the 

short-term effect of disinfection in hospital furniture and the characteristics of HAI 

pathogens, it is of great importance to develop touch surfaces with antimicrobial 

properties. 

Table 1 Factors that can facilitate transmission of HAI [38]. 

Pathogen able to survive for prolonged periods of time on environmental surfaces  

Ability to remain virulent after environmental exposure  

Contamination of the hospital environment frequent  

Ability to colonize patients  

Ability to transiently colonize the hands of health care workers  

Transmission via the contaminated hands of healthcare workers  

Small inoculating dose  

Relative resistance to disinfectants used on environmental surfaces  

 

To develop effective antimicrobial materials, it is important to understand the 

pathogens involved in HAI. The number of pathogens reported as nosocomial 



Chapter 2 

5 

 

infection sources is impressive, however, four have a major role in Health-care 

Acquired Infections: the enterococci, Pseudomonas aeruginosa, S. aureus and 

Escherichia coli [8,39,40]. These four bacteria can be classified by their ability or 

inability to be stained with Gram’s Method, in honour to its developer Hans Christian 

Gram (1853-1938). This differential staining method divides bacteria in two large 

groups, Gram-positive (GP) violet stained cells and Gram-negative (GN) pink stained 

cells (Figure 2).  

 

Figure 2 Example of a Gram staining result of a mixture between Staphylococci (GP) 
and E. coli (GN). Gram positive bacteria are stained violet, while Gram negative cells 
are pink stained [41]. 

The distinction between pathogens in Gram’s staining method is caused by 

differences in the cell walls between GP and GN bacterium (Figure 3) [42,43]. Gram-

positive bacteria cell walls have a thick outer layer of peptidoglycan (a polysaccharide 

cross-linked by short peptides) that overlays their cytoplasmic membrane. The cell 

wall of GN bacteria also includes a peptidoglycan layer, but this structure is smaller 

and enclosed by an outer membrane. The outer membrane is composed of 
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Lipopolysaccharides (a lipid connected to multiple repeats of a variable 

polysaccharide) which protects the cell. During staining, the first step is to apply 

crystal violet as the primary stain and to smear the inoculum with an iodine solution 

to bind the dye. After this step, all bacteria are dyed violet, as the violet crystals are 

embedded into the cell walls. The crucial step is to use a decolorizing agent (i.e. 

ethanol, acetone), which is able to dissolve the outermost cell layer of GN bacteria. 

The peptidoglycan layer becomes dehydrated and collapses, the extensive matrix 

formed by the collapsed GP peptidoglycan impedes efflux of the crystal violet-iodine 

complex. This efflux cannot be prevented by the less extensive collapsed 

peptidoglycan of GN bacteria, which are decolourised. In the final step, a pink 

counterstain safranin is applied, conferring GN bacteria their familiar pink staining 

(Figure 2). In the case of common nosocomial pathogens, the use of Gram’s Method 

results in enterococci and S. aureus being Gram-positive (GP) bacteria, while P. 

aeruginosa and E. coli are Gram-negative (GN) bacteria.  

 

Figure 3 Cell membrane differences between Gram-positive and Gram-negative 
bacteria [44]. 

The importance of Gram’s classification for reducing nosocomial infections resides in 

the implications that such differences in cell wall morphology have in the elimination 

of pathogens. The peptidoglycan structure present in GP bacteria offers high 
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resistance to physical disruption, desiccation and endurance to some cleaning 

chemicals [43]. On the other hand, the three-layered structure of GN bacteria provides 

partial resistance against some antibiotics (i.e. penicillin) while, at the same time, can 

complicate the administered treatment. When the cell dies, the lipid present in the 

outer membrane (Lipid A) is released. This organic chemical can cause fever, 

vasodilation, inflammation, shock and blood clothing, endangering the life of the 

patient [43]. For these reasons, special care has to be given to eliminate these 

pathogens. 

Due to these differences Gram-negative bacteria, such as E. coli and others, are of 

special concern in HAI [45-47]. Gram negative bacteria display high efficiency in 

acquiring drug resistance [48]. These pathogens can develop multiple mechanisms 

against a single drug or multiple mechanisms for different medications, resulting in a 

high hazard for public safety. Gram negative bacteria have been accounted for 

approximately 30 % of all nosocomial infection, being of relevance in ventilation-

related pneumonia and urinary tract infections [48]. The difficulty in developing new 

antibiotics, linked to the efficiency of these pathogens to render new medications 

ineffective, highlights the necessity of new bactericidal materials. Antimicrobial touch 

surfaces may be of great help in this regard by passively and continuously disinfecting 

large areas. 

It is also important to note here that even if powerful antimicrobial touch surfaces are 

developed, the role of disinfection and cleanliness standards in healthcare facilities 

cannot be disregarded. During the second European cost action for AntiMicrobial 

Coating Innovations (AMiCI, 2017) conference in Pori (Finland) [49], the 

complications inherent to develop and commercialize new antibacterial products, as 

well as, the role of antimicrobial materials in HAI and the importance of hospital 

cleanliness in nosocomial infections were highlighted. In this cost meeting, it was 

shown that bactericidal materials are not the panacea for HAI, and that they must be 

used with new standards and protocols of hospital cleanliness. 
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1.1.2 Antimicrobial mechanisms of touch surfaces 

In the following pages the most common antimicrobial metallic agents are presented 

and analysed from the point of view of bactericidal touch surface development. It 

should be noted that numerous materials with bactericidal properties can be found in 

the literature. As an example, there is great interest in bactericidal polymers due to 

their versatility and the large range of strategies available to modify their behaviour 

[50-52]. However, some of these materials can be highly toxic for the environment, 

and long-term antibacterial activity is still a concern for their applications in healthcare 

facilities [53]. At the same time, this thesis is focused on the development of 

antimicrobial metallic touch surfaces, letting antibacterial polymers out of the scope 

of this document.  

Before continuing with the description of antimicrobial metals, the distinction between 

cytotoxic and antimicrobial materials must be explained. Cytotoxicity is defined as the 

ability of a substance to eliminate living human cells via necrosis or apoptosis. This 

term is normally referred to as the crucial property for implant development, as it 

describes the potential for the material to harm the patient. On the other hand, a 

biocidal or antimicrobial agent is a substance that controls harmful or unwanted 

microorganisms. While cytotoxicity is of interest for other fields of work, only materials 

labelled as antimicrobial will be treated in this section.   

Four metallic elements have been extensively researched for their high bactericidal 

properties: copper, silver, zinc and titanium. While other bactericidal metals exist in 

nature, in fact, most metallic elements are toxic in high enough concentrations (e.g. 

iron or aluminium) [54], several disadvantages restrict their applications. Metallic 

elements which require relatively high concentrations to be effective biocidals may 

pose a hazard in the long term. Other elements like nickel must be disregarded due 

to their allergenic nature [55]. Those metallic elements which require lower 

concentrations, such as Gold [56] or Cadmium [57], may be of interest for specific 

applications. However, their high cost and limited antimicrobial activity when 

compared with the four mentioned materials, render these other elements as 

inadequate for high-touch surfaces.  
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The bactericidal properties of copper have been known since ancient times. The first 

written record of Cu used to sterilize water and prevent infection of chest wounds is 

documented in the Smith papyrus, dated between 2600 and 2200 BC [16,58]. Since 

then, Persians, Phoenicians, Greeks and Romans made use of copper and silver 

containers to preserve food and water [54]. In the modern era, the discovery that 

copper workers seemed immune to cholera lead to its use to treat chronic adenitis, 

eczema, impetigo, scrofulosis, tubercular infections, lupus, syphilis, anemia, chorea, 

and facial neuralgia [16]. The same interest led to the discovery of the Bordeaux 

mixture, a blend of CuSO4 and Ca(OH)2, which was used in agriculture to protect crop 

fields [54]. The interest in copper as an antimicrobial material dwindled with the 

discovery of antibiotics. Nevertheless, the hazard to healthcare posed by antibiotic-

resistant pathogens and the increase in nosocomial infections has reawakened 

interest in copper.   

Copper is one of the best natural antimicrobial agents. In vitro dry studies of this 

element have showed log10 reductions as high as 8 in just a few minutes [58]. While 

the antimicrobial activity of copper surfaces is reported to be reduced in wet 

conditions, this material is able to eliminate “superbugs” like MRSA in one to two 

hours [58]. This high contact killing efficiency is commonly attributed to the 

incorporation of Cu ions in the pathogens [59-64], while the work of Hans et al. 

attributes some of these characteristics to the oxidation of copper ions [65]. However, 

the main mechanism behind the biocidal properties of copper is not completely 

understood. Elimination of bacteria by copper has been suggested to occur in three 

different ways, thereby limiting the risk of emerging bacterial resistance (Figure 4): 

 Cell membrane destruction: Copper ions have been found to directly damage 

the cell membrane of bacteria [58,62,66]. The lack of structural integrity can 

lead to the destruction of the cell due to inner and outer pressure differences, 

effectively killing the pathogen.  

 

 DNA degradation: Copper ions have been reported to damage 

deoxyribonucleic acid (DNA) chains [58,66]. The damage suffered by these 

structures will destroy the ability of bacteria to synthesize essential chemicals, 

killing the cell.  
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 Reactive oxygen species (ROS): Besides the direct damage that copper ions 

can cause, they promote the generation of  highly reactive radicals; in the 

presence of liquid water, highly damaging species such as hydroxyl radicals 

(OH-) from hydrogen peroxide (H2O2) [58]. The reaction of copper with water 

in the environment or within the liquid inside the cell (cytosol or cytoplasmic 

matrix) causes a Fenton-like reaction, promoting the release of these species. 

The contact of these species with lipids, proteins, enzymes and DNA can 

cause their destruction. As such, these substances have a role in DNA 

degradation and cell membrane destruction. 

These three mechanisms, cell membrane destruction, DNA degradation and 

highly reactive radical formation are the most commonly accepted mechanisms 

to explain the antimicrobial activity of copper, however, other mechanism had 

been correlated with the bactericidal effect of metals [54]. Leaving behind the 

discussion about the most important mechanism which causes the antimicrobial 

properties of copper, this element is an exceptional biocide. The high antibacterial 

effect coupled with its relatively low cost has awakened a strong interest in copper, 

evidenced by the creation of associations like the Copper Development 

Association, a not-for-profit trade association that supports and promotes copper 

usage in the UK and the US [67].    



Chapter 2 

11 

 

 

Figure 4 Picture depicting the antimicrobial mechanisms of Cu ions diffused from a 
Cu-Zr-based bulk metallic glass (BMG) [66]. 

Similarly to pure copper, the antimicrobial mechanisms of copper oxides are not 

completely understood [65,68]. These copper species seem to exhibit several 

mechanisms, however, the primary source of bactericidal properties is the contact 

between copper and pathogens. Hans et al. [68] work on Cu, CuO and Cu2O revealed 

that the formation of copper oxides and the release of Cu ions from these species 

were fundamental to their antimicrobial properties. Their most interesting result arose 

from the comparison between antibacterial activity of pure copper and its oxides, as 

they revealed that the optimal biocidal activity was exhibited by pure copper followed 

by Cu2O, with CuO possessing the lowest bactericidal activity of the series (Figure 5). 

Consequently, copper oxidation may be detrimental to the antimicrobial activity of 

copper. 
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Figure 5 E. hirae survivors against time for cultures treated with pure Cu. And copper 
oxides (CuO and Cu2O) nanoparticles [68]. 

The history of silver as a biocide can be traced from ancient times. Similarly to copper, 

silver containers from Persians, Phoenicians, Greeks and Romans were found to be 

used to preserve food and water [54]. More recently in the Second World War, it was 

common to drop silver coins in water containers to prevent the proliferation of bacteria 

[54]. Although, historically silver has been considered as an antibacterial metal, 

modern research has shown that pure silver does not exhibit potent antimicrobial 

properties [69]. The antibacterial properties associated with the metal are now 

attributed to the release of high toxic ions from silver oxides. Rebelo et al. [70] showed 

this fact when comparing the antimicrobial activity of AgxO thin films with pure silver. 

In their study, small coupons of silver and silver oxide were placed in contact with 

Staphylococcus epidermidis and S. aureus spread onto an agar plate (agar diffusion 

tests). After 24 h of incubation, the silver oxide coupons revealed a small “halo” of 

bacterial growth inhibition, while the pure silver samples did not impede normal 

bacterial growth [70]. While other variables can affect the antimicrobial activity of the 

samples (i.e. heterogeneous growth of the oxide coatings), it is clear that silver oxides 

are the compounds accountable for the biocidal properties of silver. This fact has led 

to a growing interest in developing silver oxide nanoparticles [71-73] or the 
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enhancement of silver ionization with the oxidising compound sodium hypochlorite 

[74]. Albeit their antimicrobial activity, the high cost of silver limits the application of 

silver and silver oxides in healthcare facilities. 

Similar to silver, the antimicrobial properties of pure zinc have limitations. Zinc ions 

(Zn2+) have antimicrobial activity, however, this is restricted to specific strains of 

microbial and fungal cells [75]. Although the antimicrobial activity of zinc ions is real, 

their role in the antimicrobial properties of Zinc oxide is still under scrutiny. According 

to the work of Sawai et al. [76] and Zhang et al. [77], hydrogen peroxide can be 

generated when zinc oxide and zinc ions react with water. As it will be seen in section 

1.1.3 Antimicrobial surfaces vs common disinfection methodologies, hydrogen 

peroxide is a powerful disinfectant, thus indicating that the role of zinc ions in the 

biocidal properties of this element may be limited. At the same time, zinc oxide has a 

synergistic effect with certain Ultraviolet Light (UV-A) radiation. This photocatalytic 

effect is commonly attributed to the release of reactive oxygen species (ROS) through 

redox reactions [78]. Ercan et al. [79] have shown that irradiation of ZnO nanoparticles 

can enhance their antimicrobial activity from 0.7 log10 reductions to a 6 log10 reduction 

after 60 min of contact killing. This enhancement of the antibacterial effect of ZnO 

coupled with its broader antimicrobial spectrum than pure zinc, has increased the 

interest of using ZnO as a biocide [75,80]. However, most of the available work has 

been conducted in nanoparticles, with special focus on the changes in antimicrobial 

activity caused by variations in particle size. In this regard, it is interesting to consider 

the comparison between Ag, Zn and Au oxide particles led by Hernández-Sierra [81]. 

In this paper, it was discovered that smaller particle size displayed better antimicrobial 

properties, however, composition played a major role in the biocidal properties, silver 

oxide being the best material. As a result, the implementation of Zinc oxide as a high 

touch surface may be of interest if UV treatments were included, but more research 

is necessary. 

Photocatalytic disinfection using UV light is of special relevance for the last 

antibacterial metallic element considered in this section, titanium dioxide (TiO2) 

[78,82]. Titanium dioxide is inert to bacterial cells in its natural state but when 

irradiated with UV light in the 300-500 nm spectrum it exhibits antibacterial activity 

[83]. Like ZnO, the mechanism responsible of the antibacterial properties of TiO2 is 
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the release of ROS and Hydrogen Peroxide on irradiation with UV light (Figure 6). 

Nevertheless, the literature on the antimicrobial activity and the photocatalytic effect 

of this material is richer than that available for zinc oxide [78,84-88]. In regards to its 

antimicrobial properties, some titanium oxide films exposed to UV radiation have 

achieved reductions of 6 log10 after 3 h of irradiation [84]. This slow contact killing time 

has been an issue for titanium dioxide materials, but modern research on TiO2 

composites may be the key to succeed in increasing their antimicrobial activity. The 

biocidal properties of titanium dioxide have been found to be increased by the addition 

of silver and copper [89-92]. The increase of antimicrobial activity in multi-layered 

films with silver is especially outstanding. Reddy et al. [93] were able to reduce the 

contact killing time of E. coli in titanium dioxide coatings from 1 h to 16 min. It is 

possible that this increase in antimicrobial activity is caused by the release of silver 

ions. In contrast, Page et al. [91] and Akhavan [89] suggest that the combination of 

these elements enhances only the photocatalytic effect on titanium dioxide. Their 

comparison between non-irradiated and irradiated composites showed that the non-

irradiated films lacked any biocidal effect, while the irradiated composites exhibited 

higher antimicrobial activity than the TiO2 films. Consequently, the properties of these 

composites are subjected to thin film composition and illumination spectrum similarly 

to titanium dioxide [89]. The extensive research, high stability of the film and self-

cleaning properties have increased interest in this material for use in the prevention 

of nosocomial infections. Nevertheless, only a limited antimicrobial activity has been 

displayed in real conditions [94]. 
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Figure 6 Diagram showing the mechanism behind the photocatalytic disinfection of 
TiO2 through the development of ROS (i.e. O2

-) and Hydrogen Peroxide (H2O2) [95]. 

Until this point, the discussion regarding antimicrobial materials has been centred on 

the compositional influence that several metals and their oxides have in the 

bactericidal properties of biocides. The antimicrobial effectiveness of copper, silver, 

zinc, titanium and their oxides has been already discussed. Thus, the purpose of the 

next paragraphs is to describe the influence of other physical and chemical factors on 

the antibacterial properties of these materials; these include the adhesion of bacteria 

to touch surfaces and the roughness of the substrate. It must be noticed that as far 

as the author knowns there is no analysis of the influence of structural changes as 

such as volume fraction in the antimicrobial properties of BMGs. This lack in 

knowledge is one of the main motivations of the present work and will be carefully 

covered in chapter 3.  

The metallic biocides described (i.e. copper, silver or zinc) base their antimicrobial 

behaviour in the ability to diffuse ions into the pathogen in contact. These ions and 

the reactive species derived from them are able to inhibit and kill the microbe. 

Consequently, the nature of the physical contact between the pathogen and the 

surface is of great interest in touch surface development. This binding process is 

multifactorial, complex and is not completely understood. The role of bacterial motility, 
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the ability to move in response to the presence of specific chemicals (chemotaxis), 

as well as physical features of the bacterial surface (e.g. flagella, glycocalyces, pili or 

fimbriae) have an active influence in this process [96-99]. The importance of each of 

these individual parameters in the adhesion of bacteria may be debatable, however, 

it is commonly accepted that this process is subdivided in two steps [100]. The first 

step takes place as the bacteria is in an aqueous suspension. During this phase, the 

ability to approach a surface is based on a combination of Brownian motion, 

gravimetric forces and the motility of the pathogen, whether this be guided by 

chemotaxis or not.  When the distance between bacteria and surface is low enough 

(< 5 nm), the electrostatic charge of the surface, van der Waals forces and 

hydrophobic interactions grow in influence [100]. Once the initial contact has been 

made, the morphology of the cell influences the avidity of binding and colonisation via 

biofilm formation. The purpose of these aggregation of cells is to protect the 

pathogens from harsh environments, enabling further grow and making difficult their 

removal [101-103]. As such, the prevention of adhesion and biofilm formation, through 

development of hydrophobic materials (i.e. with contact angles > 65°) or the “lotus 

effect” (i.e. contact angles superior to 140° exhibited in some plants confer these 

species self-cleaning properties), have been one of the strategies adopted to develop 

antibacterial materials [104-106]. However, the lack of contact between an 

antimicrobial metallic touch surface and bacteria may hinder the interaction between 

the ions and reactive species responsible of their bactericidal properties. Thus, the 

promotion of adhesion between the biocide and the pathogen has been considered 

as a second strategy to increase the antimicrobial properties of touch surfaces 

[107,108]. 

Surface topography (roughness) has been revealed as another factor affecting 

bacterial adhesion [109,110]. Scheueman et al. [109] showed that rough surfaces 

tend to bacterial adhesion and biofilm formation, while polished surfaces resist this 

process. Thus, roughness and the presence of superficial defects may influence the 

antimicrobial properties of materials. The increase of superficial area provided by 

scratches or grooves of similar size to the pathogens may led to an increase in ion 

diffusion into the cell, improving the antimicrobial properties of the material. 

Additionally these grooves and scratches may create anchoring points for the 

bacteria, which might help establish initial contacts between the substrate and the 
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cell. Nevertheless, the size of these features cannot be much larger or smaller than 

the cells to be eliminated, as the bactericidal effect may be compromised [110] and 

roughness higher than 1.0 μm (120 grit abrasive grinding paper) can led to a decrease 

in corrosion resistance due to pitting and crevice corrosion [111]. The reduction of 

antimicrobial activity can be seen when comparing the results obtained by Chu et al. 

[112] and Sharifahmadian et al. [113]. Magnetron-sputtered copper-based films 

exhibiting a few nm in roughness were obtained by Chu, while the roughness of wire 

arc spray copper coatings obtained by Sharifahmadian was in the micrometre range. 

The antimicrobial activity of the rougher samples was 92 %, compared with the 99.999 

% obtained with magnetron-sputtering [112]. However, arc spray wire methods use a 

rich oxygen atmosphere and as a result, copper oxides may have been formed in 

Sharifahmadian’s less active coatings, leading to the slight reduction in antimicrobial 

activity, which may have been attributed to differences in the superficial roughness. 

It should be noted that magnetron sputtering is of interest in the development of 

antimicrobial materials as it offers a facile route to tune surface roughness using the 

sputtering power [114] inner chamber pressure [115,116], or the high copper ion 

diffusion evident in some of the sputtering techniques (e.g. DC and Dual-MS) [117]. 

 

1.1.3 Antimicrobial surfaces vs common disinfection 
methodologies 

The importance of hospital cleanliness in controlling nosocomial infections has been 

emphasised in previous sections. At this point, it is of interest to consider the active 

substances used in healthcare facilities and their influence on touch surfaces. The 

effect that such chemicals have on surfaces has been mostly overlooked and few 

manuscripts address this matter [108]. The same can be said regarding the influence 

of disinfectants and detergents on antimicrobial performance of copper alloy surfaces 

[36]. Disinfectants and detergents are frequently used to eliminate pathogens 

deposited on inert high touch surface materials such as stainless steel. In contrast, a 

secondary role of such chemicals is expected in antimicrobial surfaces. Cleaning 

products need to eliminate any residue which may interfere with the bactericidal 

properties of the substrate. Grease, oils or dust must be removed to maximise 
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interaction between the surface and pathogen. However, the effectiveness of the 

material can be compromised, as most chemical compounds can change the surface 

chemistry. Airel et al. [118] evaluated the influence of 1 % sodium hypochlorite and 

70% industrial methylated spirit in continual cleaning on pure copper. After five days 

of daily cleaning, the accumulation of soil and cells was reported, exemplifying that 

proper cleaning methods should be developed for each pair of antimicrobial agent 

and disinfectant. 

The selection of an optimal disinfectant involves a complete understanding of the 

effectiveness of the chemicals and the detrimental effects they may cause on the 

surface of interest. The key problem in this consideration lays in the complexity of 

most disinfectants (Table 2). Water is the most abundant element in these products 

(15 % to 95 %), and may be a cause of concern if it induces oxidation at the treated 

surface. However, the most important component is the active substance responsible 

for the antimicrobial properties of the disinfectant (0.1 to 10 wt %). The rapid 

antimicrobial activity and low cost of sodium hypochlorite (known as bleach when 

mixed with water), has promoted its use, making this chemical the most frequently-

used disinfectant [119]. Besides water and active substances, disinfectants can also 

include acids and bases (0.1 % to 35 %), but high concentrations may damage the 

antimicrobial surface. Although, both hydrochloric and sulphuric acids react with 

copper, low concentrations can be used to eliminate the oxide layer formed on copper 

plates or to maintain their lustre. At high concentrations, these acids can lead to the 

destruction of the copper substrate [120]. If such substances need to be applied, 

corrosion inhibitors will be necessary in the formulation. Another significant aspect of 

disinfectant use is appropriate waste management and disposal to prevent any 

potential negative impact on the environment. As an example, Benzalkonium chloride 

is broadly used as both an industrial and a household disinfectant, however, its 

residues exhibit high toxicity for aquatic and terrestrial fauna [121]. Other materials 

are often included at low concentrations making the product more attractive or user-

friendly. As an example, pigments can be used to dye a family of disinfectants to the 

same tonality. If several disinfectants need to be carried at the same time, distinctive 

colours will reduce the possibility of selecting an inadequate chemical, while perfumes 

can be added to eliminate the persistent and undesirable scents common in industrial 

chemicals. 
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Table 2 Usual composition of cleaning products [122]. 

Component 
Concentration 
(w/w %) 

Examples of 
Compounds 

Disinfectant (active 
substance) 

0.1–10 
Benzalkonium chloride, 
Sodium hypochlorite 

Surfactant 0.1–10 
Benzenesulphonic acid, 
dodecyl-, sodium salt 

Base 0.1–25 
Sodium hydroxide, 
Potassium triphosphate 

Complexing agent 5.0–30 
Pentasodium 
triphosphate, EDTA 

Corrosion inhibitor 1.0–10 Disodium metasilicate 

Solvent 0.1–10 2-Propanol 

Perfume 0.002–1 Citrus oils, eucalyptus oil 

Pigment 0.01–2  

Acid 0.1–35 
Phosphoric acid, Citric 
acid 

Diluent 15.0–95 Water 

 

The active substances available to eliminate bacteria and other microorganisms are 

numerous, but these chemicals may be classified in four categories: hydrogen 

peroxide solutions, chlorine-releasing compounds, alcohols and aldehydes, and 

quaternary ammonium compounds [122,123]. These chemicals display high 

antimicrobial activity, however, their effectiveness may be compromised when used 

with bactericidal surfaces. When applied, a complete contact between the resident 

bacteria and the liquid must be ensured, and, at the same time, the chemical must 

not compromise  the antimicrobial surface. Once the liquid has dried, the structure of 

the substrate must not be damaged, as surface modification (i.e. oxidation) can have 

a negative impact. In the next paragraphs, these compounds will be analysed and its 

effects on some of the most important antimicrobial surfaces (see section 1.1.2) will 

be discussed, with special attention to their influence on copper. 
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The antimicrobial properties of most disinfectants are related to their ability to produce 

highly reactive or oxidative species (i.e. hydroxide radicals).  Hydrogen peroxide 

(H2O2) produces these species by reacting with O2
− superoxides through a reaction 

first described by Haber and Weiss [124,125]. The generation of such radicals confer 

H2O2 a high bactericidal effect against many microorganisms including E. coli 

[126,127], S. aureus [126-129], Bacillus atrophaeus [130], A. baumannii [131], C. 

difficile [131] and Streptococci [132]. This broad range of activity and lack of 

significant toxicity [123,133] over the environment has led to the frequent use of 

hydrogen peroxide as a micro biocidal agent. Dry mist-generated hydrogen peroxide 

disinfection systems (Figure 7) have been developed for hospital disinfection to 

disinfect for touch surfaces [130,131]. These release a controlled mist of H2O2, 

effectively disinfecting entire rooms. 

 

Figure 7 Halo disinfection system making use of dry mist-generated hydrogen 
peroxide technology [134]. 

Hydrogen peroxide weaknesses arise from its interaction with some antimicrobial 

surfaces, although reports in the literature are scarce. DeNardis et al. [135] reported 

high oxidation of copper when exposed to this chemical. After 5 min of contact, an 

Cu2O/Cu layer was formed at a copper surface, which developed new species 

(Cu(OH)2, CuO and Cu2O) as contact time increased. Pure copper is a potent 
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bactericidal material and, in contrast to oxides of other antimicrobial metals, oxidized 

copper species do not exhibit higher antimicrobial properties than the elemental form. 

In fact, Hans et al. [68] demonstrated that Cu2O and especially CuO increase the 

contact killing time when compared with pure copper. On the other extreme of the 

spectrum, hydrogen peroxide may have a synergistic effect with silver [136]. Although 

the work of Armon was focused on the use of silver ions to cleanse drinking and 

wastewater pipes, the synergistic effect can be explained due to the mechanism 

triggering the bactericidal properties of silver. The reactive radicals produced by silver 

oxides are the agents behind the elimination of pathogens [69]. The interaction 

between hydrogen peroxide and silver promote the oxidation of the metallic element, 

leading to a synergistic effect.  

The second category of disinfectants are the chlorine-releasing compounds. Similarly 

to hydrogen peroxide, chlorine compounds present a broad antimicrobial spectrum 

and generate low environmental toxicity, while, at the same time, these low cost 

substances are generally persistent in potable water, do not  stain and are non-

flammable [119]. A familiar example is sodium hypochlorite (NaClO), the main agent 

in commercial bleach. The drawback of chlorine-releasing compounds is that they are 

highly corrosive and oxidising [137]. As showed by Montes et al. [138] copper is easily 

corroded by these substances with impact upon its antimicrobial properties. Sodium 

hypochlorite does not form an oxide with silver (2Ag + 2NaOCl = 2AgCl + 2Na + O2), 

however, zinc oxide can be obtained through the following reaction: NaClO + Zn = 

ZnO + NaCl. As zinc oxide’s antibacterial properties are caused by the release of ions 

during oxidation [75], it may be of interest to investigate the influence of chlorine 

compounds in the contact killing properties of Zn-rich surfaces. The second weakness 

of chlorine-releasing compounds is related to the overuse of these chemicals over 

the years which leads to microbial resistance to chlorine. Biofilms formed by some 

strains of Legionella pneumophila have been reported to have acquired resistance to 

high concentrations of chlorine [139], leading to the interest in incorporating copper 

and silver ions in such chemicals [140,141]. 

An alcohol (e.g. ethanol) can be described as a chemical compound in which a 

saturated carbon atom is bound to a hydroxyl group (-OH). Their oxidation generates 

a formyl group (-COH) characteristic of aldehydes. In contrast to the disinfectant 
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previously discussed, alcohols and aldehydes are mostly used in hand disinfection 

[142]. Touch surfaces purpose is to eliminate pathogens deposited on them through 

the air or due to human contact. Alcohols and aldehydes role in disinfection is not 

focused on enhancing the properties of these surfaces. Their role is to eliminate or 

decrease the transmission of pathogens through human contact. For this purpose, 

hand disinfectants such as Sterillium Gel® [143] or ethanol-based rubs with silver 

[144] or zinc [145,146] are commercially available, and show sufficient activity to 

comply with the EU EPA protocol mentioned later in section 1.1.4 Antimicrobial 

standards for hard surfaces. The use of alcohol-based hand rubs is appealing due to 

their simplicity of application, but they present a major flaw. To effectively prevent the 

transmission of pathogens, hand rubs and disinfectants have to be used after each 

human interaction. Alcohol-based substances cause skin irritation if used frequently, 

and discomfort may compromise hand disinfection in health care workers, rendering 

their use as ineffective. Antimicrobial metals may represent a useful alternative in this 

respect;  the alcohol-free hand rub Xgel [147] has a copper-based formulation 

developed as a viable option to common alcohol based rubs. 

The last of the mentioned disinfection classes are the quaternary ammonium 

compounds. These are positively-charged polyatomic ions of the structure NR+4, R 

being an alkyl or aryl group. These chemicals can eliminate bacteria by perturbing 

their cytoplasmic and outer membrane, where present [148]. Their wide antimicrobial 

range includes bacteria such as E. coli [149,150], S. aureus [151-153], Streptococcus  

mutans, Bacillus subtilis, P. aeruginosa [153] and the fungal pathogen Candida 

albicans [151,153] have increased their use in disinfectants, surfactants and 

softeners [154]. Harrison et al. [155] analysed the influence of commercial 

disinfectants (Polycide, Stabron 909, isopropanol and Virox) formulated with different 

metal ions (Ag+,Cu2+, Al3+, SeO3 2-, Zn2+), demonstrating that copper ions suspended 

in these substances exhibited a synergistic effect, enhancing the antibacterial activity 

against P. aeruginosa over 100-fold. For pure copper surfaces, Hegazy et al. [156] 

discovered an increase in the corrosion resistance of the material after the application 

of quaternary ammonium compounds. As a result, these compounds can be used in 

low concentrations as corrosion inhibitors to protect copper-based materials. Caution 

must be taken, as high concentrations of ammonium-based chemicals heavily 

corrode copper [137]. 
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Thus far, the impact of disinfectants on some antimicrobial materials has been 

considered, disregarding the effect of human contact. Touch surfaces are frequently 

exposed to fingerprint residues and sweat. Thus, it is important to consider the impact 

of human interaction with antibacterial materials. The literature shows some early 

interest in the matter with the studies of Collins [157], and more recently by Bond 

[158]. Bond analysed the visual corrosion of several metallic surfaces (Aluminium, 

Brass, Copper, Gold, Magnesium, Silver, Steel, Zinc, etc.) by human contact. The 

study of copper, silver and zinc is of interest for the development of antimicrobial 

materials. Zinc and silver were not able to show defined fingerprints, while etched 

fingerprints on copper were perfectly discernible [158]. Although this study is 

interested in knowing the possibility of obtaining fingerprints for forensic analysis, 

these results indicate that antimicrobial copper is susceptible to oxidation as a result 

of human contact.  

The analysis of Collins [157] and Bond [158] involve short timeframes or single 

interactions between human hands and the analysed substrate. Long term analysis 

of antimicrobial surfaces is of great interest, but the literature is scarce [159-161]. A 

remarkable study was conducted by Fredj et al. [162] in which pure copper (C110), 

brass (C260), bronze (C510), a cupronickel alloy (C706) and a copper alloy of nickel-

silver (C752) prepared as batons were subjected to real human contact for two years. 

When analysed, only the cupronickel alloys and the nickel-silver alloys maintained 

their lustre, while the other alloys developed a dark tonality. This can be explained by 

the thickness of Cu2O developed after the experiment in all metals (50 nm for the 

nickel silver alloy and 230 nm for pure copper) [162]. The appearance of surfaces is 

important for the furnishing of hospital health-care facilities. Immaculate and 

unblemished metallic finishes give the appearance of a “clean” facility. Consequently, 

alloys which remain flawless for long periods of time are desirable. Although 

cupronickel alloys and nickel-silver alloys would be preferred over pure copper, 

however, nickel is the most common metallic allergen [55], which heavily restricts its 

use. 
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Figure 8 Hand baton (a) before and (b) after two years of discontinuous hand contact 
used in Fredj’s work [162]. 

The final consideration to undertake in this section is the effect of potential Hydrogen 

(pH) in antimicrobial surfaces. The complex chemistry of disinfectants include limited 

amounts of acids, bases and other compounds which influence the number of 

Hydrogen (H+) and Hydroxyl (OH-) radicals. The acidity or alkalinity of a solution plays 

a role in the corrosion of materials [163-165]. The impact of pH on copper surfaces is 

relatively low due to a protective layer of Cu2O created during the firsts stages of 

contact [165]. This protective layer increases the surface roughness of the material 

as shown by Daniels et al. [166]. Daniels subjected copper to solutions of various pH 

(6.5, 7, 8 and 9) for 24 h. Atomic Force Microscope (AFM) measurements showed 

the maximum increase in roughness of 0.5 µm at pH of 7, in contrast to the 0.26 µm 

at pH 6.5 and the 0.12 µm at pH 8. Taking into account that a layer of Cu2O can 

reduce the antibacterial properties of copper alloys, it may be of interest to use 

disinfectants with relatively high acidity or alkalinity. 

Silver is highly resistant to corrosion induced by acids and bases, being stable in 

contact with acids such as hydrochloric acid, acetic acid or phosphoric acid [164]. In 

contrast, silver is oxidised by organic or inorganic sulphuric and with some chloride 

species, influencing the surface finish of the material [164]. The reaction of silver with 

highly corrosive oxidising agents such as nitric acid may even lead to potential 

hazards. Nitric acid reacts with silver to release nitric oxide (NO), silver nitrate 

(AgNO3) and water. Nitric oxides are brown and flammable in the presence of other 

substances; its highly toxic fumes can cause nausea, dizziness, shortness of breath, 

convulsions and unconsciousness. 
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Zinc can be used as container to store mild detergent and organic chemicals, 

however, this element is soluble in strong acids (pH < 5) and bases (pH > 12.5) [163]. 

As zinc reacts with the alkaline or basic chemical, a sponge-like array of zinc oxide 

forms as it precipitates. Although with copper or silver, the oxides act as protective 

layer, preventing further corrosion, this is not the case for zinc, as the formation of 

this “sponge” further increases the oxidation rate of the material [163]. Additionally, 

this rate can be influenced due to the presence of impurities in the alloy. 

1.1.4 Antimicrobial standards for hard surfaces 

The number of standards available for the assessment of the antimicrobial properties 

of hard surfaces is limited. While the interest in developing antimicrobial protocols for 

bactericidal textiles has led to new standards [167-170], only three standards can be 

found for the evaluation of the antibacterial properties of hard surfaces (Table 3): 

Japanese JIS Z2801:2010 “Antibacterial products—Test for antibacterial activity and 

efficacy” [171], European ISO 22196:2011 “Measurement of antibacterial activity on 

plastics and other non-porous surfaces” [172] and American US EPA “Protocol for the 

Evaluation of Bactericidal Activity of Hard, Non-Porous Copper Containing Surface 

Products”  [173]. From these standards, only Japanese JIS Z2801:2010 and the 

American protocol are original, as the European standard is completely based on JIS 

Z2801:2010. Consequently, only two methods are available.  

Before analysing these protocols, it is useful to consider the pathogens tested, as well 

as the existence of a benchmark to consider a product as bactericidal. As it can be 

seen in Table 3, S. aureus, E. coli and P. aeruginosa are the bacteria recommended 

in the standards. In section 1.1.1. Why it is important to develop bactericidal surfaces? 

The importance of these bacteria in nosocomial infections was described. S. aureus 

can often colonise the upper part of the throat (nasopharynx) and skin. It is particularly 

relevant in infections arising from entry via in-dwelling medical devices and wounds, 

and methicillin-resistant S. aureus (MRSA) strains are of great concern [174]. E. coli 

is a very diverse species and many strains are harmless inhabitants of our intestines. 

However, several strains can cause infection. These pathotypes can cause intestinal 

diseases (both haemolytic and non-haemolytic diarrhoeas), and infections of the 

urinary tract, bloodstream and central nervous system [175]. Finally, P. aeruginosa 
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colonises the lungs of patients with congestive lung disorders like cystic fibrosis. This 

bacterium can also cause infections of wounds and burns and has intrinsic resistance 

to a range of antibiotics [176]. 

Table 3 Summary of antimicrobial testing standards. 

Standard Name 
Country of 
Application 

Pathogens 
Analysed 

Antibacterial 
Benchmark 

JIS Z2801:2010   
Antibacterial products—Test 
for antibacterial activity and 
efficacy. 

Japan 
S. aureus,     
E. coli 

No 

ISO 22196:2011 

Measurement of 
antibacterial activity on 
plastics and other non-
porous surfaces. 

Europe   
S. aureus,     
E. coli 

No 

US EPA 1 

Protocol for the Evaluation of 
Bactericidal Activity of Hard, 
Non-Porous Copper 
Containing Surface Products 

USA      
S. aureus,     
P. aeruginosa  

Yes 2 

1 This document is released as part of a consultation process in the development of the standard. 2 Considered as a sanitizer when 
more than 99.9% of the pathogens are eliminated. 

 

In JIS Z2801:2010 and ISO 22196:2011 a standardised inoculum of bacteria (6x105 

cells per millilitre) is applied on the antimicrobial test surface (40 mm x 40 mm) and 

on control surfaces without the bactericidal agent. After incubation for 24 h at 35 °C 

at high humidity (> 90 %), the inoculum is recovered, serially diluted in broth and 

cultured on agar. The number of survivors is obtained by counting the number of 

colonies that develop on the agar plates. Quality standards and reproducibility criteria 

are available. The assessment of the bactericidal properties is done through the 

antimicrobial activity defined by: 

 𝑅 = (𝑈𝑖 −  𝑈0) − (𝐴𝑖 − 𝑈0) = 𝑈𝑖 −  𝐴𝑖 (1) 

R; antimicrobial activity. 

Ui; average of logarithm numbers of viable bacteria immediately after inoculation on 

untreated test pieces. 
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U0; average of logarithm numbers of viable bacteria immediately after inoculation on 

untreated test pieces after 24 h. 

Ai; average of logarithm numbers of viable bacteria immediately after inoculation on 

antibacterial test pieces after 24 h. 

 

The protocol developed by the United States Environmental Protection Agency (US 

EPA) is relatively new, and it is being considered for adoption in a consultation 

process. The preparation of the inoculum and most of the methodology for the 

inoculation and recovery are similar to the Japanese standard. Nevertheless, three 

main differences can be found. Firstly, this protocol provides tests to assess the 

impact of biocidal cleaning liquids (i.e. Sodium hypochlorite, Hydrogen peroxide and 

Phosphoric acid) on the mechanical and chemical properties of the antibacterial 

surface. Secondly, it is stated that a material can be considered as a biocide if more 

than 99.9% of the pathogens are eliminated within 1 h. While JIS Z2801:2010 gives 

the framework for studying the antibacterial properties of a large number of materials, 

it does not provide a benchmark to consider those materials as bactericidal. Finally, 

the quantification of the antibacterial properties are not done using the concept of 

antimicrobial activity, but through the use of the reduction percentage: 

 % 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝑎 − 𝑏

𝑎
 𝑥 100 (2) 

a= geometric mean of the number of organisms surviving on the inoculated control 

carriers. 

b=geometric mean of the number of organisms surviving on the test carriers. 

 

The Japanese standard is of great use in the industry and it is used over a large 

variety of products, however, its practical application in research is limited. The large 

surfaces required in this standard (40 mm x 40 mm) may not be possible for research 

of samples with small dimensions such as BMGs. At the same time, the concept of 

antimicrobial activity is not preferred in antimicrobial research. For example, Chu et 

al. [177] used JIS Z2801:2010 to analyse the antimicrobial behaviour of Zr-Cu thin 
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films, but instead of applying the antimicrobial activity, preferred to calculate the 

antimicrobial rate as 
𝑁0−𝑁

𝑁0
 × 100% where N0 and N are the number of viable microbes 

on a control sample and on the antimicrobial surface, similarly to the percentage 

reduction previously defined (Equation 5). This simple equation is preferred in the 

antimicrobial field instead of the antimicrobial activity defined in the Japanese 

standard, and it is normally used to compare the bactericidal properties of several 

materials [113]. In this regard, the US EPA protocol is less limiting in size of the 

samples, density of the inoculum and mathematical apparatus, but the acceptance of 

JIS Z2801:2010 in the field has led to a reticence to using other methodologies. 

A limiting factor in both standards is the time of exposure to the antimicrobial surface. 

The Japanese standard requires 24 h of contact killing between sample and 

pathogen, which may not be able to prevent the transfer of bacteria in healthcare 

facilities. High-touch surfaces (i.e. bedrails or door plates) are touched continuously 

and transfer of cells can take place much earlier than 24 h. Some researchers have 

proposed 5 min as an optimum time to limit transmission [178]. This time was 

estimated to be the average for two people to touch the same surface, much lower 

than the 24 h used by the standards. This is of special relevance for metallic glass  

composites (MGCs) which exhibit a delay of 3 to 4 hours in their antimicrobial 

properties [13,179]. The result in these papers show that high bactericidal properties 

can be displayed much later than the optimum time. Consequently, an antibacterial 

surface validated by JIS Z2801:2010 or the American protocol may not be of 

relevance to prevent nosocomial infections. 

As a final remark, both standards encourage the inoculation of bacteria in a container 

with high humidity to prevent the drying of the inoculum. Touch surfaces present in 

health-care facilities are normally found in low humidity environments. It has been 

shown that dry and wet application has an influence in the antimicrobial properties of 

materials. There is interest in emulating dry, more authentic conditions, especially for 

copper-based materials [159-161]. In terms of new “dry” lab methodologies the 

literature is scarce. Most reviews know of this disparity and encourage the use of new 

in vitro tests [58,63,180]. In this regard, there are two methods described in the 

literature which can be considered as “dry” antimicrobial tests: aerosol inoculation of 

bacteria [180-183]  and the use of cotton swabs to apply a set amount of pathogens 
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[184]. Aerosol inoculation tries to simulate the deposition of bacteria due to coughing, 

sneezing and splashing. Ojeil et al. [183] investigated the influence of relative 

humidity (RH) and temperature when using several aerosol-inoculated (S. aureus) 

Cu-based substrates (37 °C, 100 % RH; 20 °C, 40-50 % RH and 20 °C, 100 % RH). 

Their results showed higher antimicrobial activities under the wet conditions (37 °C, 

100 % RH) favoured in the antimicrobial testing standards, and indicated that 

environmental conditions can influence the contact killing of bactericidal materials. 

Similar results were obtained by Robine et al. [180] for Enterococcus faecalis aerosol 

inoculations on copper for several RH. Consequently, the possibility of overestimating 

the antimicrobial properties of materials using wet conditions may be a concern. In 

regards to the cotton swab methodology, a set amount of bacteria is inoculated onto 

a sterile cotton swab and applied to the surface. After a few seconds (typically 5 s), 

the surface is dry, enabling the characterization of real dry conditions [184]. These 

analyses have revealed a higher density of copper ions in the exposed cell than in 

those exposed in wet conditions [58,184], which are not into agreement with the 

results showed in the aerosol inoculated samples. This disparity may be caused by 

the time required for the liquid to be evaporated. As stated previously, the drying time 

for a swab inoculated sample is around 5 s, however, aerosol inoculation  can require 

30-60 min to dry (depending on the RH) [183]. The long exposure of the surface to 

the aerosol may induce some degree of oxidation at the surface, hindering the 

diffusion of ions and reactive species. In summary, these two tests are interesting to 

use as comparison with the known standards, however, both present difficulties and 

drawbacks. Aerosol methods are difficult to standardize and replicate. The bacterium 

density, the nozzle size or the inoculation rate are a few of the parameters which 

complicate this technique, and require extensive expertise in the field to operate 

reliably. On the other hand, the dry technique described by Santos et al. [184] may 

induce damage in the cell membrane, destroying the cell’s structure [25,58,107,185], 

indicating a more intense scenario for the bacterium. 

It is certain that JIS Z2801:2010 and the US EPA protocol define methods to measure 

the antimicrobial performance of antimicrobial materials. Difficulties arise, however, 

when in vitro and in vivo conditions are compared. The size of the samples, time of 

contact killing and dry plating conditions are weaknesses which should be addressed 

by the research community. This is of special relevance as materials with high 
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antimicrobial properties shown in the laboratory fail once applied in Healthcare units 

[94], which has encouraged the authentic analysis of antimicrobial materials in real 

healthcare facilities [159-161]. Although the wet conditions imposed by the standards 

may be inadequate to analyse high-touch surfaces authentically, it has to be noticed 

that these standards may be of interest in screening bactericidal materials for pipeline 

systems for further testing in real conditions with tests like that developed by 

Cervantes et al. [186]. 

1.1.5 Metallic glasses with bactericidal properties 

Metallic glasses (MGs) are a relatively novel class of materials that display high wear 

resistance, corrosion resistance and mechanical properties of MGs (section 1.2). 

Some of these alloys con contain or be based on the previously discussed 

antimicrobial elements (i.e. copper or silver), promoting them as interesting 

candidates for the development of high-touch surfaces. However, the number of 

manuscripts exploring the antimicrobial properties of MGs is scarce. The available 

literature can be subdivided in two groups, those researching BMGs and those 

researching MG coatings. From the point of view of application to touch surfaces in 

healthcare facilities, coatings are preferred over BMGs. Bulk metallic glasses are 

heavily restricted by their maximum critical diameter, but rapid solidification is a quick 

method to obtain BMGs and BMGCs. This method can be used to select the best 

compositions and conditions that affect the antimicrobial properties of MGs, and as 

such, facilitate the development of effective biocidal coatings. In this section, the latest 

research in antibacterial MGs will be presented and discussed. 

As far as the author is concerned, the earliest paper assessing the antimicrobial 

properties of MGs was published in 2012 by Lin et al. [187]. In this manuscript, the 

antimicrobial properties of Fe-based, Ni-based and Cu-based (non-annealed and 

annealed) MGs were compared. The methods used by Lin et al. to assess the biocidal 

properties of the materials were the measurement of the turbidity of E. coli cultures 

grown in contact with the MG (Figure 9a) and the agar diffusion (inhibition zone) 

method (Figure 9b). For this last test, they dropped a sample in a crystal tube filled 

with inoculum. After a set amount of time, they measured the turbidity of the inoculum, 

obtaining the number of suspended bacteria. Their results concluded that differences 
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in the biocidal properties of these materials were less dependent on their composition, 

but rather on their non-crystalline structure and the lack of adhesion to the substrate 

[187]. Consequently, the rather low antimicrobial properties observed indicated that 

these MGs acted as growth inhibitors rather than biocides. These results are 

surprising as the previous commented literature suggested that alloy composition is 

the most important property that affects contact killing. A more detailed analysis of 

this paper reveals that the density of inoculum used in the experiments was much 

greater than that suggested in any of the available standards used today (OD600 ~ 1.2 

when compared to OD600 ≤ 0.3) [187]. The changes to the culture density necessary 

to indicate activity would require its significant clarification through cell lysis rather 

than a critical loss of viability that falls short of cellular destruction. Simply, many dead 

cells could still contribute to the turbidity of the suspension; hence this method is not 

adequately discriminatory and likely underestimates killing. At the same time, the 

dynamic immersion tests do not encourage direct contact between the bacteria and 

surface. As the bacteria move in the relatively large amount of medium present in the 

test tube, some bacteria can attach to the sample, while the majority will be moving 

in the liquid, far from the sample. The high incubation times of 8 h and the high 

inoculum density may lead to the formation of biofilms on the surface of the MGs, 

protecting the other pathogens. In all the tests, an iron nail was used as a control, 

revealing lower than expected antimicrobial properties of all the materials tested 

(Figure 9a and 9b). However, the iron in the nail must have undergone significant 

oxidation, releasing ROS which would account for the reported antibacterial 

properties. Consequently, the methodology used by Lin et al may not be the most 

appropriate to quantify the antimicrobial effect of MGs. On the other hand, this 

analysis shows the importance of using appropriate inoculum densities and controls. 
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Figure 9 Images showing the (a) changes in turbidity between six MGs and an iron 
nail and (b) inhibition zone measurements for the same materials [187]. 

Huang et al. [66] analysed the biocidal properties of Cu-containing Zr-based BMGs, 

comparing their contact killing with pure copper and Ti-6Al-4V.Their methodology 

involved a similar immersion in growing bacteria to that used by Lin et al. [187] as 

well as recovery of surface-inoculated bacteria directly from the material. The 

dynamic immersion essays showed that there was no difference between the MG and 

Ti-6Al-4V alloy, while copper was able to reduce the bacteria present in the inoculum 

by 1 order of magnitude [187]. As mentioned earlier, dynamic immersion tests to 

assess the biocidal properties of materials is not adequate for touch surfaces. The 

importance of this study is in the second method used. In this essay, Huang 

inoculated the metallic alloys with 1 μL of OD600 ~ 0.3 inoculum using a sterile loop. 

After 4 h, they recovered bacteria and cultured the recovered S. aureus cells on agar 

plates. This method is of great importance as it better simulates direct contact 

between bacteria and surfaces, and adequately discriminates between dead and 

living cells. This analysis showed that copper was able to eliminate all the deposited 

bacteria, while the Zr55Al10Ni5Cu30 and (Zr55Al10Ni5Cu30)99Y1 (at. %) BMGs eliminated 

one order of magnitude of bacteria more than the Ti alloy [187]. The relatively poor 

antimicrobial activity was explained by the limited number of Cu ions present in the 

BMG when compared to pure copper. As a result, the contact killing ability of the 

materials was dependent on the composition of the material, contrary to the results 

of Lin et al. [187]. 
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The possibility of coating cheap substrates with antimicrobial materials is appealing 

from a cost-effective point of view. As such, it is not surprising that, to date, most 

research on the antimicrobial activity of MGs has been performed on thin films. In this 

regard, magnetron sputtering has been the preferred technique to make amorphous 

alloys [188,189]. During magnetron sputtering, high purity targets are subjected to a 

controlled voltage and current, creating a plasma flow between the targets and the 

substrate. The target’s ions travel to the substrate’s surface, creating a thin layer of 

material whose composition can be adjusted. 

The number of biocidal metallic systems analysed to date is rather restricted. Most of 

these systems are Zr- or Ti-based alloys with a small addition of copper, silver or both 

(e.g. Zr53Cu30Ni9Al8 [177], Zr53Cu33Al9Ta5 [190] or Ti40Cu30Pd14Zr10 [191]). From all of 

the Cu-Zr-based alloys, CuZrAlAg [114,192] and similar alloys [193-195] seem to be 

the most extensively researched. However, the antimicrobial activity of other systems 

has been assessed [112,196]. The high bactericidal effect of pure copper has been 

discussed already, and it has been mentioned its ability to eliminate most bacteria 

after one hour [63,197,198]. For this reason, it is surprising that most of the previously 

described systems show copper contents of around 30 to 40 at. %. The research into 

Cu-based MGs is limited, and mostly focused on the Cu90Ti10 alloy [106,117,199]. 

Regardless of the exact composition, all the MGs coatings developed include one or 

several antimicrobial agents such as copper or silver. 

The evaluation of the antibacterial activity of materials can be achieved through 

several methodologies [200]. However, the available literature in MG thin films 

focuses on methodologies such as agar diffusion method, solution suspension, and 

plate count method. The diffusion method involves the placement of samples on an 

agar plate spread with bacteria. As the metallic ions diffuse in the agar plate, the 

bacteria surrounding the sample will be inhibited or killed. After incubation, the 

antimicrobial properties can be assessed by the radius of inhibition surrounding each 

sample [187]. The solution suspension method or dynamic immersion tests involve 

dropping a small coupon into a test tube with a bacteria culture. The antibacterial 

properties are, then, calculated by measuring the turbidity of the liquid after cultivation 

[187]. For the plate contact method, a small aliquot of inoculum is deposited on the 

sample. After a set amount of time, the bacteria is recovered, diluted serially and 
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cultured on agar plates. After cultivation, the plates will reveal the presence of small 

colonies of bacteria that can be counted, each considered as arising from a single 

viable cell. The antimicrobial activity can be quantified by the number of colonies 

generated, indicting the size of the surviving population at the time of sampling [177]. 

Other variations can be found in the literature (i.e. the cultivation of bacteria while in 

contact with the substrate [114]), but these three methodologies are the most 

employed. Besides these differences in core methodologies, the contact times differ 

between manuscripts. These time ranges can be extended from hours [106,191] to 

days [114]. Other differences can be found between manuscripts, authors tend to use 

different bacteria or even when using the same species, different strains may be used 

(e.g. K12 or W110 E. coli), while the optical density of the inoculum applied may vary 

between papers. These differences in methodologies complicate an exhaustive 

comparison of the available literature. However, some Ag- thin films exhibit 

antimicrobial activity comparable to that of pure silver [112], while copper-based MGs 

reveal lower bactericidal properties than pure copper [66]. 

As the antimicrobial properties of the aforementioned materials have been related in 

terms of the release of copper ions, the compact structure proper of MGs may limit 

the diffusion of metallic ions, thereby reducing their contact killing properties. In this 

regard, the presence of crystalline phases and grain boundaries in MGCs may 

provide a better basis to develop novel biocides as these inclusions may promote the 

diffusion of metal ions, effectively improving the contact killing. However, there is a 

gap in knowledge in the antimicrobial properties of MGCs. The influence of volume 

fraction and composition of crystalline phases in the antimicrobial properties of these 

materials is mostly unknown. Consequently, the development of new antimicrobial 

MGs must encompass the formation and analysis of MGCs. 
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1.2 Metallic glasses and their composites 

1.2.1 Description of metallic glasses 

Metallic glasses (MG) are a new kind of metallic alloys where the atoms exhibit short 

range order (Figure 10a), in contrast to the long range ordered structure present in 

crystalline materials (Figure 10b). This atomic structure can be achieved by rapid 

solidification, when the melted alloy is cooled down rapidly enough (cooling rates in 

the order of 106K/s) to prevent atomic diffusion and crystallization. 

 

Figure 10 Bright field TEM image of (a) a MGs [201] and (b) a crystalline material 

exhibiting typical interface between two crystalline phases [202]. 

The ability of a metallic alloy to form an amorphous structure, Glass Forming Ability 

(GFA), is dependent on many parameters such as the composition and thermal 

properties of the alloy. Consequently, slight variations of composition or the presence 

of impurities hinder the formation of amorphous structures. Nevertheless, the interest 

in these novel materials stems from their superior properties such as soft magnetism, 

high mechanical properties (Hardness, yield strength, fracture toughness, specific 

strength, resilience and low dampening), corrosion resistance, wear resistance, 

biocompatibility (i.e. CaMgZn and ZrTiCuFeAl systems) and aesthetics (i.e. for high-

end “life-style” products) [203-206]  

Before delving into the differences between MG and crystalline materials, it is 

necessary to consider the terms “noncrystalline”, “amorphous” and “glassy”. The first 
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term, “noncrystalline”, is generically used to describe a lack of crystallinity in a 

material. On the other hand, the distinction between “amorphous” and “glassy” 

materials is dependent on the processing of the material. A “glassy” alloy is a 

noncrystalline metal obtained by continuous cooling from the liquid state (i.e. rapid 

solidification). In contrast, an “amorphous” alloy is a noncrystalline metal obtained 

from any other method (i.e. solid-state processes). As both terms refer to 

noncrystalline material, this distinction is mostly non-existent and both terms are often 

used interchangeably. 

Contrary to MGs, common metallic alloys are either polycrystalline or monocrystalline 

(Figure 11). During the relatively slow cooling of a casted metal or alloy, the atoms 

diffuse and tend to rearrange into a lower energy state (crystal lattice) initially 

establishing small nuclei that grow to form crystalline grains. Metallic alloys generally 

exhibit a polycrystalline structure composed of multiple grains of different sizes, 

morphologies and even compositions. The interfaces between grains are called grain 

boundaries and are constituted by low atomic packed structures that are prone to 

crack formation (see red lines in Figure 11). Additionally, grain boundaries are 

preferential sites for precipitation and, therefore, for the formation of galvanic pairs 

and corrosion, thereby limiting the mechanical performance of metallic alloys 

[207,208]. 

 

Figure 11 Sketch showing the differences between atomic rearrangement between 
monocrystalline, polycrystalline and amorphous materials. 

Plastic deformation of a crystal is caused by the slipping of well-defined parallel 

crystalline planes when the critical resolved stress is reached (Schmid’s law) [209]. 
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This slip between crystalline planes is responsible for the formation of a defect in the 

long range structure known as a dislocation; these strongly influence the mechanical 

properties of crystalline materials. In polycrystalline materials, the random 

crystallographic orientations of neighbouring grains arrest the movement of 

dislocations, thus increasing their resistance to plastic flow. Consequently, a higher 

volume fraction of grains can enhance the mechanical properties of the alloy over 

those of a metallic alloy of the same overall chemical composition, as stated by the 

Hall-Petch equation [209,210]. These defects coupled with the presence of 

imperfections in the three-dimensional arrangement and spacing of crystals (i.e. 

vacancies, interstitials, dislocations plane misalignment), result in poorer mechanical 

performance than the theoretical limits. These drawbacks can be overcome by 

producing monocrystal structures rather than polycrystal materials. Monocrystalline 

materials consist of a single crystal, retaining the long range order proper of crystalline 

materials (lattice) while lacking grain boundaries (Figure 11). This structure is of 

special interest in preventing plastic flow of metals under stresses lower than the yield 

stress (creep or cold flow), or in decreasing resistance to electric flow. Consequently, 

monocrystalline components have been of special interest in jet turbines 

(monocrystalline turbine blades) [211] and solar panels (monocrystalline cells) [212]. 

In contrast to monocrystalline and polycrystalline materials, MGs have a frozen-in 

liquid structure characterized for being a dense and random aggregation of atoms 

(Figure 11). As the material cools down, the high density of the molten metal prevents 

atoms from diffusing [213]. As the temperature of the melt reaches a value lower than 

the glass transition temperature (Tg), the viscosity of the melt suddenly increases 

(from 10-3 Pa s to 1012 Pa s) and the atomic structure is frozen, thus inhibiting 

nucleation and crystallization [214,215]. Lower cooling rates are required to attain a 

fully glassy structure at room temperature if the atoms in the molten state are highly 

packed, since this hampers the atomic diffusion. This results in a dense, random, 

aggregation of atoms proper of MGs. Therefore, these materials do not present grain 

boundaries or structural imperfections, which can explain their interesting properties 

(Table 4).  
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Table 4 Advantages and drawbacks of MGs [203,216,217]. 

Advantages Drawbacks 

Elevated toughness Brittleness (catastrophic failure) 

High strength High cooling rates necessary for their formation 

Wear resistance Geometrical and size constrictions 

Corrosion resistance Costly elements necessary 

Damping 

Soft-magnetic 
properties 

Biocompatibility and 
Bactericidal effect 
(dependant on 
composition) 

Small fluctuations in composition cause drastic changes in 
properties 

Sensitive to oxygen impurities (Vacuum casting required) 

  

 

 

Due to the interesting mechanical properties displayed by MGs, intensive research 

has been conducted since their discovery. As an example, higher elastic limit can be 

observed in most amorphous materials when compared to crystalline alloys with the 

same main element (i.e. Fe-based MGs vs stainless steels), nearing the theoretical 

strength (Figure 12). However, these materials present some drawbacks that limit 

their implementation in industry (Table 4); namely: their brittleness, the necessity of 

high cooling rates, which limits the size and geometry of the samples, the costly 

elements used in the alloy systems, their sensitivity to compositional fluctuations and 

the requirement of vacuum casting to prevent the presence of oxygen and other 

impurities that decrease the GFA.  
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Figure 12 Elastic limit (σy) versus Young’s modulus (E) for several crystalline metallic 
alloys, composites and MGs [203]. 

During the last two decades, the study of amorphous glassy alloys has made possible 

the minimization of most of the listed disadvantages. One of the most important 

constraints limiting the use of MGs as structural materials, has been their brittleness. 

The deformation mechanism of MGs is the nucleation and propagation of shear bands 

(Figure 13). In the most brittle MGs, deformation occurs within a single shear band 

that propagates across the material, thus resulting in catastrophic failure (section 

1.2.4). The strategy to increase the ductility of these alloys is to increase the density 

of shear bands and to arrest or deflect their propagation [218]. This can be achieved 

by developing metallic glass composites (MGCs); i.e. by promoting the presence of 

crystalline phases embedded in the amorphous matrix. As the load applied to the 

material increases, the stress distribution around the particle increases in multiple 

directions, leading to the formation of multiple shear bands. At the same time, the 

propagation of shear bands is arrested or deflected when a particle is in their path, 

limiting the size of the shear band. Consequently, MGCs exhibit higher overall ductility 

than MGs, making possible their use as structural materials [203]. 
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Figure 13 SEM images showing the lateral surfaces of compression BMGs samples. 
Note the serrated-flow behaviour and fracture mechanism is caused by multi-step 
shearing due to energy dissipation through shear banding [219]. 

MGCs can be subdivided into two different categories, “in situ” and “ex situ”, 

depending on the processing. The “ex situ” MGCs are obtained by adding the 

particles externally in a post processing of an existing amorphous material. In this 

case, the MG is obtained by either mechanical alloying of powders or atomization of 

the MG and reinforcing particles, or by particle or fibre reinforcement of the MG by 

melt infiltration [220]. On the other hand, “in situ” MGC are obtained during the 

solidification of the melt or by a second treatment of the MG precursor [220]. “In situ” 

composites contain particles or dendrites that can be used to reinforce the amorphous 

matrix.  

As previously mentioned, a limiting factor of MGs use is the high cooling rates 

necessary to obtain the amorphous structure. The high instability of metastable liquid 

causes the rapid nucleation and crystallization of most metallic alloys. Vitrification of 

the melt, necessary to obtain amorphous metals, requires high cooling rates which 

can only be achieved in materials with small dimensions, such as ribbons or coatings, 

leading to the third disadvantage of MGs (geometrical and size constrictions) [217]. 

This limited the industrial use of MGs, further stimulating interest in finding new alloys 

with adequate Glass Forming Ability (GFA), reducing the cooling rate requirements, 

and enabling their fabrication in bulk shape (ϕ ≥ 1mm). In this regard, the discovery 
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of new Mg-, La- or Zr-based alloys with high GFA have facilitated the use of rapid 

solidification to obtain BMGs with critical diameters of a few centimetres [218]. First 

generation MGs were Au, Pt or Pd -based systems, resulting in serious limitations for 

their use (Table 4), however, the discovery of metallic alloys of the Fe-, Cu-, Zr-, Mg- 

or Ti- systems with high GFA makes their implementation more likely [218,221].  

Despite the great effort and discoveries of the last three decades, the main drawbacks 

in MG commercialization and its industrial implementation remain. Amorphous 

structures are highly dependent on compositional changes, oxygen, impurities and 

partial crystallization [218]. Oxygen impurities are a special concern as only 3000 

atomic parts per million can led to the complete crystallization of BMGs [222], causing 

changes in the crystallization kinetics and severe embrittlement of the alloy [223,224]. 

Nonetheless, companies specialised in the commercialization of MGs do, in fact, 

exist. The most prominent is Liquidmetal® Technologies, which specialises in 

injection moulding of the Vitreloy series of commercial MGs. Successful applications 

have been developed in the electrical (low-loss power distributor transformers) [225], 

military (Kinetic Energy Penetrators) [226], sport (golf clubs) [216] electronics 

(sensors) [227] or biomedical (implants and devices) [228] industries. 

1.2.2 Short history of metallic glasses 

The history of MGs is intrinsically related to the interest of developing advanced 

materials through non-equilibrium processes [215,229]. Today, numerous methods 

such as solid-state quench, mechanical alloying or Irradiation/ion implantation provide 

means to process materials in a non-equilibrium state. Nevertheless, the origin of 

amorphous materials is commonly attributed to the work of Duwez et al. 

[204,230,231]. During the mid-60s, Duwez and his colleagues were interested in 

obtaining a solid solution of Cu-Ag by rapid solidification of the melt. To achieve the 

high cooling rates necessary, they fired small drops of melt into a cooled copper 

surface using the rapid solidification process known as “gun technique” (Figure 14), 

where a shock wave propels a drop of molten alloy at sonic velocity onto a chill 

substrate to form thin (~ 1 μm) samples. This technique produced what it is widely 

accepted as the first amorphous metallic alloy, a 75 at. % Au and 25 at. % Si foil [232]. 

However, Duwez doubted the amorphicity of the material. The reticence of Duwez to 
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publish its early discoveries was evident in the carefully selected title “Non-crystalline 

structure in solidified gold–silicon alloys” and that Duwez’ students were cited as the 

main authors of the paper [233,234]. While Abrosimova and Aronin [235]  attribute 

the first amorphous alloys to the work of Miroshnichenko and Sally [236] and Ecker 

et al. [220] reference the work of Kramer [237], Drenner et al. [238] and Buckel et al. 

[239,240], Duwez et al. are considered as the pioneers in glassy alloys. 

 

Figure 14 Design of Duwez’s gun technique of splat quenching [241]. 

During the following decades, hundreds of papers delving in the mysteries of MGs 

have been developed. On one hand, some researchers devoted themselves to 

understanding the theory behind the non-equilibrium amorphous transformation 

[242]. On the other hand, the difficulty of finding a complete theory encompassing this 

transformation led to more experimentally-focused research, resulting in the 

development of new rapid solidification techniques and the discovery of new 

amorphous systems [204]. Even twenty years after Duwez’s discovery, the high 

cooling rates necessary to obtain amorphous samples, in the order of 106 K/s, 
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restricted the dimensions of the samples to small foils or ribbons of 20-50 μm in 

thickness [215]. This circumstance started to change with the discovery of new 

metallic systems such as the Pd-P-Ni system [243] and the multicomponent La-, Mg-

, Zr-, Pd-, Fe-, Cu-, and Ti-based alloys developed by Inoue et al. with critical cooling 

rate between 1-100 K/s [226]. The relatively low cooling rate required for  these alloys 

opened the possibility of obtaining bulk samples, BMGs, by simple quenching, 

increasing the critical diameter to values higher than 3 mm. From 1990 onwards, a 

second surge in MG research, which still continues today, took place. Due to this 

interest in MG development, the first commercial MG alloy, Vitreloy 1 

(Zr41Ti14Cu12Ni10Be22), was developed, opening the use of amorphous materials into 

a broader industry [225]. In the early 2000s, it was recognized that inclusions of 

crystalline phases in an amorphous matrix (MGCs) enabled the control of shear band 

formation and propagation, effectively reducing the brittle nature of glassy alloys 

[244].  

The purpose of this section was to introduce some of the most important milestones 

in the history of MG research. A comprehensive description of the history of MGs is 

out of the scope of this thesis; much more information can be found in complete texts 

dedicated to the subject [233] and review articles [218,245]. 

1.2.3 Glass forming ability 

Since the pioneering work of Turnbull [242], great interest has been placed in 

unravelling the mysteries surrounding good MG formers. The ability of an alloy to 

reach a complete amorphous structure (GFA), can be experimentally measured with 

relative ease by changing the dimensions of the sample. The GFA of BMGs is 

characterized by the critical cooling rate Rc or the maximum diameter for which the 

casted alloy is completely amorphous [246]. Variations in the sample diameter can 

impede the vitrification of the melt in the center of the rod, leading to the partial 

crystallization of the alloy. This effect can be seen in Figure 15, where a Cu-based 

alloys was casted using a wedge-shaped mould [247].Consequently, most of the GFA 

research is purely guided by experimental “phase diagrams and empirical rules” [248]. 

Great effort is being put into developing a complete theoretical and mathematical 

framework to generate new MGs, However, the complexity of the thermodynamics 
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and kinetics surrounding the amorphous state of glassy alloys has complicated the 

theoretical analysis of these materials. Even today, there is not a complete 

understanding of the variables which determine their GFA.  

 

Figure 15 Section of a Cu-based alloy casted in a wedge-shaped mould [247]. The 
increase in cross section lowered the cooling rate in the centre of the sample, causing 
the crystallization of the melt from completely crystalline (blue oval) to higher volume 
fractions (i.e. section A 10 % and section B 31 %). 

As dictated by the homogeneous crystal nucleation theory, nucleation is highly 

dependent on the diffusivity, and thus, the viscosity of the supercooled melt [213]. 

Crystallization is thermodynamically possible when the melted alloy reaches a 

temperature below the liquidus temperature (TL). In contrast, vitrification of the melt, 

primordial for MGs, takes place for lower temperatures than the glass transition 

temperature (Tg where TL> Tg). Once the cooling of the melt reaches the Tg, the atomic 

movement of the elements halts, hindering the nucleation and growth of crystals. 

Therefore, glass formation is a struggle between the liquid stability and the formation 

of crystalline solid phases. Consequently, the formation of a MG alloy would be 

enhanced in alloys displaying high undercooled density and higher reduced glass 

temperature (Trg=Tg/TL), common in eutectic compositions [231]. To understand the 

importance of eutectics in MG formation, let us consider the role of the liquidus 

temperature in the stabilization of crystalline phases. The possibility of nucleation in 

a melted alloy is increased as the difference between the liquidus temperature and 
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the glass transition temperature increases. For this reason, a fast transition between 

liquidus to solidus would be of interest to obtain an amorphous structure. This can be 

achieved by eliminating the liquidus+solid phase commonly seen in phase diagrams. 

These points are known as eutectics and are determined by the composition of the 

alloy. The cooling of a melted alloy through an eutectic ensures a quick transition of 

phases (liquidus to solidus), which is highly desirable for MGs. Consequently, the 

development of MGs using eutectics has been a thriving point in MG research. 

It is commonly accepted that high values of Tg indicate great resistance to 

crystallization, while high values of the liquidus temperature points to an increased 

instability of the liquid [249]. Taking this into account, it is of no surprise that one of 

the first indicators of glass formation is the reduced glass transition temperature (Trg). 

In his famous paper, Turnbull showed that crystal nucleation is lowered by higher 

values of the reduced glass transition temperature (Trg), being immeasurably small 

for Trg ~ 2/3 (Turnbull’s criterion) [242]. The reduced glass transition temperature and 

Turnbull’s criterion have been  invaluable tools during the development of MGs, 

however, this criterion is not applicable to all glass forming alloys [246,250], and other 

criteria had been developed by including the offset crystallization temperature (Tx) 

and the temperature of the first crystallization peak (Tp). 

The utmost importance of the liquidus, glass transition and crystallization 

temperatures has been shown by the different number of Glass Stability criteria 

developed since Turnbull’s first steps. Some of them like the reduced glass transition 

temperature, the thermal stability range or Hruby’s [251] criterion had been known 

and used since forty years ago, while others like Lu and Liu’s γ parameter [252] are 

relatively new (Table 5). These parameters are of great importance in the field as 

indicators of possible directions in which better glass forming alloys can be obtained. 

GFA of MGs is affected by numerous parameters (section 1.2.1), and 

oversimplification by simple, although reasonable, thermodynamic parameters may 

be insufficient. The literature contains several works in which numerous parameters 

are compared, revealing that not all metallic systems can be correlated with a single 

parameter [253-255], showing that empirical parameters based on the liquidus, glass 

transition and crystallization temperatures are not enough to describe the GFA of 

amorphous materials. This has been recognized and attempts to include other 
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parameters (i.e. entropy of fusion, and kinetic fragility) had led to more reliable 

empirical criterions [256,257]. 

Table 5 Some of the most common and accepted GFA criteria.  

Criterion Formula Reference 

Reduced Glass 
Transition 
Temperature 

𝑇𝑟𝑔 =
𝑇𝑔

𝑇𝐿

 [242] 

Thermal Stability 
Range 

𝛥𝑇 = 𝑇𝑥 − 𝑇𝑔 [258] 

Hruby’s criterion 𝐻𝑅 =
𝑇𝑐 − 𝑇𝑔

𝑇𝐿 − 𝑇𝑐

 [251] 

Weighted Thermal 
Stability Range 

𝐻′ =
𝑇𝑥 − 𝑇𝑔

𝑇𝑔

 [259] 

Saad and Poulain 
parameter 

𝑆 = (𝑇𝑐 − 𝑇𝑥)
𝑇𝑥 − 𝑇𝑔

𝑇𝑔

 [259] 

Donald and Davie’s 
parameter 

𝛥𝑇∗ =
𝑇𝐿

𝑚𝑖𝑥 − 𝑇𝐿

𝑇𝐿
𝑚𝑖𝑥

, 𝑤ℎ𝑒𝑟𝑒 𝑇𝐿
𝑚𝑖𝑥 = ∑ 𝑛𝑖𝑇𝐿

𝑖

𝑛

𝑖

 [260] 

Lu and Liu γ 
parameter 

𝛾 =
𝑇𝑥

𝑇𝑔 − 𝑇𝐿

 [252] 

 

Historically, it is well known that MG formation is highly dependent on the alloy-

chemical factors: heat of formation, valence electron concentration and atomic size 

ratio [261]. It is commonly accepted that low values of Gibb’s free energy (ΔG=ΔH-

TΔS) promote MG formation [257]. The heat of formation has been an effective 

pointer of possible glass-forming alloys, as negative heat of formation or slightly 

positive heat of formation ensures that the constituent elements will mix completely 

in the liquid state [261]. Thus, negative heats of mixing raises the energy barrier 

between the liquid-solid interface reducing the diffusion of atoms upon cooling [225]. 

Nevertheless, it is the importance of the atomic ratio between the constituents and 

the electronic interaction in the alloy, which has led to the development of better glass-

forming indicators.  
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The presence of atoms with different sizes is well known to lead to higher random 

atomic packing densities. Mismatched atoms can decrease the size of interatomic 

voids (i.e., free volume) present in the amorphous state [262]. Experimental data 

regarding the minimum solute concentration to form a glass was correlated with the 

volume mismatch of binary alloys (
𝛥𝜈

𝜈𝐴
) proposed by Egami and Waseda [261]. This 

led to the appearance of what will be called the λ parameter and the condition for 

crystal instability, from which the minimum solute concentration to form a glass can 

be calculated [261]: 

 |𝜆0| = 𝐶𝐵
𝑚𝑖𝑛 |

𝛥𝜈

𝜈𝐴
| = 𝐶𝐵

𝑚𝑖𝑛 |(
𝑟𝐵

𝑟𝐴
)

3

− 1| ≃ 0.1 (3) 

where 𝐶𝑖
𝑚𝑖𝑛, νi and ri  are the minimum solute concentration to form a glass, the atomic 

volume and the atomic radii of element i, respectively, where A is the matrix or host 

element and B the solute. This expression is nothing more than a criterion for 

structural instability for Dense Random Packed (DRP) structures as showed by the 

mathematical analysis of Egami [263]. In this paper, the same expression was 

reached using geometrical constrictions in the coordination number (NC) and 

considering the solid-state amorphization as a melting phenomenon. Using 

expression and available data on glass forming alloys, Senkov and Miracle developed 

a topographic criterion for MG formation [262,264]. These authors noticed an 

interesting correlation between the shape of the concentration vs radii plot of the 

constituent elements. High glass-forming alloys were found to have single-peak 

distributions with concave downward shape (Figure 16), which could be used as a 

complementary indicator of GFA.  
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Figure 16 Concentration vs radii plot of the constituent elements with concave 
downward shape [262]. 

Turning now to the electronic parameters of the MG constituents and the ability of the 

alloy to form MGs, solid solutions and stoichiometric compounds are prone to 

formation if the constituent elements have low differences in electronegativity [265]. 

Consequently, the electronic state of the elements may be an indicator of the GFA 

[266]. This premise coupled with the work of Egami and Waseda was explored by 

Olive et al in several works, which showed promising results [267-269]. However, the 

use of electronegativity to search for good glass formers is relatively new, and more 

research is required. 

As can be seen from the GFA criteria discussed, the quantity of parameters affecting 

the glassy state of metallic alloys is too numerous to use a simple equation to predict 

the formation of amorphous structures upon cooling. In order to simplify the finding of 

new glass-forming alloys, different principles such as the “confusion principle” (i.e. the 

existence of multiple possible phases with similar energy competing during 

crystallization that hamper each other), defined by Greer [270], were proposed. Some 

years later, Inoue expanded this idea and proposed three empirical rules to predict 

high glass-forming alloys [254]: 
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 Elements composing the metallic alloy must have an atomic difference greater 

than 12%. 

 The mixing enthalpy of the atoms involved in the amorphous phase should 

have a negative mixing enthalpy. 

 The amorphous state is favoured by the presence of multiple elements, 

leading to the "confusion state" of the alloy. 

Multiple authors realised the importance of the atomic size, mixing enthalpy and 

number of constituents in the melt. However, Inoue quantified the importance of these 

parameters in the existing MG formers through “three rules of thumb” [254], clarifying 

routes by which high GFA alloys could be obtained. These rules, similar to the 

indicators selected by other authors [248], serve as general indicators to predict 

higher glass formers. However, exceptions have been found over the years by 

different authors [252,271,272].  

1.2.4 Mechanical behaviour of MGs and MGCs 

The mechanical properties of MGs are greatly influenced by changes in the atomic 

bonding of neighbouring atoms. It should be noted that the atomic bonding in MGs is 

weaker than in their crystalline counterparts (seen in the smaller Young modulus of 

MGs). The rearrangement of atoms in MGs under stress leads to the nucleation and 

formation of shear bands, releasing the stress energy. Although the correlation 

between atomic motion and shear band formation is not completely understood, the 

free volume theory initiated by Cohen and Turnbull [273] is commonly used to explain 

MG deformation. The main argument in this theory is evident; only when enough 

space is created can an atomic jump occur (Figure 17a), i.e., shear formation requires 

the presence of “free volume”. This idea was further developed by Spaepen [274], 

who analysed the competition between structural relaxation and free volume 

formation. However, simulations have shown that the formation of free volume is a 

more collective process (Figure 17b) [275]. As a result, the formation of free volume 

is more similar to the theory proposed by Argon where a local cluster of ~ 100 atoms 

undergoes an inelastic shear distortion referred as a “flow defect” or Shear 

Transformation Zone (STZ) [276,277].  
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Figure 17 Deformation models for MGs (a) Spaepen and (b) Argon [278]. 

The plastic deformation in MGs is caused by the accumulation of shear band and free 

volume redistribution. At room temperatures, this process takes place as an 

inhomogeneous flow due to localization in a small number of shear bands, thus 

resulting in their brittle behaviour. For stresses lower than the yield strength, the 

deformation energy can be stored elastically. As the stress increases, the flow of 

localized regions occurs, causing strain softening and an increase in the plastic flow 

[279]. Finally, the stress is relaxed when the deformation energy has been lowered 

under a threshold value. If the first shear banding arrests, further deformation is 

accommodated by new shear bands, causing a common “serrated” appearance of 

the profile in the load vs deformation plots [279,280]. However, MGs fail 

catastrophically due to the initiation and propagation of a single shear band [244]. 

Consequently, multiplication of shear bands and shear band arrest are of utmost 

importance for any MG’s development. Nevertheless, shear band localization is not 

completely understood. The adiabatic nature of shear banding has led to the 

possibility of shear localization due to an increase in temperature during shear 

formation. Experimental measurements have shown that shear formation causes a 

localized increase in temperature [281], although, the role of this phenomenon in 

shear localization is still debatable [279]. 
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MGs loaded in uniaxial conditions fail catastrophically due to the formation of a few 

dominant shear bands [244,282]. The formation of few shear bands causes a limited 

plastic deformation until failure (Figure 18c). Consequently, a strategy to enhance the 

plastic deformation in MGs, and thus, its ductility, implies the increase of shear band 

density. While some MG systems have shown higher ductility due to shear band 

branching [283,284], higher ductility has been obtained by shear band confinement 

in MG composites [244]. In MGCs, the crystalline phases embedded into the 

amorphous matrix can arrest and deflect the propagation of formed shear bands 

(Figure 18a and 18b). The presence of hard particles in the path of propagating shear 

bands causes an increases in the energy necessary to develop the existed shear 

bands. Due to the limited growth imposed, further softening, free volume redistribution 

and shear band nucleation is increased. As a result, the MG deforms through highly 

organised and distributed shear bands which can be controlled by the volume fraction 

of crystalline phases [244]. However, special care should be taken, as volume 

fractions higher than the percolation threshold will led to the embrittlement of the 

BMGCs [254,285,286], and work hardening of the embedded particles may not be 

enough to compensate for the lower mechanical properties of some intermetallics 

[287]. 
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Figure 18 Tensile test numerical simulation showing the increase in ductility caused 
by crystalline inclusions in BMGs (a and b) in contrast to the (c) brittle behaviour 
inherent to BMG. Lower panels display the shear band formation for a BMGC (a) vf = 
43 % εxx = 1.5 %, (b) vf = 43 % εxx = 6.5 % and BMG (c) εxx = 1.5 % [288]. 

1.2.5 Wear performance of metallic glasses 

Touch surfaces are subjected to continuous friction. Healthcare professionals, 

patients and visitors touch, scratch and stain these materials. Thus, it is important to 

know the behaviour of metallic surfaces under these conditions. Wear, or the removal 

of material due to the contact between two surfaces is a complex phenomenon. The 

different mechanisms responsible for such phenomena do not have to be caused only 

by mechanical interaction. The realization of this fact can be seen in the change of 

texts dedicated to tribology through the years. As an example, older manuscripts 

focused on the origin of friction, the equations governing the contact between solids 

and mechanical wear [289], while the role of oxidation and corrosion was analysed 

later [290]. Modern texts account for all these mechanisms and a few more, in six 

categories: abrasive, adhesive, fatigue, erosion, chemical and electric-arc induced 
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wear [291,292]. Of these, only the abrasive, adhesive and fatigue wear are directly 

associated with wear in MGs, while oxidation (chemical wear in an oxygen rich 

atmosphere) is related to the increase of temperature caused by continuous friction. 

The smeared oxides can reduce the wear of MGs, acting as a protective layer [293]. 

Erosion and arc-induced wear are not applicable to metallic surfaces designed as 

touch surfaces, and, as such, are not considered in this thesis. Although other 

mechanisms like fretting can be found in the literature, they are mostly a combination 

of the six aforementioned mechanisms [292]. The high number of mechanisms and 

the interaction between them complicates the analysis of metallic surfaces. Maps 

depicting the most prominent mechanism of wear and its dependence on the normal 

load and sliding velocity have been developed for several steels and other metals 

[294]. However, it is normal to find all these mechanisms acting at the same time 

(Figure 19). 

 

Figure 19 CuZrAl bulk sample subjected to a scratch test showing the three common 
mechanisms of abrasive, adhesive and fatigue wear. 
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Abrasive wear takes place when hard asperities or particles slide on a softer material, 

damaging the interface by fracture or plastic deformation. As these asperities or 

particles remove material, cutting, fracturing, ploughing or grain pull out can take 

place. If the wear between surfaces is caused by the interaction between asperities, 

the abrasive wear is called two-body mode, while, if the wear is caused by the 

detachment of abrasive particles it would be referred as three-body mode. This 

mechanism is complex and depends on the properties of the two materials (i.e. 

hardness), the contact parameters (i.e. load, sliding speed) and the morphology of 

the asperities and particles (i.e. asperity angle or size) [291]. Despite it’s complexity, 

abrasive wear can be easily discerned by the characteristic long and thin grooves left 

in the worn surface (Figure 19). 

Adhesive wear is caused by the detachment of material due to the contact between 

asperities. The real area of contact between two bodies is much lower than the 

apparent macroscopic surface. When two bodies come together, the asperities 

intrinsic to any untreated material will touch. As the distance between the two bodies 

diminishes, the asperities deform, first elastically, and finally plastically. The 

deformation of these materials ends once the number of asperities in contact equals 

a real area capable of sustaining the normal load. Consequently, there is a high stress 

applied to the microscopic asperities. These stresses can cause a strong adhesion 

between asperities, leading to the detachment and fragmentation of particles due to 

plastic shearing of successive layers [292]. This interaction results in the presence of 

transferred material smeared onto the surfaces and the existence of holes into the 

weaker material (Figure 19).  

The sliding of two bodies causes the shifting and deformation of the material beneath 

the surface. The Hertzian theory of non-adhesive elastic contact shows that the 

maximum shear stress and, as such, the Von Mises stress take place beneath the 

two surfaces in contact [295] (Figure 20). The accumulation of high stresses and 

deformations over time, can lead to crack formation under the surface of the material. 

Continuous sliding causes the growth of these cracks and, once the crack reaches 

the surface, the sliding forces remove the affected material. As such, the surface 

reveals delamination and chipping, easily discernible in the wear track (Figure 19).  
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Figure 20 Stress components as a function of the maximum stress (q0) and the ratio 
between the contact depth (z) and the radius of the circle of contact (b) [296]. 

These wear mechanisms are commonly observed during the tribological analysis of 

MGs and MGCs. As mentioned in section 1.2.1 the hardness, fracture toughness and 

high strength proper of MGs indicate that good tribological properties can be 

expected. Authors such as Greer et al. [297], Fleury et al. [298] and Yokoyama et al. 

[299] revealed that MGs can show lower wear rates than crystalline materials. 

Nevertheless, experimental investigation of Vitreloy by Fu et al. [300] (dry conditions) 

and by Blau [301] and Bakkal [302] (lubricated conditions) has demonstrated that 

some amorphous alloys can show coefficients of friction (COF) and wear rate values 

similar or worse than those of common 52100 steel. These results have led to a more 

detailed investigation of the parameters that affect the tribological behaviour of MGs. 

The role of load [303], sliding speed [303-305], counterpart material [306], sliding 

distance [303] and roughness [307] in several MGs compositions has been studied. 

Most of the cited analysis reveal that wear in MGs start as abrasive wear, while higher 

loads and sliding speeds increase the influence of adhesive and fatigue wear. 

However, differences in composition and testing methods have been reported to 

cause differences in the wear rates of MGs [298], while the continuous friction 

between the MGs and counterpart materials have shown to cause oxidation and 

nanocrystallization [300,303,308], making an accurate description and comparison 

difficult. Consequently, it can be said that MGs can exhibit higher wear resistance 

than their crystalline counterparts, but it is hard to account for the influence of all the 

parameters affecting the tribological properties of these materials. As such, more in 

depth analysis is necessary. 
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From all the parameters mentioned, the contact temperature is one of the most 

important during the assessment of MG wear resistance. Part of the energy created 

in the interaction of two bodies during sliding is transformed into heat. The heat flux 

created is redirected into the two materials and, depending on the resulting 

temperatures, nanocrystallization, crystal growth or even viscous flow can be caused. 

In pin-on-disc configurations, this value may be high enough to affect the structure of 

the samples. While the average contact temperature would not be high enough to 

change the wear rate, localized increases of temperature of small duration can take 

place due to the high stresses and deformations in a few asperities. As a result, this 

flash temperature may influence the tribological properties of sliding bodies. This is 

suggested by the work of Rahaman et al. [309,310], Kong et al. [311] and Wu et al. 

[312] who have tried to correlate the tribological properties of MGs with the contact 

temperature of two sliding bodies. These analyses revealed the presence of 

nanocrystals or viscous flow possible only if the temperature has risen over the Tg of 

the MG. 

Similarly, analysis of a Cu-Zr-Al-Ni system indicates that pin-on-disc configurations 

can lead to structural changes in the contact surfaces [293]. Figure 21 shows how the 

microstructure of a Cu-Zr-Al-Ni BMGCs has been affected due to increases in load 

and microalloying. In the low load modes (Figures 21a and 21c), the volume fraction 

is relatively low, but increases with the applied load by the recrystallization of the 

material (Figure 21b) and the appearance of large oxides in the samples (Figure 21d). 

These structural changes are related to the contact temperature rise, which can be 

estimated assuming a stationary pin (material 2) and a moving flat steel disk (material 

1) using the following equation [312]:  

 
ΔTmax =  

1.32bµpV

√π(K1√1.2344 + Pe1 + K2√1.2344 + Pe2)

  
(4) 

where b, µ, p, V, K and Pe are the contact radius, friction coefficient, normal pressure, 

sliding velocity, thermal conductivity and the Peclet number (𝑃𝑒 =
𝑉𝑏𝜌𝐶

2𝐾
) respectively, 

while some of these parameters depend on the elastic constants (E and ν), the 

density (ρ), the thermal conductivity (K) and the specific heat (C). This localized 
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increase in temperature can be near or greater than the glass transition temperature 

of the alloy [293], leading to the oxidation and structural changes shown in (Figure 

21b). These changes harden the analysis of touch surfaces, suggesting that pin-on-

disc configurations may not be the best method to analyse the wear performance of 

high-touch surfaces. 

 

Figure 21 Image depicting the structural changes in a Cu-Zr-Al-Ni alloy due to the 
sliding contact of a pin-on-disc configuration as composition and load increased [293]. 

In contrast to pin on disc, the assessment of tribological properties can be made using 

other configurations such as the scratch test. During the scratching process, a stylus 

sinks in to the material and then, as it slides, the material is pushed aside and collects 

at the edge of the track to form the pile up, rather like the bow wave in a moving boat. 

The material is plastically deformed and moved to the edge of the track by plastic 

flow. This does not necessarily lead to wear as material is displaced from the centre 

to the edge of the track but the pile-up is irregular and depends on the local flow 

conditions and material microstructure. It is this that creates the apparent particles of 
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material displaced from the groove. If wear occurs it will be in the regions at the edge 

of the groove where the material flow has resulted in material that exceeds the plastic 

strain limit for the material. Consequently, it is of great interest to analyse the ratio 

between the cross-section area of the groove and the pile-up [13,179,313] (Figure 

22). 

 

Figure 22 Scratch test profile showing the total pile-up area (red) and the groove 
cross section area (green). 

Besides the groove to pile-up area ratio, the standard test method ASTM G171-03 

[314] can be used to quantify the hardness of the tested material regardless of its 

nature; it has been used with metals [315], polymers [316], ceramics [317], 

composites [318] and coatings [319]. The scratch hardness number can be calculated 

from the scratch width using the following equation: 

 𝐻𝑠 = 𝑞
4 ∗ 𝑃

𝜋 ∗ 𝑤2
 (5) 

where HS [Pa], P [N] and w [m] refer to scratch hardness, normal load and scratch 

width respectively and q is a constant dependent on the materials mechanical 

response and how it supports the indenter (q ~ 2 for rigid plastic behaviour and 1 < q 

< 2 for viscoelastic plastic materials) [320]. Due to the nature of MGs, the material 
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behaviour in that equation has been approximated as a rigid plastic, which is 

consistent with the available literature in MGCs [318]. 

Before finishing this section, it should be noted that pin-on-disc and scratch tests are 

direct measurements of wear resistance. In contrast to these methods, the correlation 

between hardness (H) and reduced Young’s modulus (H/Er), where Er=E/(1-ν2), of a 

material can be used as an indirect measurement of wear resistance [321]. At the 

same time, the yield pressure between a rigid ball and a plate is equal to 

P=0.78r2(H3/Er
2), where r is the contacting sphere radius [321]. This correlation 

indicates that the contact pressure is highly dependent on the mechanical properties 

of the tested material. Thus, (H3/Er
2) can be an indirect indicator of the wear resistance 

[322]. The hardness and reduced Young’s modulus of a material can be easily 

obtained during nanoindentation. As a result, these two correlations H/Er and H3/Er
2 

are of special interest to estimate the tribological properties of nanomaterials (i.e. thin 

film coatings). 

1.2.6 Cu-Zr-Al system and Cu-based BMG 

In the previous sections, the importance of different MG formers has been 

overviewed. Late transition metal-based BMGs, and more specifically, the Cu-Zr 

glassy alloy are of great interest due to their high GFA. This system has been known 

as a potential amorphous alloy since the early 1980s due to it’s relative high glass-

forming ability near the deep eutectic [323,324] (Figure 23). Further investigation of 

alloying in the Cu-Zr system led to what is considered as the first Cu-based BMG 

(Cu60Zr30Ti10) [325]. The impressive mechanical behaviour (σmax ~ 2000 MPa) and the 

possibility of obtaining bulk samples (ϕcrit=4mm) increased the interest in the Cu-Zr-

Ti system [325]. Nonetheless, the brittle mode of failure common to glassy alloys is 

showed in this system, limiting its potential uses.   
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Figure 23 Cu-Zr phase diagram [326]. 

The Cu-Zr-Al ternary system was reported to be a better glass former than the 

previously studied Cu-Zr-Ti, Cu-Hf-Ti, Cu-Zr-Hf-Ti, Cu-Zr-Ti-Y and Cu-Zr-Ti-Be 

systems [325,327]. The high GFA was explained by considering the presence of deep 

eutectics and the compliance with the three previously mentioned empirical 

component rules: multicomponent alloy, negative heat of mixing and large atomic size 

differences among constituent elements (Table 6). Years later, Eckert et al. [328] 

developed alloys corresponding to the Cu-Zr-Al system with increased ductility (up to 

18% strain to failure) that was attributed to the increase of shear banding nucleation 

and propagation upon deformation. Their relatively low cost, high fracture strength, 

high GFA and their proposed “ductility” makes these alloys great candidates for use 

as structural materials [329,330]. 
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Table 6 Atomic radii (nm) and enthalpy of mixing (𝜟𝑯𝑨𝑩
𝒎𝒊𝒙) for the elements discussed 

[331]. 

Atomic 
number 

Element 
Atomic 

radii 
(nm) 

Enthalpy of mixing (KJ/mol) 

Be Al Ti Ni Cu Y Zr Nb Mo Ag Hf Ta 

4 Be 0.113 
 

0 -30 -4 0 -32 -43 -25 -7 6 -37 -24 

13 Al 0.143 0 
 

-30 -22 -1 -38 -44 -18 -5 -4 -39 -19 

22 Ti 0.147 -30 -30 
 

-35 -9 15 0 2 -4 -2 0 1 

28 Ni 0.125 -4 -22 -35 
 

4 -31 -49 -30 -7 15 -42 -29 

29 Cu 0.128 0 -1 -9 4 
 

-22 -23 3 19 15 -42 -29 

39 Y 0.182 -32 -38 15 -31 -22 
 

9 30 24 -29 11 27 

40 Zr 0.162 -43 -44 0 -49 -23 9 
 

4 -6 -20 0 3 

41 Nb 0.143 -25 -18 2 -30 3 30 4 
 

-6 16 4 0 

42 Mo 0.136 -7 -5 -4 -7 19 24 -6 -6 
 

37 -4 -5 

47 Ag 0.144 6 -4 -2 15 15 -29 -20 16 37 
 

-13 15 

72 Hf 0.16 -37 -39 0 -42 -42 11 0 4 -4 -13 
 

3 

73 Ta 0.143 -24 -19 1 -29 -29 27 3 0 -5 15 3 
 

 

Since its discovery, additional investigation in the Cu-Zr-Al system has led to more 

phenomena which increase the appeal of this family of alloys. Firstly, the high GFA 

can be further increased with minor Y, Nb, Sn, Mo and Ag additions [332-334], while 

proper alloying can enhance specific properties like corrosion resistance [335]. The 

possibility of tuning the mechanical properties of this system suggests great 

versatility, vastly increasing the possible applications in the industry. 

In order to further increase the ductility of BMGs and BMGs composites, numerous 

authors have tried to use the traditional existing theories in crystalline materials. Along 

with the dislocation/shear band arrest, the stress-induced martensitic effect observed 

in shape memory alloys can be used. Shape memory alloys exhibit the ability to 

recover some degree of plastic deformation [336]. This phenomenon is based on the 

microstructural change triggered by the increase of stress during loading. In SMAs, 

austenite transforms into martensite upon stress. Considering that martensite is 

harder than austenite, the SMA work-hardens, thus increasing the ductility of the 

alloy. This deformation can be recovered when the martensite transforms into 
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austenite upon heating [336]. The practical applications of SMAs are focused in high 

wear resistance material, however, the main focus of the MG community in this regard 

is linked to the possibility of producing a Transformation-Induced Plasticity in a BMG. 

From all the available species in the Cu-Zr and Cu-Zr-Al phase diagrams, the CuZr 

can exhibit a reversible martensitic transformation from a cubic primitive CuZr B2 to 

a monoclinic B19’ [337]. CuZr is a metastable species which decomposes into Cu10Zr7 

and Cu5Zr8 at 730 °C and into Cu10Zr7 and βZr2Cu at 712 °C, making it unavailable in 

equilibrium conditions. Nevertheless, the non-equilibrium conditions caused by high 

cooling rates in MGs can maintain the CuZr phase in a MGC [338,339]. The stress 

field at the particle/amorphous phase interphase and the increase in shear band 

formation caused by small particles embedded into an amorphous matrix, in addition 

to the martensitic effect of the metastable CuZr, can lead to superior mechanical 

properties, increasing the interest in Cu-Zr-Al composites [339]. 

Finally, it should be noted that Phase Diagrams can be used to find best glass-forming 

alloys and to understand the possible crystal phases formed in MGCs. Two 

component phase diagrams may be useful while the content of the third element is 

low, but even small quantities of a third element can cause important changes in the 

crystallization kinetics of the melt. As such, it is important to use three phase diagrams 

when those are available, however, our understanding of both Cu-Zr and Cu-Zr-Al 

phase diagrams is limited. Several authors have used computational and 

experimental methods to investigate the Cu-Zr system, however, discrepancies, such 

as the stability of Cu5Zr8 and Cu10Zr7 for high temperatures, remain unsolved [340-

344]. This lack of information is more pronounced in the Cu-Zr-Al system. Some 

information can be found in the literature [345,346], while, experimental and 

computational research are being carried out [347-350] (Figure 24a and 24b). To 

completely understand the crystallization kinetics of BMGs, TTT diagrams (i.e. Time 

Temperature Transformation diagram) should be used, but the literature is scarce 

[351-353], making necessary the use of phase diagrams. Nevertheless, a complete 

Cu-Zr-Al Phase diagram is not available which coupled with the shifting of the phase 

diagrams lines caused by the high cooling rates inherent to MGs formation shows 

that phase diagrams can only indicate the most probable crystalline phases formed 

and more research is required. 
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Figure 24 Evaluated isothermal sections of the Al-Cu-Zr system for (a) liquidus [349] 
and (b) 800°C [354]. 
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1.3 Scope and objectives of the thesis 

MGs and MGCs exhibit interesting mechanical and chemical properties, which make 

them an interesting candidate for developing antimicrobial touch surfaces. Although 

silver, zinc and other metallic elements have the ability to eliminate pathogens 

adhering to their surface, the outstanding biocidal properties of copper reveal that Cu-

rich alloys are more desirable for their application in healthcare facilities. Thus, 

combining the high wear and corrosion resistance inherent to MGs and MGCs, with 

the superior antimicrobial properties of copper is of great interest in the prevention of 

hospital-acquired infections. 

The main aim of this work is to enhance the antimicrobial performance and wear 

resistance of Cu-based MGs to replace common stainless steel surfaces susceptible 

of bacterial colonization. This will be done by the preparation of Cu-based bulk MGs 

which display hard, rich copper intermetallics. For this purpose, it is necessary to 

characterise the parameters that affect both wear and antimicrobial properties of Cu-

based MGs and MGCs to develop tuneable alloys with an optimal combination of both 

properties. To accomplish this aim, a thorough analysis has been carried out to 

accomplish several objectives: 

 Shed light in the role of both overall chemical composition, microstructure and 

volume fraction of crystalline phases in the wear and biocidal properties of the 

Cu-Zr-Al system (chapter 3). For this purpose, the selected alloys display 

relatively high GFA coupled with the possibility of changing the nature and 

volume fraction of crystalline phases through modifications in the casting 

process and master alloy composition. 

 

 Investigate the role of mechanical, roughness, and chemical, oxidation, 

superficial modifications on the antimicrobial performance of the 

aforementioned alloys (chapter 4). 

 

 Evaluate the antimicrobial properties of Cu-based thin film metallic glasses 

(TFMGs). As thin films are more appealing for use on large surfaces due to 

their relative ease of application will evaluate the antimicrobial activity of Cu-
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Zr thin films with high Cu content and the possibility of enhancing their 

properties by changes in the deposition parameters, pressure and 

temperature, (chapter 5). 

 

 Compare wet and dry antimicrobial tests and their influence in the contact 

killing mechanics. The development of “dry” antimicrobial tests will be 

performed, while both copper diffusion and drying impact in E. coli and S. 

aureus cells will be studied (chapter 5).  

 

 Analyse the influence of copper ions on the outward and inner morphology of 

bacteria. Three different mechanisms were mentioned to explain the high 

antimicrobial performance of copper, but little do we know about the relative 

importance of structural damage in the contact killing of MGs. As such, it is 

necessary to correlate the effects seen in pathogens deposited on MGs with 

those observed on copper-rich surfaces (chapters 4 and 5). 

All chapters will include a small section with the main findings revealed using the 

experimental methodologies described in chapter 2. Finally, chapter 6 will show the 

main contribution to knowledge as well as the future directions which naturally 

emerged after the current work was completed.



Chapter 2 

66 

 

2 Materials and methods 

In this chapter all materials, methods and equipment required to carry out the present 

work will be described. Special attention to the development of antimicrobial tests will 

be taken, while commonly accepted methodologies will be only mentioned. 

2.1 Sample preparation 

Bulk metallic samples were prepared from elements with purity higher than 99.9 at. 

% (Table 7). Before melting, all elements were cleaned in an ultrasound bath using 

pure ethanol for 5 min and left to dry at room temperature. The weight of the master 

alloy was 0.8 g for the 2 mm copper mould, while 3 mm samples required 1.5 g of 

alloy to ensure a complete filling. The master alloys were re-melted three times to 

attain good chemical homogeneity in a Zr-gettered high purity argon atmosphere. 

Composition of all samples was checked using Electron Dispersive X-ray 

Spectrophotometry (EDX) and weight loss due to alloying was monitored using an 

analytical balance (Acculab Sartorius group, ±0.1 mg). For the Cu-Zr thin films, a 

rectangular Cu target and a circular Zr target, both with ≥ 99.9 % purity, were selected 

(Table 7). 

Table 7 Elements used in the preparation of BMGCs and TFMGs. 

  Element Purity Shape Supplier 

BMGCs 

Aluminium 99.998 Foil 2 mm Alfa Aesar® 

Copper >99.9 Shot (1-10 mm) Alfa Aesar® 

Zirconium >99.9 Foil 0.025 mm Alfa Aesar® 

TFMGs 
Copper 99.99 

Rectangular target 248 mm x 
133 mm x 10 mm 

Testbourne Ltd. 

Zirconium 99.9 Circular target 100 mm x 3 mm Testbourne Ltd. 
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2.2 Suction casting 

All bulk metallic samples were prepared through suction casting in a Compact Arc 

Melter MAM-1 (Edmund Bühler GmbH, Figure 25a and 25b). The machine was 

equipped with water-cooled copper crucibles regulated through a chiller (temperature 

range between 10-20 °C) and copper moulds with 2 mm or 3 mm inner diameters. 

Contaminant oxygen was removed through subsequent fluxing cycles of the chamber 

with pure Argon, while, prior to casting, the chamber was evacuated to a pressure of 

3-5x10-5 mbar. Once evacuated, the chamber was filled with Argon until a pressure 

of 0.4 bar was achieved, while the pressure in the vacuum cylinder was set up to 

1x10-2  mbar or lower and the mould temperature to 10 °C. All samples were re-melted 

three times during 10 s each by setting the MAM-1 dial to an intensity of “3-4” to 

ensure the homogeneity of the melt with no excessive loss of material. For casting, 

the intensity was raised to “5” and applied to the sample for 5-10 s, obtaining 35 mm 

long rods with diameters between 2 or 3 mm (Figure 25c).  Under these conditions 

the overall cooling rate will be up to 150K/s enabling to obtain BMGCs [355-357]. 
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Figure 25 Compact Arc Melter MAM-1 (a) equipment, (b) schematic 3D model of the 
chamber and (c) Cu-Zr-Al 2 mm rod. 

2.3 Magnetron sputtering 

Cu-Zr thin films were prepared by magnetron sputtering using a Teer Coatings UDP 

multi-cathode deposition plant. 314 Stainless Steel coupons (5 x 5 x 1 mm thick) with 

a superficial roughness lower than 0.5 µm and soda lime glass slides (25.4 x 76.2 x 

1 mm thick) were prepared as substrates. Before deposition, all samples were 

degreased and cleaned for 60 seconds with a 1:5 ratio of DECON90 solution in 

deionised water (DW). Once thoroughly cleaned, substrates were rinsed in DW and 

dried with nitrogen. Samples were mounted in the carrousel, and the chamber was 

evacuated to a base pressure of 1.5x10-5 Pa. Argon bleeding gas was introduced at 

the required flow rate to control the working pressure, 5x10-4 Pa. To eliminate any 

oxide in the metallic targets, the copper and zirconium targets were sputtered cleaned 
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at dc powers of 200 W and 160 W respectively for 10 minutes. Finally, the cathode 

shutters were opened and both targets were co-sputtered for 90 minutes onto the 

substrates mounted at a distance of 130 mm on the central carousel, rotating at a 

fixed speed of 5 rpm 

2.4 X-ray diffraction (XRD) 

The microstructure of the samples was analysed by X-ray diffraction patterns, using 

a XRDs: Siemens D5000 diffractometer with Cu Kα radiation (λ = 1.54184 Å) at 40 

kV and 40 mA, with a scanning speed of 0.01°/s in the 2θ range 10°-90° All samples 

were cut into slices of 1.5 mm in length using a slow cutting machine equipped with 

a diamond disc. Both sides of these pieces were manually ground using SiC paper 

with decreasing grit (600 → 1200 → 2400 → 4000) to a sample height of 1 mm. 

Before XRD analysis, all samples were cleaned in an ultrasound bath with pure 

ethanol for 5 min and left to dry. XRD peaks were analysed using the library available 

in the equipment. All crystallographic phases detected in the present thesis can be 

found in Table 8. XRD scans were analysed to estimate the volume fraction of 

crystalline phases in the samples by calculating the ratio between the area of the 

Braggs peaks (i.e. after removal of the amorphous halo) to the area of the 

unprocessed XRD scan using DIFFRAC.EVA. 

Table 8 Crystalline phases detected in the analysis of all samples. 

Formula Crystal 

system 

Space 

group 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) Reference 

code 

AlCu2Zr Cubic Fm-3m 6.1900 6.1900 6.1900 90.00 90.00 90.00 03-065-6362 

Cu FCC Fm3m 3.6070 3.6070 3.6070 90.00 90.00 90.00 00-002-1225 

CuO Monoclinic C2/c 4.6530 3.4100 5.1080 90.00 99.48 90.00 01-074-1021 

Cu2O Cubic Pn3m 4.2520 4.2520 4.2520 90.00 90.00 90.00 01-074-1230 

CuZr (aust.) Cubic Pm-3m 3.2562 3.2562 3.2562 90.00 90.00 90.00 00-049-1483 

CuZr (mart.) Monoclinic P21/m 3.2370 4.1380 5.4490 90.00 105.19 90.00 01-079-5510 

CuZr2 Tetragonal I4/mmm 3.2204 3.2204 11.1832 90.00 90.00 90.00 03-065-7783 

Cu8Zr3 Orthorhombic Pnma 7.8686 8.1467 9.9770 90.00 90.00 90.00 00-042-1186 

Cu10Zr7 Orthorhombic Aba2 9.3470 9.3130 12.6750 90.00 90.00 90.00 01-078-3211 

ZrO2 Tetragonal - 5.0700 5.0700 5.1600 90.00 90.00 90.00 00-002-0733 
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2.5 Scanning Electron Microscopy (SEM) 

The surface and chemical composition of the samples was analysed using a Tescan 

Mira 3, Scanning Electron Microscope (SEM) with 3-15 kV of acceleration voltage, 

equipped with an Oxford Instruments X-Max 150 Energy Dispersive X-ray (EDX) 

detector. Before analysis, a sample used after XRD was mounted in 15 mL of 

conductive Phenolic Mounting Resing (CONDUCTO-MOUNT, MetPrep Ltd.). 

Mounted samples were manually ground using SiC paper with decreasing grit (600 

→ 1200 → 2400 → 4000) and further polished with 3 µm and 1 µm Polycrystalline 

Diamond Suspension (MetaDiTM Supreme, Buehler) to a mirror finish. Samples were 

attached to a 25 mm aluminium stud with a 25 mm Leit Adhesive Carbon Tab. 

To analyse the morphological changes of bacteria deposited on the surfaces, 

inoculated samples were subjected to a variation of the method described by Fisher 

et al. [358]. Inoculum and deposition was prepared as described in section 2.8 

Antimicrobial tests. After the desired contact time, each sample was moved into a well 

of a 24 well plate and 1 mL of 2.5 % glutaraldehyde was dispersed against the wall 

of the well to regulate the flow across the samples. After 1 h submerged in 2.5 % 

glutaraldehyde, each sample was rinsed with Phosphate-Buffered Saline (PBS) three 

times for 2 min each. Samples were then subjected to a graded ethanol series 

dehydration (25 %, 50 %, 75 % and 95 %) using 1 mL of each dilution for 5 min, and 

introduced in pure ethanol for 10 min. Finally, samples were left to dry and coated 

with 2-3 nm of platinum using a Q150R Rotary-Pumped Sputter Coater (Quorum 

Technologies). This method allowed the capture of high resolution images of bacteria 

where pili can be observed (see arrow and inset in Figure 26a). This process enabled 

the observation of morphological differences in the cells’ envelope due to external 

parameters (i.e. incubation time: 1 day Figure 26a and 7 days Figure 26b) which will 

be of interest in chapters 4 and 5. 
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Figure 26 Example of SEM images obtained for E. coli cells deposited on stainless 
steel after (a) 1 and (b) 7 days of incubation. 

2.6 Profilometry and Atomic Force Microscopy (AFM) 

Superficial roughness and scratched morphology of the bulk samples was measured 

using a 3D optical profilometer (InfiniteFocus, Alicona). The instrument was equipped 

with x20 and x50 objective magnification lenses, achieving a minimum measureable 

roughness of 0.15 and 0.03 µm respectively. 

The surface topography and roughness of Cu-Zr thin films was measured with a 

Digital instrument DimensionsTM 3100 Atomic Force Microscope (AFM) in contact 

mode across a 3 x 3 µm2 sample area. Gwyddion software was used for data 

visualisation, while further processing was conducted using MATLAB software suite. 

Film thickness was measured using a Dekatak XTL stylus type profilemeter equipped 

with a 12.5 µm tip in a square edge step created in the films using a strip of 3mm wide 

Kapton tape, that was removed after deposition. 

2.7 Scratch tests 

All scratch test were carried out using a Teer Coating Limited scratch tester model 

ST220 equipped with a Rockwell C diamond stylus (cone angle 120°, radius of 

spherical tip 200 µm). Tests were performed in mounted and polished samples at a 

load of 30 N and a ramp rate of 10 mm/min. After the scratch tests, samples were 

attached to a 25 mm aluminium stud with a 25 mm Leit Adhesive Carbon Tab. To 
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improve the SEM imaging, a strip of adhesive carbon tape was placed touching a side 

of both the metallic sample and aluminium stud, and coated with carbon using a 

Q150R Rotary-Pumped Sputter Coater (Quorum Technologies). 

2.8 Nanoindentation 

Polished samples were used to perform Nanoindentation experiments. All tests were 

carried out at room temperature at approximately half the radius distance from the 

centre in a UMIS equipment from Fischer-Cripps Laboratories configured in the load 

control mode (max load of 300 mN) with a Berkovich-type diamond tip. 

2.9 Sessile drop technique 

Wettability of the samples was analysed using contact angle measurements 

performed with the sessile drop technique (Krüss drop size DSA30 analyser). 1 µL of 

deionised water was deposited at a rate of 30 µL/min on the surface and the angle 

was immediately captured and measured to prevent distortions due to evaporation. 

2.10 Antimicrobial tests 

The antimicrobial properties of the prepared samples was estimated through the 

reduction in recovered colony forming units (CFU/mL) over time, Figure 27, using E. 

coli K12 (Gram-negative) and S. aureus NCTC 6571 (Gram-positive). All bacteria 

were grown in an orbital incubator (37 °C, 200 rpm), in 25 mL of LB (Luria Bertani) 

broth for 16 h. To reduce bacteria aggregation, the inoculum was diluted in sterile LB 

broth to an optical density (OD600) of 0.01 and incubated until the culture yield reached 

OD600 ~ 0.3. Samples and stainless steel controls were degreased and disinfected by 

immersion and sonication in pure ethanol for 5 min. After drying, samples were placed 

inside a sterile petri dish containing a cloth wetted with 1 mL of LB broth to prevent 

the inoculum’s evaporation (Figure 28). For the “dry” tests, no wetted cloth was 

added, while inoculated samples were placed 100 mm away from a Bunsen burner 

with the lid partially open until all liquid evaporated (around 8-9 min). In both “wet” 

and “dry” tests, all petri dishes were kept on a bench at room temperature. 
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Figure 27 Schematic diagram showing the antimicrobial tests. 

 

Figure 28 Example of inoculated and sealed samples: (a) BMGs and (b) stainless 
steel. 
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Once the desired contact time was achieved, bacteria was recovered by introducing 

each sample into an sterile Eppendorf tube with 198 μL of an aqueous solution of 

Tween 20 0.148 g/L (2 × CMC) and sonicated for 5 min. The suspension was 

subjected to serial decimal dilution, spread onto LB agar plates and resulting colonies 

were counted after 16 h of incubation at 37 °C. All tests were performed five times, 

with mean counts and standard deviation reported (Figure 29). 

 

Figure 29 Example of LB agar plates of E. coli serial dilutions after 1 h of contact in 
(a) stainless steel and (b) Cu-based BMGC. Note that each colony (see red circles) 
corresponds to a single E. coli cell, which survived the antimicrobial tests. 

2.11 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) tests were done using a K-Alpha (Thermo 

Scientific) instrument with Al Ka radiation (1486.6 eV). Samples were analysed 
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measuring directly from the surface and after sputtering with Ar ions at 4 keV for 180 

s. All spectral positions were charge-corrected taking C 1 s peak at 285 eV. 

2.12 Inductively coupled plasma optical emission 
spectrometry (ICP-OES) 

The measurement of Cu ions released by the developed metallic alloys was carried 

out by Inductively Coupled Plasma spectrometry (PerkinElmer Optima 8000 ICP-

OES). After disinfection, samples were inoculated with 2 µL of pure LB broth and left 

inside a sterile petri dish using the same methods described in section 2.8 

Antimicrobial tests. The analysed MGs were introduced in disinfected universal 

bottles containing 10mL of sterile deionized water (autoclaved dH2O from a Mil-li-DI 

purification system). Samples were sonicated for 5 minutes, recovered and dilutions 

were processed through ICP-OES using dH2O and two dilutions of Cu (i.e. 0.2 ppb 

and 0.02 ppb) prepared with a Copper atomic absorption standard solution (10,050 

µg/mL of Cu in ≤ 3 wt. % HNO3 d 1.023). 

2.13 Transmission Electron Microscopy (TEM) 

To analyse the influence of copper ions on E. coli and S. aureus bacteria, samples 

inoculated with bacteria were analysed with a Philips Cm 100 Compustage (FEI) 

Transmission Electron Microscope (TEM) at 100kV while digital images were 

collected using an AMT CCD camera (Deben). Inoculum and deposition was 

prepared as described in section 2.8 Antimicrobial tests. Cells were recovered by 

placing the samples in an sterile Eppendorf tube with 198 μL  of an aqueous solution 

of Tween 20 (2 x CMC) and sonicated for 5 min. A pellet was formed by centrifuging 

in cycles of 5 min at 5000 x g rcf until a pellet was visible, and the supernatant was 

removed using a micropipette without disturbing the pellet. Bacteria were re-

suspended in 2 % glutaraldehyde in sodium cacodylate buffer (4 °C) for 1 h. From 

now onwards, between each step all samples were centrifuged at 3000 rpm in 5 min 

cycles until a pellet was visible in the bottom of the Eppendorf. Pellets were rinsed in 

cacodylate buffer twice for 10 min each, followed by a secondary fixation in 1 % 

osmium tetroxide for 30 min. After fixing, samples were washed in deionised water 

twice for 10 min and exposed to serial dehydration through acetone diluted in dH2O 
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(25 %, 50 %, 75 % for 15 min each) and twice in pure acetone for 20 min each. Then, 

TAAB epoxy resin in acetone (25 %, 50 %, 75 % resin) and 100 % resin for a minimum 

of 3 changes over 24 h were used to impregnate the samples. To fix the processed 

pellet, 100 % fresh resin was introduced in the Eppendorfs re-suspended and 

polymerised at 60 °C for 24 h. 0.5 µm sections were cut and stained with 1 % toluidine 

blue in 1 % borax and ultrathin sections (~ 70 nm) were obtained through a diamond 

knife on a RMC MT-XL ultramicrotome. Finally, ultrathin sections were stretched with 

chloroform and mounted on Pioloform-filmed copper grids. 
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3 Influence of composition, cooling rate and 
annealing on the wear performance and 
antimicrobial behaviour of a Cu-Zr-Al metallic glass 
composite 

The purpose of this chapter is to analyse the influence of composition and cooling 

rate on the wear and antimicrobial properties of BMGCs corresponding to the Cu-Zr-

Al system. As discussed in sections 1.2.6 Cu-Zr-Al system and Cu-based BMG and 

1.2.4 Antimicrobial mechanisms of Touch surfaces, the microstructure for the Cu-Zr-

Al system is very sensitive to changes in composition. In addition, their high Cu-

content makes this alloy system suitable for antimicrobial applications. At the same 

time, Inoue et al. [357] analysis of the Cu95−xZrxAl5 alloys (x  35-50 at. %) had 

reported a maximum critical diameter of 3 mm and observed that it is highly 

dependent on the composition. Working with compositions close to the critical 

diameter (Dc) (i.e., fully amorphous for smaller diameters and partly crystalline for 

larger diameters) results in large differences in mechanical behaviour with small 

changes in composition. This enables to easily optimize the performance of this alloy 

system. For this reason, the effect of composition (section 3.1) and cooling rate 

(section 3.2) on the performance of various Cu-Zr-Al alloys will be studied in this 

chapter. This analysis will reveal which parameters are fundamental in the wear and 

antimicrobial behaviour of MGCs, enabling the optimization of such alloys for their 

use as antimicrobial surfaces. 

3.1 Effect of composition in the wear and antimicrobial 
performance of a Cu-based BMG composite 

3.1.1 Effect of the composition on the microstructure 

To understand the effect of the composition on the microstructure of the Cu-Zr-Al 

system, three alloy compositions, Cu50Zr44Al6, Cu53Zr41.4Al5.6 and Cu56Zr38.7Al5.3, close 

to one of the eutectic reactions of the Cu-Zr system, were prepared and studied. The 

XRD scans of rods 2 mm in diameter for the Cu50+x(Zr44Al6)50−x system (x = 0, x = 3 

and x = 6 at. %) can be seen in Figure 30. For the Cu50Zr44Al6 sample (Figure 30a), 

the XRD scan reveals a broad halo, indicating the presence of an amorphous phase. 
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Figure 30 XRD scans for samples (a) Cu50Zr44Al6 (b) Cu53Zr41.4Al5.6 and (c) 
Cu56Zr38.7Al5.3 alloys [179]. 

At the same time, several peaks indicating the presence of a crystalline phase can be 

discerned at 35-45° and 68°. These peaks can be associated to orthorhombic Cu10Zr7 

(a = 0.9347 nm, b = 0.9347 nm, c = 1.2675 nm), orthorhombic Cu8Zr3 (a=0.78686nm, 

b=0.81467nm, c=0.9977nm), cubic austenite B2 CuZr (a = 0.3256 nm, b = 0.3256 

nm, c = 0.3256 nm) and monoclinic martensite B19´ CuZr (a = 0.3237 nm, b = 0.4138 

nm, c = 0.5449 nm). It can be deduced that an increase of 3 % at. copper, 

Cu53Zr41.4Al5.6 (Figure 30b) led to the increase in number and size of the crystalline 

phases, while the broad halo diminished. No new phases could be discerned for this 

sample, but peaks attributed to Cu10Zr7 and Cu8Zr3 increase in intensity while some 

new peaks associated with austenite B2 and martensite B19′ are detected. Further 

increase in copper, for Cu56Zr38.7Al5.3 (Figure 30c), shows a similar trend. The broad 

halo typical of amorphous materials is practically undetectable, while the peaks 

corresponding to Cu10Zr7 and Cu8Zr3 increase in intensity, with minor changes in the 

austenite B2 and martensite B19′ peaks. Their narrower peaks coupled with their 

higher intensity suggest a growth in crystalline size. These results show that for this 
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system, the increase in copper content leads to a reduction in GFA. The crystalline 

phases obtained here are consistent with the available literature [201,285,359]. 

The formation of the intermetallic phases can be deduced from the heat of mixing 

(also called enthalpy of formation) and their concentration in the alloy. For the Cu-Zr-

Al alloy system, Cu and Zr atoms tend to easily form stable intermetallic phases [360] 

as can be deduced from the high heat of mixing (ΔHmix) of the Cu-Zr pair, −23 kJ/mol, 

[361]. Although the heat of mixing of Zr-Al is even larger, −44 kJ/mol [360], than that 

of Cu-Zr, no XRD peaks could be associated with any of the Zr-Al crystalline phases, 

which can be explained by the low concentration in Al of the alloy. Also, it must be 

taken into account that no Al-Zr phase can be observed in the Cu-Zr-Al phase 

diagram for alloys with relatively low aluminium content [349,354] (section 1.2.6), 

suggesting a preference in forming Cu-Zr phases, while Al may end as solid solution 

into the formed crystalline phases.  

To better understand the microstructures of the three alloys, they were observed 

under a scanning electron microscope (SEM) in SEI mode at different magnifications 

(Figures 31). Images were taken at half the radius distance (0.5 mm) of the 2 mm 

diameter rods. The SEM images confirm the same trend previously described. As the 

copper content increases, the size and number of crystalline phases grows 

appreciably. The lower copper content alloy (Figure 31a), reveals the presence of 

small geometrical particles, up to 5 μm, embedded in a featureless amorphous matrix. 

A slight increase in copper for the Cu53Zr41.4Al5.6 alloy (Figure 31b) causes the 

development of more complex dendritic structures with long arms up to 10 μm in 

length, while small round particles up to 1 μm are homogeneously distributed in the 

matrix. The large dendrites seem to be surrounded by a clearer phase different from 

the amorphous matrix, which suggests a growth pattern similar to previous reports 

[362]. The last alloy (Figure 31c) reveals an analogous, but more crystalline 

microstructure to the previously discussed one, since the presence of an amorphous 

matrix seems almost non-existent. 
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Figure 31 Backscattered SEM images taken from the middle radius for (a) 
Cu50Zr44Al6, (b) Cu53Zr41.4Al5.6 and (c) Cu56Zr38.7Al5.3 alloys [179]. 
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To gain a deeper understanding of the differences in composition, backscattered SEM 

images (Figure 32) from the middle radius have also been taken. In addition, 

compositional measurements of the labelled phases in Figure 32 were obtained by 

EDX (Table 9). It should be mentioned that the tonality of backscattered images is 

correlated with differences in atomic weight, i.e., brighter regions indicate the 

presence of higher atomic weight elements. As the atomic weight of the elements 

present in these alloys are: Cu: 63.546 g/mol, Zr: 91.224 g/mol and Al: 26.9815 g/mol 

[363], the order from brightest to darkest phases would be: CuZr, Cu10Zr7 and Cu8Zr3. 
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Figure 32 Magnified backscattered SEM images taken from the middle radius for (a) 
Cu50Zr44Al6, (b) Cu53Zr41.4Al5.6 and (c) Cu56Zr38.7Al5.3 alloys [179].
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Table 9 Composition in at. % of the areas labelled on Figure 32 and phases to which they can be attributed. 

  1a matrix 1b matrix 1c halo 2a large 
dendrites 

2b 
geometric 
particles 

2c 
geometric 
particles 

3b 
dendrites 

3c 
dendrites 

4b halo 

Cu 54.3 ± 0.3 55.0 ± 0.6 55.3 ± 0.7 50.2 ± 0.8 42.5 ± 3.0 39.6 ± 1.8 58.7 ± 3.0 61.2 ± 1.2 53.5 ± 1.0 

Zr 40.0 ± 0.3 39.3 ± 1.2 42.3 ± 0.7 35.4 ± 1.3 46.2 ± 2.8 48.1 ± 1.3 32.5 ± 3.3 28.3 ± 1.1 42.7 ± 0.8 

Al 5.6 ± 0.3 5.7 ± 0.7 2.4 ± 0.4 14.5 ± 0.5 11.3 ± 1.3 12.3 ± 0.6 8.8 ± 0.5 10.5 ± 0.2 3.9 ± 0.7 

Phase Nominal 
composition 

Nominal 
composition 

Cu10Zr7 Cu10Zr7 CuZr CuZr Cu8Zr3 + 
Cu10Zr7 

Cu8Zr3 Cu10Zr7 
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The composition of the small dendrites and particles present in the Cu50Zr44Al6 alloy 

(Figure 32a), noted as phase 2a in Table 9, is Cu50.2Zr35.4Al14.5 at. %, richer in Cu and 

Al, while poorer in Zr when compared to the nominal composition. The copper to 

zirconium ratio of this phase is around 1.4, suggesting that it can be attributed to 

Cu10Zr7, which is consistent with the XRD analysis, as most of the peaks could be 

correlated with this crystalline phase. On the other hand, the CuZr peaks seen in 

Figure 30a may be attributed to the presence of smaller phases between the larger 

dendrites, however, EDX measurements were not reliable due to the small phase 

size. Measurements of the amorphous matrix, phase 1a, revealed a composition of 

Cu54.3Zr40Al5.6 at. %, which is closer to the nominal composition.  

The number of crystalline phases and their size increases drastically for the 

Cu53Zr41.4Al5.6 sample (Figure 32b). The darkest particles, phase 3b, exhibit a complex 

structure composed of two different phases. EDX measurements revealed a 

composition of Cu58.7Zr32.5Al8.8 (Cu/Zr=1.79) that cannot be associated with any 

crystalline phase of the Cu-Zr-Al system [349,354]. The Cu/Zr ratio of this phase is 

between that of Cu8Zr3 (2.66) and Cu10Zr7 (1.43), while at the same time, the 

backscattered images show two different tonalities. Thus, this crystalline phase would 

correspond to the mixture of Cu8Zr3 and Cu10Zr7 detected in the XRD scans. Next to 

these dendrites, smaller geometric particles, phase 2b, can be seen 

(Cu42.5Zr46.2Al11.3). The Cu/Zr ratio of these phases suggests that they correspond to 

CuZr, also detected in the XRD scan. Surrounding the dendrites and particles, a 

decolouration of the matrix is clearly noticeable. EDX analysis of this material, phase 

4b, showed a composition of Cu53.5Zr42.7Al3.9, which is poorer in Al than the nominal 

composition. This indicates that the growth of the intermetallics Cu8Zr3 and Cu10Zr7 

likely took place by the absorption of Al from the amorphous matrix, phase 1b 

(Cu55Zr39.4Al5.7). 

The last alloy, Cu56Zr38.7Al5.3, (Figure 32c) shows the presence of similar dark 

dendrites, phase 3c, as discussed in the previous paragraph. The composition of 

these dendrites is Cu61.2Zr28.3Al10.5, richer in copper than the last sample. As the Cu/Zr 

ratio of these phases is about 2.16, the volume fraction of Cu8Zr3 seems much higher. 

For the geometrical particles, phase 2c, their similar content in copper and zirconium 

suggests that they correspond to the CuZr phase, which is similar to the previous 
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alloy. All these phases are embedded in a matrix, phase 1c, with composition 

Cu55.3Zr42.3Al2.4 similar to the halo revealed in the Cu53Zr41.4Al5.6 alloy and attributed to 

Cu10Zr7. All these phases have been previously reported by Yokoyama et al. [364] in 

alloys of the CuZrAl system. Finally, small white and dark spots can be observed near 

the grain boundaries of the described crystalline phases. Microanalysis of these 

phases did not reveal a composition different to that of the matrix, probably because 

of the lack of reliability of the measurement due to the small size of the particles.  

3.1.2 Scratch tests 

As mentioned in section 1.2.5, pin-on-disc wear tests can induce changes in the 

microstructure due to the local increase in temperature, especially in rapidly solidified 

alloys. For this reason, the wear performance of the casted Cu-based BMGCs was 

analysed using scratch tests at the middle radius. The contact temperature between 

the diamond tip and the samples was not measured, however, considering the low 

load (30 N) and low sliding speed (10 mm/min), no crystallization should be expected 

[303,365]. This is especially applicable for Cu-Zr-Al alloys as their glass transition 

temperature is relatively high (above 400 °C) [357]. 

The wear behaviour of these BMGCs was estimated from the analysis of the scratch 

morphology for low and high magnifications (Figure 33). The pile-up, groove 

deepness, at the centre and the maximum depth, the scratch width, the average 

roughness (Ra) and total roughness (Rz) were measured, as well as, the scratch 

hardness calculated as indicated in section 1.2.5 (Table 10). When comparing the 

three scratches, a clear evolution in crack formation and propagation can be noticed. 

For the Cu50Zr44Al6 alloy (Figure 33a), these cracks are located near the pile-up region 

and separated about 25 to 50 µm from each other. The cracks formed in this sample 

are confined to the pile up region and seem to be unable to propagate further on, thus 

leading to relatively short cracks (about 50 μm). The increase in copper for the 

Cu53Zr41.4Al5.6 alloy (Figure 33b) seems to have resulted in an increase in crack 

density as well as a significant increase in length (up to 150 μm). As a result, the 

confinement of cracks to the pile up region displayed by the previous alloy is absent 

in the higher copper content alloys. This trend is especially noticeable in the richest 

copper content alloy (Cu56Zr38.7Al5.3), where cracks extend well beyond 200 μm, 
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propagating not only outwards from the track, but also into the scratch track (red 

square in Figure 33c). The increase in crack formation suggests an embrittlement of 

the MGCs as the copper content increases, which is consistent with the larger volume 

content of brittle intermetallic phases [366]. This embrittlement also agrees with the 

nanoindentation results (Table 11) since the hardness and Young modulus of the 

alloy rises as the copper content increases. 
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Figure 33 Images showing the scratches at the middle radius of the samples (a) 
Cu50Zr44Al6 (b) Cu53Zr41.4Al5.6 and (c) Cu56Zr38.7Al5.3 alloys [179].
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Table 10 Summary of the pile-up height, groove deep at the centre and maximum, groove area over the pile-up area, track width, scratch 
hardness number, arithmetic average of the roughness profile and average distance between the highest peak and lowest valley for 
Cu50+x(Zr44Al6)50−x (x = 0, x = 3 and x = 6). 

Sample 
Pile-up 
(μm) 

Centre (μm) Maximum (μm) 
Groove Area/ 
Pile-up Area 

Scratch Width  
(μm) 

Scratch 
Hardness 

Number (GPa) 
Ra (nm) Rz (nm) 

Cu50Zr44Al6 4.13 ± 1.98 14.08 ± 1.20 22.20 ± 3.95 6.35 ± 0.84 143.14 ± 2.46 3.73 ± 0.13 1198.84 ± 524.77 2425.24 ± 1069.08 

Cu53Zr41.4Al5.6 2.65 ± 1.71 20.10 ± 7.08 31.13 ± 4.60 15.27 ± 3.76 160.3 ± 2.26 2.97 ± 0.08 1278.00 ± 258.21 3522.92 ± 627.84 

Cu56Zr38.7Al5.3 2.10 ± 0.84 20.00 ± 2.02 31.42 ± 5.56 51.36 ± 7.34 178.48 ± 8.57 2.41 ± 0.23 1400.94 ± 239.15 3449.36 ± 1187.06 

 

Table 11 Summary of the mechanical properties of the Cu50Zr44Al6, Cu53Zr41.4Al5.6 and Cu56Zr38.7Al5.3 alloys after nanoindentation using 
a maximum load of 300 mN. The values of hardness (H), reduced Young´s modulus (Er, H/Er, H3/Er

2) ratios and maximum indentation 
depth (hmax) are given in the table. 

 

 

 

 

Property Cu50Zr44Al6 Cu53Zr41.4Al5.6 Cu56Zr38.7Al5.3 

H (GPa) 8.46  0.45 9.37  0.28 10.15  1.87 

Er (GPa) 107.96  3.57 121.19  1.87 123.36  6.89 

H/Er 0.078  0.007 0.077  0.003 0.082  0.020 

H3/Er
2 (GPa) 0.052  0.006 0.056  0.007 0.069  0.046 

hmax (m) 1.485  0.035 1.403  0.017 1.372  0.081 
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Another interesting morphological change takes place in the pile-up height and 

groove depth. Figure 33a shows a homogeneous and cracked pile-up in the form of 

individual isles up to 40 μm in length with a height of 4.13 ± 1.98 μm. The track width 

is relatively small (143.14 ± 2.46 μm) and a centre depth of 14.08 ± 1.20 μm 

(maximum of 22.20 ± 3.95 μm). The increase in copper content led to the 

disappearance of the pile up for the Cu53Zr41.4Al5.6 (Figure 33b) and Cu56Zr38.7Al5.3 

(Figure 33c) alloys. Pile-up measurements reveal a steady reduction of this feature 

as the copper percentages changes from 53 % (2.65 ± 1.71 μm) to 56 % (2.10 ± 0.84 

μm), while the centre and maximum depth is practically the same for these two 

samples (20.10 ± 7.08 μm and 31.13 ± 4.60 3 μm for the Cu53Zr41.4Al5.6 alloy, and 

20.00 ± 2.02 μm and 31.42 ± 5.56 μm for the Cu56Zr38.7Al5.3 sample respectively). This 

reduction in pile-up is a clear indicator that these high copper content alloys are much 

more brittle than the base alloy, which is consistent with the crack formation discussed 

in the previous paragraph. Also, it is interesting to notice that the scratch width of the 

Cu53Zr41.4Al5.6 (160.3 ± 2.26 μm) alloy is greater than that measured for the 

Cu50Zr44Al6. This trend continues as the copper content increases, leading to the 

highest track width 178.48 ± 8.57 μm for the Cu56Zr38.7Al5.3 sample. The increase in 

track width suggests an apparent reduction of the scratch hardness as the alloys 

increases in crystallinity 3.73 ± 0.13 GPa, 2.97 ± 0.08 GPa and 2.41 ± 0.23 GPa, 

indicating that copper alloying leads to a reduction on wear performance. However, 

this seems contradicting as nanoindentation results (Table 11)  show a slight increase 

in the H/Er and H3/Er
2 parameters, suggesting a slight rise in wear resistance. 

The differences caused by copper addition can also be analysed in terms of the ratio 

between the groove and the pile-up section areas. As it was mentioned in section 

1.2.5, the movement of a diamond tip induces the ploughing of material, moving it to 

the sides of the scratch. The mechanical properties of the alloy dictate if all of the 

material from the groove will be pushed to form the pile-up (ductile material) or if the 

material will break into smaller particles, which will be removed by the movement of 

the tip (brittle material). In the case of a ductile material, the groove to pile-up ratio 

should be around 1, as the cohesion of the deformed material will ensure that most 

of the scratched material will end as pile up. On the contrary, brittle materials should 

display much higher values, as the material breaks into smaller particles which cannot 

remain attached to the main surface. The values of such ratio are 6.35 ± 0.84 for 
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Cu50Zr44Al6, 15.27 ± 3.76 for Cu53Zr41.4Al5.6 and 51.36 ± 7.34 for Cu56Zr38.7Al5.3. These 

values support the same trend that has already been discussed, i.e., an increase in 

copper content lowers the ductility of the material. 

To assess the wear mechanisms involved in the scratch test of each sample, the 

scratches have been observed under the microscope. The SEM images for the 

scratch surface of the Cu50Zr44Al6 alloy (inset of Figure 33a) shows a smooth surface 

with clear signs of abrasion and smearing, suggesting ductile ploughing and plasticity 

[367]. The increase of copper to 53% (inset of Figure 33b) reveals the same general 

smooth surface, but signs of detachment (chipping indicated by small arrows) and 

smearing are clearly noticeable. These features and the small pits (wider arrow) can 

be associated to adhesive transfer between the tip and the sample. The presence of 

pits may be explained by a weak cohesion force between the crystalline phases and 

the amorphous matrix, where the crystalline particles are pulled out from the matrix 

by the movement of the tip. These particles end up sliding over the surface, and, as 

the smaller intermetallic particles are harder, cause surface roughening of the sample. 

The presence of detachment and pits can also be found in the Cu56Zr38.7Al5.3 alloy 

(inset of Figure 33c); however, they are larger and more prominent, which is 

consistent with the increase in volume fraction of crystalline phases. The chipping 

and smearing development driven by compositional differences generates rougher 

surfaces, consistent with the increase in the measured Ra and Rz (Table 10). These 

features indicate the presence of both abrasive and adhesive wear similar to that 

observed in other BMGs [368]. The complexity of the microstructure has led to the 

co-existence of multiple wear mechanisms: Cu50Zr44Al6 (ductile ploughing and 

plasticity detected as a smeared surface), Cu53Zr41.4Al5.6 (adhesive wear with some 

abrasive wear and stripping) and Cu56Zr38.7Al5.3 (highest adhesive wear and highest 

stripping along with similar abrasive wear to Cu53Zr41.4Al5.6 alloy). 

As the crystallinity of the material increases, the hardness of the alloy rises, as seen 

by the brittle mode of failure and the nanoindentation results (Table 11). However, 

the size of the grooves, track depth, scratch width and scratch hardness seem to 

decrease thus suggesting a decrease in wear resistance. A priori, it should be 

expected that the mechanically harder alloys would display higher wear resistance, 

which is not consistent with these observations. The mode of deformation 
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corresponding to scratch testing is more complex than the stress field imposed upon 

the material when tested using indentation. As such, scratch tests are more sensitive 

to the size of precipitates and hardness of the matrix, as a softer matrix will allow the 

dragging of precipitates, which cannot take place in indentation tests. The volume 

fraction of precipitates for Cu56Zr38.7Al5.3 is very large with abundant dendritic and 

round particles, which tend to detach more easily than heavily branched dendrites, 

resulting in the formation of large grooves. At the same time, the detachment and 

dragging of hard particles can accumulate on the sides and under the tip, creating a 

two body or three body mode of wear [313], leading to an increase in groove depth 

and scratch width. These pulled-out particles will be responsible for the apparent 

decrease of wear resistance ,which seems to contradict the increase in hardness 

expected from the nanoindentation results (Tables 10 and 11). 

The change in mechanical properties can also be analysed from the point of view of 

volume fraction of crystalline phases through the analysis of the XRD scans (Figure 

30). The ratio between the area underneath the crystalline peaks and the as obtained 

scan can be used to estimate the volume fraction for the different alloys: Cu50Zr44Al6 

(~ 21.0 %), Cu53Zr41.4Al5.6 (~ 45.1 %) and Cu56Zr38.7Al5.3 (~ 59.1 %). Fu et al. [286] and 

Pauly et al. [285] reported that the percolation threshold (i.e. the crystalline to 

amorphous ratio for which connectivity of the crystalline phases occurs) for similar 

MGCs is in the range of 30 % to 50 %, which is close to that of the Cu53Zr41.4Al5.6 alloy, 

explaining the large difference in mechanical properties between the low and high Cu 

content alloys (Figure 33). It is known that once the percolation threshold is reached, 

the alloy loses its ductility, abruptly changing its mechanical properties [369]. When 

the critical crystallinity is reached, the viscosity and elastic modulus of the alloys 

increases suddenly, while the fracture stress, yield strength and ultimate strength are 

reduced [369,370]. This effect can be seen in the nanoindentation tests (Table 11) 

where the Young modulus increases from 108 GPa in the Cu 50 % alloy to 121 GPa 

for the Cu 53 % sample, while the Cu 56 % only reveals a slight increase (123 GPa). 

As the volume fraction reaches the percolation threshold, the alloy undergoes 

embrittlement as deduced from the formation of cracks and lower pile-up, thus 

suggesting that these intermetallic phases are inherently brittle [286]. 
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3.1.3 Antimicrobial and wettability tests 

Before analysing the antimicrobial properties of the selected alloys, it is interesting to 

estimate the adhesion of bacteria to these surfaces. For antimicrobial materials, it is 

more beneficial to increase the adhesion of pathogens, effectively increasing their 

exposure to copper ions diffusing from the surface (section 1.1.2). Ista et al. [371] 

have shown that there is a correlation between wettability and bacterial adhesion. For 

this reason, the wettability of the three compositions was estimated through the 

contact angle of sessile water droplets. Figure 34 shows the contact angle of 

deionised water on the three alloys Cu50+x(Zr44Al6)50−x: 101.8 ± 0.7° for x=0, (Figure 

34a), 99.8 ± 1.9° for x=3, (Figure 34b) and 90.2 ± 1.6° for x=6 (Figure 34c). The most 

amorphous alloy (Cu50Zr44Al6) displays a contact angle similar to those detected by 

Chu et al. [190] in fully amorphous Cu48Zr42Ti4Al6 thin films (106.6°), which agree with 

the results available in the literature. From the contact angle measurements, it can be 

inferred that an increase in copper causes a decrease in contact angle. As the contact 

angle decreases, the alloy becomes more hydrophilic, thus, favouring the adhesion 

of bacteria. This change may not be completely attributed to changes in composition, 

as previous studies of MG thin films show similar values of CA for larger differences 

in composition [190]. As such, the increase in bacterial adhesion are most likely driven 

by the differences in microstructure. However, the increase in copper content has an 

effect on the size and nature of the crystalline phases appearing in the sample, 

making it difficult to discern if size of the crystals or composition of the phases, or 

both, account for these changes. 
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Figure 34 Average water contact angle on Cu-Zr-Al alloys (a, b and c) [179]. 

To assess the antimicrobial activity of the samples, the reduction of viable cells or 

Colony Forming Units (CFUs) over time was used for two different bacteria, E. coli 

(gram negative, GN) and B. subtilis (gram positive, GP). The first experiment involved 

a rather large density of bacteria (OD600 = 0.3 ~ 3×108 CFU/mL) acting on the 

antimicrobial surfaces for 4 h (Table 12). This experiment revealed an almost null 

decrease in bacteria for the “low” content alloy, while the highest copper content alloy 

reduced the number of bacteria by one order of magnitude (from 108 CFU/mL to 107 

CFU/mL).  

Table 12 Antimicrobial activity of samples. 

Sample Colony forming units/ml (log10) 

B. subtilis 168 E. coli K12 

Plastic 8.4 8.5 

Copper ND* ND* 

Cu50Zr44Al6 8.8 8.5 

Cu53Zr41.4Al5.6 7.9 8.2 

Cu56Zr38.7Al5.3 7.4 7.3 

*ND = None detected. 
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The antimicrobial properties of the Cu53Zr41.4Al5.6 and Cu56Zr38.7Al5.3 samples were 

further analysed by reducing the initial density of the inoculum to about 1×106 CFU/mL 

(Figure 35). The time-kill graph revealed a progressive elimination of bacteria during 

the first three hours of contact, which increased after 4 hours, with log10 reductions 

consistent with other studies performed in other copper-based materials [372,373]. 

Although the two alloys were able to eliminate all cells after 4 h, these antimicrobial 

properties were not observed during the first experiment, suggesting that the 

analysed alloys display low antimicrobial activity for very high inoculum densities. In 

contrast, pure copper was not affected by the high density of the inoculum. At the 

same time, the killing-time curve (Figure 35) suggests that E. coli is slightly less 

resistant to copper surfaces than B. subtilis, which is consistent with the inner 

structure of GP and GN bacteria (section 1.1.1) and the ability of B. subtilis to produce 

endospores that are resistant to copper surface killing [374]. It is important to state 

that the decrease in inoculum density helped to reveal the antimicrobial properties of 

the samples. However, this reduction is not desirable, as it indicates that the materials 

do not display high antimicrobial properties, while, at the same time, this reduction 

decreases the resolution of the method and may compromise the correct estimation 

of the contact killing kinetics. 
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Figure 35 Time-kill curve of E. coli K12 and B. subtilis 168 exposed to Cu-Zr-Al alloys 
for up to 250 min [179]. 

The wettability and antimicrobial tests indicate that the increase in crystallinity and 

copper content led to more hydrophilic alloys. Consequently, the cell-surface contact 

area should increase, which can be one of the causes of the higher antimicrobial 

properties of Cu53Zr41.4Al5.6 and Cu56Zr38.7Al5.3 than that of the alloy with lowest copper 

content. In addition, the change in composition effectively increased the volume 

fraction of crystalline phases as well as the number of Cu-rich intermetallic phases. 

Larger crystals lead to the formation of larger volume fraction of grain boundaries 

between the amorphous matrix and the crystalline phases, increasing the number of 

paths for Cu ions to diffuse into the bacteria. This is especially noticeable for the 

Cu56Zr38.7Al5.3 alloy, where more than 50 % of the surface area consisted of Cu-rich 

crystals. Nevertheless, there is no significant difference between the antimicrobial 

properties of Cu53Zr41.4Al5.6 and Cu56Zr38.7Al5.3, suggesting that the volume fraction 

rather than the composition of the phases may be the factor accountable for the 

change in antimicrobial properties.  
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3.2 Influence of cooling rate and annealing in a Cu-rich 
metallic glass composite 

3.2.1 Effect of changes in diameter and cooling temperature in 
the microstructure 

In the previous section the influence of composition in the wear and antimicrobial 

properties of a Cu-rich alloy was analysed, however, it was not possible to ascertain 

the role that volume fraction and crystalline phases per-se had on these results. Thus, 

a similar composition, Cu52Zr41Al7, was subjected to changes in the cooling rate 

through changes in rod diameter and in the cooling system (chiller on or off) of the 

Mini Arc Melter system. The idea is to promote an increase in volume fraction of the 

crystalline phase, without changing the composition or the nature of the crystalline 

phases formed. The increase in rod diameter will result in a lower cooling rate, which 

can be further lowered by changing the water temperature in the cooling unit. This 

will allow to analyse the role of volume fraction of crystalline phase and compare 

these results with those obtained in section 3.1 to understand the role of crystalline 

phases and composition in the wear and antimicrobial properties of BMGC. Before 

starting with the analysis of the results, it should be noted that, for convenience, 

samples will be referred to via a simple convention; those obtained with the chilling 

system on will be referred to as CH followed by the diameter of the rod (i.e. CH2 for 

the sample 2 mm in diameter casted with the chiller on), while samples quenched 

with the chiller off will be named as NCH followed by the diameter of the rod (Table 

13). 

Table 13 Codenames for the samples analysed in this section 

Code Diameter 

(mm) 

Chiller 

CH2 2 On 

NCH2 2 Off 

CH3 3 On 

NCH3 3 Off 
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The crystallinity and phases of the Cu52Zr41Al7 samples were analysed using XRD 

scans (Figure 36). The two rods cast with a 2 mm copper mould (Figures 36a and 

36b) display high intensity peaks arising from orthorhombic Cu10Zr7 (a = 0.9347 nm, 

b = 0.9313 nm, c = 1.2675 nm), orthorhombic Cu8Zr3 (a = 0.7868 nm, b = 0.8146 nm, 

c = 0.9977 nm), cubic austenite B2 CuZr (a = 0.3256 nm, b = 0.3256 nm, c = 0.3256 

nm) and monoclinic martensite B19´ CuZr (a = 0.3237 nm, b = 0.4138 nm, c = 0.5449 

nm). As expected from a MGC, a broad halo can be seen superimposed on the high 

intensity peaks, revealing the presence of an amorphous matrix. A slight decrease in 

the amorphous halo and a new peak at around 47° can be noticed in the NCH2 rod, 

but both samples remain much similar in microstructure. 

 

Figure 36 XRD scans for Cu52Zr41Al7 at. % alloy (a) CH 2 mm diameter, (b) NCH 2 
mm diameter, (c) CH 3 mm diameter, (d) NCH 3 mm diameter and (e) 3 mm 
annealed at 850 °C for 48 h [13]. 
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The crystalline phases of the 3 mm rods (Figures 36c and 36d) are mostly similar to 

the ones previously discussed, but small peaks associated with tetragonal CuZr2 (a = 

0.3220 nm, b = 0.3220 nm, c = 1.1183 nm) were found. As expected, the decrease 

in cooling rate reveals a clear influence in the volume fraction. The CH3 sample 

reveals the presence of numerous high intensity peaks, while the amorphous halo is 

almost undiscernible. In contrast to the NCH2 sample, the peak at 39.3° (Cu10Zr7, 

Cu8Zr3 and austenite B2 CuZr) increases in magnitude followed by the peaks 

detected at about 38.3° and 41.2°. This trend is followed by the NCH3 alloy, where 

the number of peaks increased drastically, and the broad halo seen in all other 

samples is not exhibited. To complement these measurements, a NCH3 sample was 

annealed at 850 °C for 48 h (Figure 36e). The XRD scan reveals a complete 

crystalline structure without any amorphous halo. The heat treatment has developed 

a more complex microstructure, as suggested by the great number of high XRD 

peaks. While most of the crystalline phases are those previously discussed, although 

with higher intensities (especially for the peaks corresponding to Cu10Zr7, B19´ CuZr 

and CuZr2), the annealing has led to the formation of an unexpected peak at 41.3°. 

This peak and others found in Figure 36e can be associated with cubic AlCu2Zr (a = 

0.6190 nm, b = 0.6190 nm, c = 0.6190 nm). 

Similarly to section 3.1, the microstructure of the metallic alloys was analysed through 

backscattered SEM images (Figure 37) obtained from the middle radius of the 

samples. The nature of the crystalline phases was evaluated from EDX 

measurements (Table 14), always given in at. %, of magnified backscattered images 

(insets of Figure 37). The CH2 sample (Figure 37a) reveals the presence of small 

crystalline phases embedded in an amorphous matrix. These particles are round and 

irregular up to 2 μm in size with no clear differences in tonality observed, suggesting 

that their composition is homogeneous. EDX measurements indicated that the 

composition of such particles was Cu43.3Zr44.9Al11.9 (phase 2a), while the composition 

of the amorphous matrix was Cu51.2Zr43.1Al6.8 (phase 1a), near the nominal 

composition of the alloy. The darker tonality of these crystalline phases suggests a 

lower atomic weight than the matrix, which coupled with a Cu/Zr ratio near 1 suggests 

that these particles may be correlated with CuZr, commonly found in similar Cu-based 

alloys [375,376]. 
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Figure 37 Backscattered SEM images taken from the middle radius for Cu52Zr41Al7 
at. % alloy (a) CH 2 mm diameter, (b) NCH 2 mm diameter, (c) CH chilled 3 mm 
diameter, (d) NCH 3 mm diameter and (e) 3mm crystallized sample [13]. 
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Table 14 Composition in at. % of the areas labelled on Figure 37 and phases to which they can be attributed. 

  1a matrix 1b matrix 1c matrix 1d matrix 2a 
Dendrites I 

2b 
Dendrites I 

2c 
Dendrites I 

2d 
Dendrites I 

3c 
Dendrites 

II 

3d 
Dendrites 

II 

1e matrix 2e 
Geometric 
particles 

3e 
Dendrites 

4e Clear 
matrix 

Cu 51.2 ± 0.2 51.1 ± 0.4 52.1 ± 0.4 52.5 ± 0.6 43.3 ± 3.0 45.6 ± 0.8 45.6 ± 1.0 45.9 ± 1.5 37.7 ± 0.1 37.3 ± 1.3 54.9 ± 1.0 54.8 ± 1.3 36.7 ± 1.5 46.8 ± 0.7 

Zr 43.2 ± 3.3 42.6 ± 0.2 42.1 ± 1.9 40.4 ± 0.5 44.9 ± 1.8 43.6 ± 1.8 43.0 ± 0.7 43.0 ± 1.2 48.3 ± 0.2 49.4 ± 1.0 43.3 ± 0.9 28.5 ± 1.7 49.6 ± 0.9 51.1 ± 0.5 

Al 6.8 ± 0.2 6.3 ± 0.4 5.85 ± 1.7 7.15 ± 0.7 11.9 ± 1.4 10.7 ± 1.2 11.4 ± 0.7 11.1 ± 0.7  13.9 ± 0.2 13.46 ± 0.5 1.9 ± 0.3 16.7 ± 1.2 13.8 ± 1.6 2.2 ± 0.6 

Phase Nominal 
comp. 

Nominal 
comp. 

Nominal 
comp. 

Nominal 
comp. 

CuZr CuZr CuZr CuZr CuZr2 CuZr2 Cu10Zr7 Cu2ZrAl CuZr2 CuZr 
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The NCH2 backscattered SEM image (Figure 37b) is similar to that described for the 

CH2 rod, however, the embedded particles are slightly larger (up to 4 μm), and while 

the volume fraction of CH2 is around 20.2 %, the reduction in cooling rate led to a 

volume fraction of around 24.2 %. The volume fraction of these samples is far from 

the percolation threshold [285], indicating that no great differences in mechanical 

behaviour can be expected between the CH2 and NCH2 samples. EDX analysis of 

the crystalline particles revealed a composition of Cu45.6Zr43.6Al10.7 (phase 2b), 

suggesting the presence of CuZr, while the composition of the matrix, Cu51.4Zr42.5Al6.3 

(phase 1b) is close to the nominal composition (Cu52Zr41Al7). Consequently, there is 

no great change in the structure of these two rods, which agrees with the XRD scans. 

The change in sample rod diameter has caused a dramatic change in microstructure 

as deduced from the XRD scans. The CH3 sample (Figure 37c) exhibits large 

dendrites with long arms up to 10 μm in length and smaller particles (around 4 μm) 

embedded in an amorphous matrix. The volume fraction is about 41.8 % approaching 

the percolation threshold, emphasized by the connection between some of the 

dendrites. The composition of the geometric particles was Cu45.6Zr43.0Al11.4 (phase 2c), 

revealing that these phases correspond to the CuZr intermetallics observed in the 2 

mm samples. On the other hand, EDX analysis of the dendritic feature was 

Cu37.7Zr48.3Al13.9 (phase 3c), and its Cu/Zr ratio of about 0.78 indicates that these 

dendrites may correspond to CuZr2 [223,375,377,378]. Finally, the matrix has a 

similar composition, Cu52.0Zr42.1Al5.9 (phase 1c), as that of the nominal composition of 

the master alloy.  

For the NCH3 rod (Figure 37d), similar particles and dendrites can be observed, but 

these features have developed, with dendritic arms reaching up to 18 μm in length 

and particle sizes of around 6 μm. This size increase has led to a rise in volume 

fraction of crystalline phases to 55.2 %, indicating that connectivity between the 

crystalline phases is taking place. The compositional analysis of these features 

showed similar values to those measured in the CH3 sample, being Cu45.9Zr43.0Al11.1 

(phase 2d) for the dendritic phases, Cu37.3Zr49.4Al13.5 (phase 3d) for the particles and 

Cu52.5Zr42.1Al7.2 (phase 1d) for the matrix. Thus, the structure of the NCH3 rod is similar 

to that of the CH3, CuZr particles and CuZr2 dendrites embedded in an amorphous 

matrix, but much more developed. This agrees with Gonzalez et al. [362] who 
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observed the growth of one crystalline phase from the previously formed phase during 

the crystallization process. Both CH3 and NCH3 samples display a slight 

decolouration around the large dendrites. The small size of this feature does not make 

it possible to obtain a reliable measurement, but in section 3.1 a similar feature was 

found to be Cu10Zr7. 

The microstructure suffers a second dramatic change when the alloy was annealed 

at 850 °C for 48 h (Figure 37e). Several phases can be observed: dark geometric 

particles up to 5 μm surrounded by grey dendrites of smaller size (up to 4 μm) and a 

lighter-coloured phase. From EDX analysis, the composition of the dark particles 

(phase 2e) is Cu54.8Zr28.5Al16.7 and therefore can be attributed to the Cu2ZrAl ternary 

phase. The dendrites near these dark particles had a composition of Cu54.8Zr28.5Al16.7, 

suggesting the presence of CuZr2 found in the 3 mm alloys. In regards to the clear 

and dark structures surrounding the dendrites and particles, it was found that the 

clearer feature may be correlated with CuZr (Cu46.8Zr51.0Al2.2, phase 4e), while the 

darker structure can be considered as Cu10Zr7 (Cu54.9Zr43.3Al1.9, phase 1e).  

3.2.2 Scratch test 

The wear performance of the previously described alloys was assessed performing 

scratch tests at approximately half the radius distance (Figure 38) of the 2 and 3 mm 

diameter rods. The magnified images of the centre of the scratch track are shown in 

insets of Figure 38. Similarly to the analysis developed in section 3.1, the pile-up 

height, groove deep at the centre and maximum, groove area over the pile-up area, 

track width, scratch hardness number, arithmetic average of the roughness profile 

and average distance between the highest peak and lowest valley of the MGCs, for 

the annealed sample and a pure copper rod were measured (Table 15). All results 

were obtained from at least ten measurements, while, similarly to section 3.2.1, the 

low sliding speed (10 mm/min) and load (30 N) should not raise the temperature high 

enough to induce crystallization [303].  
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Figure 38 Images showing the scratches at the middle radius of the samples (a) CH 
2 mm diameter; (b) NCH 2 mm diameter; (c) CH3 mm diameter; (d) NCH 3 mm 
diameter; (e) 3 mm annealed at 850 °C for 48 h and (f) pure copper [13].
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Table 15 Summary of the pile-up height, groove deep at the centre and maximum, groove area over the pille-up area, track width, scratch 
hardness number, arithmetic average of the roughness profile and average distance between the highest peak and lowest valley for the 
samples: CH 2 mm diameter, NCH 2 mm diameter, CH3mm diameter NCH 3 mm diameter, 3 mm annealed at 850 °C for 48 h and pure 
copper. 

Sample Pile-up (µm) Centre (µm) Maximum (µm) 
Groove Area / 
Pile-Up Area 

Scratch width 
(µm) 

Scratch 
hardness 

number (GPa) 
Ra (nm) Rz (nm) 

CH 2mm  5.05 ± 1.92 15.70 ± 1.22 20.79 ± 1.41 10.05 ± 3.87 243.16 ± 2.36 1.29 ± 0.02 1438.44  ± 258.30 4528.70 ± 1532.68 

NCH 2mm  3.71 ± 1.58 17.46 ± 0.85 21.82 ± 1.45 14.51 ± 5.87 241.25 ± 2.23 1.31 ± 0.02 1566.47  ± 179.20 4123.45  ± 681.11 

CH 3mm  2.78 ± 1.09 17.48 ± 1.79 19.82 ± 2.22 17.20 ± 3.72 240.30 ± 2.98 1.32 ± 0.03 1596.15  ± 221.62 5216.74 ± 822.11 

NCH 3mm  2.63 ± 1.51 21.92 ± 1.83 26.51 ± 2.42 31.83 ± 5.90 229.44 ± 5.99 1.45 ± 0.08 1974.25 ± 364.28 6540.84 ± 1355.79 

850C 48h 3.86 ± 2.79 17.47 ± 1.13 20.74 ± 1.22 13.97 ± 6.75 196.08 ± 1.57 1.99 ± 0.03 1106.54 ± 101.22 3407.08 ± 624.26 

Copper 40.91 ± 12.08 61.93 ± 3.97 66.34 ± 2.92 2.97 ± 0.88 426.54 ± 3.61 0.42 ± 0.01 1631.62 ± 58.67 8273.16 ± 511.49 
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The morphology of the scratch for the CH2 sample (Figure 38a) shows a relatively 

high pile-up dispersed into large volumes of material (dashed square). This material 

is the result of the natural movement of the material during the scratch process. As 

the stylus tip sinks into the material and slides, the removed and plastically deformed 

material is pushed to the sides of the track by plastic flow. The presence of such large 

volumes of material suggests that the alloy is relatively ductile, however, the pile-up 

suffers a great variation in height along the side of the track (5.05 ± 1.92 μm). The 

groove centre depth and maximum depth are relatively small, 15.70 ± 1.22 μm and 

20.79 ± 1.41 μm, respectively, but the track width is the highest from all samples 

analysed (243.16 ± 2.36 μm) and therefore results in the lowest scratch hardness 

(1.29 ± 0.02 GPa) according to Equation 3. The general surface of the groove reveals 

long continuous lines of smeared material, typical of adhesive wear. The high shear 

stresses promote plastic deformation and adhesion of material to the tip, and, as the 

diamond tip continues its movement, this material will be reattached onto the surface, 

leaving continuous lines of smeared material. The magnified image of the track centre 

(inset of Figure 38a) is relatively smooth (1438.44 ± 258.30 nm) and shows signs of 

abrasion and chipping. These features suggest ductile ploughing and plasticity [367] 

with some signs of abrasive wear, suggesting that the Cu52Zr41Al7 alloy is more ductile 

and the wear performance of the Cu-Zr-Al system is highly dependent on 

composition.     

For the NCH2 alloy (Figure 38b), the wear track presents longer (up to 300 μm) and 

narrower (10 μm) lines of smeared material, however, the pile up is smaller 3.71 ± 

1.58 μm, while the depth in the centre (17.46 ± 0.85 μm) and at the maximum depth 

(21.82 ± 1.45 μm) are larger. This is consistent with the slight increase in volume 

fraction of brittle crystalline phases (Figure 38b). The low cohesion between matrix 

and crystalline phases causes the particles to be dragged forward by the movement 

of the diamond tip through a mechanism of shearing and cracking [313]. 

Consequently, these particles act as a secondary source of wear, leading to a slight 

increase in roughness of the groove surface (1566.47 ± 179.20 nm) with signs of 

chipping. The wear track decreases slightly, leading to a small increase in scratch 

hardness (241.25 ± 2.23 μm and 1.31 ± 0.02 GPa, respectively). Together, these 

features indicate adhesive and abrasive wear, however, the adhesive wear is the 

main wear mechanism involved, as shown by the large number of smeared lines. 
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The drastic microstructural changes seen in the CH3 sample (Figure 38c) has not 

greatly changed the track morphology (Figure 38c). Long and continuous lines of 

smeared material are present, and slightly more prominent, probably due to the large 

size of the dendritic phases. The long arms of these crystalline phases constrain the 

movement of the relatively ductile matrix, holding large parts of the matrix attached to 

the dendrites. As the tip moves over the crystalline phases, the large contact area 

between these features and the tip, and the attachment of matrix and dendrites leads 

to an increase in plastic deformation of the matrix, explaining the increase of smeared 

material. Nevertheless, the changes in pile up are not drastic. While the pile up 

displays a slight decrease, 2.78 ± 1.09 μm, the depth of the groove at the centre and 

its maximum depth remain similar to those displayed by the NCH2 rod (17.48 ± 1.79 

μm and 19.82 ± 2.22 μm respectively). The magnification of the groove centre (inset 

of Figure 38c) reveals detachment and pitting with minor chipping and cracking, 

similar to the features observed by observed by Zhong et. al. [368] in Zr-based BMGs. 

The track width and scratch hardness do not change drastically when compared to 

the NCH2 sample (240.30 ± 2.98 μm and 1.32 ± 0.03 GPa, respectively), probably 

because the alloy has yet to reach the percolation threshold. All these features reveal 

that adhesive wear is the most important wear mechanism, while the presence of 

some minor abrasive wear can be observed. 

For the NCH3 BMGC (Figure 38d), long lines of smeared material can be observed, 

however, the most interesting feature are the large pits (~ 50 μm) present in the 

middle of the wear track. Although some pits were found in the previous samples, the 

NCH3 rod reveals larger and more abundant pits than those observed in any of the 

other alloys. This is consistent with the change in microstructure driven by the 

increase in rod size and the lack of chiller. The shear and compressive stresses 

applied by the diamond tip coupled with the formation of Zr-rich intermetallic phases, 

may have led to the attachment of those particles to the tip in the form of Zirconium 

carbide. The movement of the tip and the chemically-bound phases will cause the 

pull out of the crystalline phases from the amorphous matrix. To confirm this, the 

position of the pits has been analysed. Most of the pits can be noticed near the centre 

of the track, where direct contact between the tip and the substrate takes place. 

Closer inspection of the worn surface (inset of Figure 38d) shows the presence of 

smaller pits between 2 and 5 μm and a more grooved profile (Table 15). The presence 
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of pits and smearing/grooving indicates that adhesive and abrasive wear had taken 

place, similarly to that observed in the previous samples. At the same time, the lower 

pile up (2.63 ± 1.51 μm) reveals an embrittlement of the sample which is consistent 

with the XRD scans (Figure 36d) and the increase in scratch hardness (1.45 ± 0.08 

GPa). This embrittlement can be partially explained by the increase in volume 

fraction, as this sample reached the critical volume fraction, thus leading to a marked 

change in mechanical properties [369]. Finally, it should be noted that the depth of 

the track in the centre and the maximum depth of the groove (21.92 ± 1.83 μm and 

26.51 ± 2.42 μm respectively) increases dramatically. This increase suggests that the 

hard intermetallic particles pulled out have a key role in the second wear mechanism, 

similar to the one observed in section 3.1. 

For comparison purposes, all the described analysis was performed on a NCH3 

Cu52Zr41Al7 rod annealed at 850 °C for 48 h (Figure 38e) and on a 3 mm pure copper 

rod (Figure 38f). The pile up of the annealed sample is significantly smaller, however, 

some sites display a high pile up, thus generating the large standard deviation, 3.86 

± 2.79 μm. The depth of the groove at the centre and the maximum depth (17.47 ± 

1.13 μm and 20.74 ± 1.22 μm respectively) are more similar to the CH3 sample than 

to the NCH3 rod. These results indicate a harder surface with consequent 

embrittlement of the material, showed by long cracks situated at both sides of the 

track. Contrary to the previous samples, the annealed rod does not have a relatively 

ductile matrix from which hard intermetallics can be pulled out. Consequently, the 

large stresses can only be released through the formation and propagation of cracks, 

resulting in a smooth surface (1106.54 ± 101.22 nm) with cracks up to 15 μm in length 

propagating transversely to the scratch direction (inset of Figure 38e). This can be 

further confirmed by the decrease in scratch width (196.08 ± 1.57 μm) and rise of 

scratch hardness (1.99 ± 0.03 GPa), which are consistent with the change in 

microstructure seen in Figure 37e. Thus, the annealing of the alloy led to the further 

increase in hardness and wear resistance observed in the Cu52Zr41Al7 BMGCs. 

Finally, the scratch track on the pure copper sample (Figure 38f) is much wider 

(426.54 ± 3.61 µm), deep (61.93 ± 3.97 µm, centre, and 66.34 ± 2.92 µm, maximum) 

and displays the highest pile up (40.91 ± 12.08 µm) among any of the BMGCs. Further 

magnification of the centre of the groove (inset of Figure 38f) shows a heavily 
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smeared and grooved surface (1631.62 ± 58.67 nm) with hook-like structures, 

commonly observed in plastically deformed materials. These features are consistent 

with the high ductility and low wear resistance of copper, indicated by the low scratch 

hardness value calculated, 0.42 ± 0.01 GPa. 

In a similar way to section 3.1, the change in wear performance can be analysed with 

the ratio between the pile-up area and the groove area (Table 15). The increase in 

crystallinity and embrittlement of the BMGCs caused by the rise in volume fraction is 

revealed by the increase of the groove to pile-up ratio from 10.1 for the CH 2 mm 

sample to 31.8 for the NCH 3 mm sample. Interestingly, the annealed sample has a 

relatively low ratio (i.e. 14.0), but as previously discussed, the pile-up of the sample 

is heavily affected by the presence of local isles of material. For the copper sample, 

this ratio is the lowest of all the analysed samples (i.e. 3.0), expected from a ductile 

material.  

3.2.3 Antimicrobial and wettability tests 

Before assessing the antimicrobial properties of the BMGCs, the attachment of 

bacteria to the samples mirror-polished (4000 grit size) was estimated by analysing 

the wettability through contact angle tests [371]. Figure 39 shows the contact angle 

of deionised water sessile droplets deposited on the analysed surface, revealing an 

average value of: 88.6 ± 1.1° for CH2 (Figure 39a), 91.9 ± 1.5° for NCH2 (Figure 39b), 

96.7 ± 1.4° for CH3 (Figure 39c), 96.2 ± 2.7° for NCH3 (Figure 39d), 94.6 ± 5.1° for 

the annealed sample (Figure 39e), 93.9 ± 4.5° for pure copper (Figure 39f) and 41.5 

± 4.6° for stainless steel (Figure 39g). These BMGCs reveal greater disparities on CA 

values due to changes in rod diameter rather than with the change in cooling system, 

which is consistent with the microstructural changes found in the XRD analysis. It is 

important to notice that the increase in volume fraction increases the hydrophobic 

nature of the Cu52Zr41Al7 alloy, thus, predicting a reduction in the adhesion of bacteria. 

On the other hand, the annealed alloy reveals a wettability similar to that of pure 

copper, probably caused by the increase in Cu-rich crystalline phases. These results 

indicate that bacteria will be able to attach better on samples with lower volume 

fraction, however, these samples will have a limited number of grain boundaries, likely 

compromising their antimicrobial properties. 
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Figure 39 Average water contact angle Cu52Zr41Al7 at. % alloy (a) CH 2 mm diameter, 
(b) NCH 2 mm diameter, (c) CH 3 mm diameter, (d) NCH 3 mm diameter, (e) 
Crystallized at 850 °C for 48 h, (f) 3 mm pure copper and (g) Stainless Steel [13]. 

The antibacterial properties of the casted alloys were estimated through the reduction 

of E. coli colony forming units (CFU/mL) after 1, 2, 3 and 4 hours of contact time. This 

test was carried out for two BMGCs (CH2 and NCH3) and a material without 

antimicrobial properties (stainless steel) to be used as a control (Figure 40). The 

recovery of bacteria from the stainless steel reveals a practically constant amount of 

bacteria (~ 3.8x108 CFU/mL) with a slight increase after 4 h, consistent with the 

expected lack of antimicrobial activity. On the other hand, recovery of E. coli cells 

from both Cu-rich BMGCs display a reduction cells as the contact time increases. 

Both samples do not reveal great differences in antimicrobial activity for the first two 

hours, but the number of recovered cells diminishes appreciably after 3 h and 4 h. 

This change is especially dramatic for the NCH3 sample, able to eliminate two orders 

of magnitude more of E. coli cells than the CH2 sample. The change in antimicrobial 

kinetics can be quantified through a similar equation to the reduction percentage 

defined in Equation 5. This equation has been reported by Chu et al. [177] and differs 

by using the geometric mean of the number of survivors as inputs instead of the 
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arithmetic mean. The results can be seen in Figure 41 where the percentage of 

survivors on the CH2 and NCH3 samples is displayed for different contact times. After 

2 h of contact killing the percentage of survivors is practically the same in both 

samples (~ 35 %), however, only 0.3 % of E. coli cells remain alive on the NCH3 rod 

after 4 h, while for the same time, 10.7 % survived on the CH2 sample. 

 

Figure 40 Recovery of E. coli exposed to indicated substrates.  Each surface was 
inoculated with 1 µL of bacterial culture grown until OD600 = 0.3 [13]. 
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Figure 41 Survival rate values for samples with highest difference in cooling rate (2 
mm chiller and 3 mm no chiller) after 1, 2, 3 and 4 hours using the stainless steel CFU 
as 100% survival ratio [13]. 

The similarity in the number of E. coli cells recovered during the first two hours in the 

two samples might be explained by the formation of dead cellular material, creating a 

protective “barrier” capable of protecting the remaining cells, i.e. those bacteria most 

intimately attached to the surface would absorb most damage after the point of their 

own death. As the time of contact increases, the exposure of the rest of the population 

to copper ions rises rendering this protective “layer” less effective, increasing the 

killing rate of E. coli cells. Settling of bacteria toward the surface may also increase 

their exposure to Cu ions and increase the apparent killing rate. On the other hand, 

the difference in slope observed in Figure 40 can be explained due to the 

dissimilarities in microstructure seen in the XRD scans. The nature of crystalline 

particles in the CH2 and NCH3 samples does not differ greatly. Both samples 

revealed the presence of CuZr crystals, being the greatest difference the appearance 

of low Cu content dendrites (CuZr2) in the NCH3 samples. Thus, the differences in 

crystalline phases do not seem able to explain the sudden increase in antimicrobial 

properties. On the other hand, the volume fraction differs greatly in both rods, and, 

grain boundaries are known to be easy paths of diffusion [379]. As such, the larger 
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grain boundaries displayed between the particles and dendrites of the NCH3 may be 

the main contributors to the rise in killing rate.  

To further analyse the role of crystalline phases’ nature and volume fraction in the 

antimicrobial properties of Cu-rich alloys, the annealed Cu52Zr41Al7 alloy was 

subjected to the same antimicrobial tests. The microstructure of the annealed sample 

full of Cu-rich crystalline phases (i.e. Cu10Zr7 and Cu2ZrAl) coupled with the great 

density of grain boundaries would be expected to dramatically rise the antimicrobial 

properties of this alloy. The recovery of bacteria showed that after one hour of contact 

only 17.3 % of E. coli cells remained alive on the surface, while after two hours no 

viable bacteria were recovered. These results and the previous analysis of the 

BMGCs reveal that the microstructure is of utmost importance in developing highly 

efficient antimicrobial materials, but the main driving parameter responsible for the 

biocidal properties of these materials seems to be the volume fraction of crystalline 

phases rather than their composition. Interestingly, these results suggest that 

crystalline Cu-rich materials should be preferred over BMGCs. Nevertheless, after the 

antimicrobial experiments the samples displayed a black appearance and 

embrittlement, breaking solely by being handled using metallic tweezers. This 

suggests intergranular corrosion and oxidation which can affect the antimicrobial 

properties and the long term use of the alloy [68,108]. This change in colouration and 

brittleness was not found in the BMGCs and therefore these alloys are the most 

suitable candidates for antimicrobial applications. 

In section 1.1.4, three standards capable of quantifying the antimicrobial properties 

of hard materials were introduced, namely: the “Antibacterial products-Test for 

antibacterial activity and efficacy” (Japanese Industrial Standard Z 2801:2010, 

First English edition published in 2011-12, Tokyo, Japan), the European “Plastics-

Measurement of antibacterial activity on plastic surfaces” (International 

Organization for Standardization  22196:2007, First edition 2007, Switzerland) and 

the American (Environment Protection Agency: EPA) “Protocol for the 

evaluation of bactericidal activity of hard, non-porous Copper containing 

surface products” (Environmental Protection Agency, latest version 2016, United 

States of America). The quantification of this property was calculated using the 

method proposed by Chu et al. [177], but it is of interest to contrast the previous 
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results with the available standardized method described in these documents. It must 

be mentioned that the recommended density of inoculum in these documents is 6x105 

CFU/mL in the Japanese standards and 4-5 logs/carrier in the EPA standard, but, as 

mentioned in section 3.1.3, larger densities are desirable, which is further emphasized 

by the available literature [66,112,177].  

Antimicrobial activity and percentage reduction were calculated according to these 

standards (Equations 4 and 5) for each of the BMGCs (Tables 16 and 17). The nature 

of both equations (one linear and other logarithmic) does not make it possible to 

compare both methods, however, they show a similar trend to the one observed in 

the previous analysis. The maximum antimicrobial activity and percentage reduction 

is accomplished by the NCH3 sample (2.51 and 99.91%), while the CH2 sample 

achieves a maximum of (0.97 and 94.18 % respectively). The values revealed by the 

NCH3 rod are near the threshold provided by the American protocol to consider an 

antimicrobial surface as effective (3 log10 reduction). Finally, it should be noted that 

the equations provided in the standards use logarithms and geometric mean which 

are more robust than mere arithmetic mean, which may result in more reliable results 

than the ones used by Chu et al. [177]. 

Table 16 Antimicrobial activity calculated using JIS Z 2801:2010 Antibacterial 
products -- Test for antibacterial activity and efficacy [171]. 

  1h 2h 3h 4h 

CH 2mm  0.38 0.46 0.67 0.97 

NCH 3mm  0.38 0.46 1.4 2.51 
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Table 17 Reduction of bacteria percentage calculated using US EPA Protocol for the 
Evaluation of Bactericidal Activity of Hard, Non-porous Copper Containing Surface 
Products [173]. 

  1h 2h 3h 4h 

CH 2mm  38.73% 44.57% 93.09% 94.18% 

NCH 3mm  39.52% 43.22% 99.71% 99.91% 

 

3.3 Discussion 

In sections 3.1 and 3.2, the wear and antimicrobial properties of Cu-rich bulk metallic 

composites has been analysed and correlated with the literature. The purpose of this 

section is to compare the obtained results and analyse the main factors that influence 

the properties through changes in composition and cooling rate.  

The four alloys analysed (Cu50Zr44Al6, Cu53Zr41.4Al5.6, Cu56Zr38.7Al5.3 and Cu52Zr41Al7) 

do not differ greatly in their composition, however, drastic changes in microstructure 

were observed. It was found that the 2 mm rods of Cu50Zr44Al6 and Cu52Zr41Al7 alloys 

display the highest GFA, while minute changes in composition and cooling rate 

increase the volume fraction of crystalline phases. The nature of these crystalline 

phases is similar in all of the analysed alloys and most of the phases are detected by 

SEM, with exception of Cu10Zr7 and Cu8Zr3 phases in the low copper alloys. The lack 

of these phases could be attributed to the sensitivity of the XRD technique to small 

volume fraction of crystalline phases, which may only be detected by TEM [293]. An 

analysis of the equilibrium binary Cu-Zr (Figure 42) and ternary Cu-Zr-Al (Figure 43) 

diagrams shows that the main crystalline phases (Cu10Zr7, Cu8Zr3, CuZr, CuZr2 and 

Cu2ZrAl) are stable and metastable intermetallics expected in compositions similar to 

the ones studied. Nevertheless, compositional analysis reveals that the detected 

phases do not exactly correspond to the ones estimated in the equilibrium diagrams 

(i.e. CuZr2 should not be expected in Cu52Zr41Al7). The reason for this discrepancy 

comes from the high cooling rates common in the preparation of MGs and their 

composites [380], and can explain the presence of CuZr2 in Cu-Zr-Al alloys with 

relatively low Zr content [378,381]. Nevertheless, the microstructure of the Cu-based 
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alloys shows mostly the presence of Cu10Zr7, Cu8Zr3 and CuZr, which can be 

expected as these alloys are close to two deep eutectics located between the Cu10Zr7 

and CuZr phases [382]. On the other hand, the Cu-Zr diagram indicates the presence 

of Cu5Zr8 should take place first before the apparition of CuZr2 (Figure 42), however, 

the equilibrium diagram of the ternary Cu-Zr-Al system shows the following two deep 

eutectic reactions: liquid → CuZr + τ3 + CuZr2 and liquid → Cu10Zr7 + τ4 + CuZr [349]. 

These reactions, coupled with the fact that higher Al contents tend to stabilize the 

ternary system [348] would explain the favoured CuZr2 phase in the Cu52Zr41Al7 alloy. 

 

Figure 42 Cu-Zr phase diagram [326] with the compositions analysed in this chapter. 
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Figure 43 Evaluated isothermal sections of the Al-Cu-Zr system for (a) liquidus [349] 
and (b) 800 °C [354] with the compositions analysed in this chapter. 
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For the scratch test, the increase in copper content, as well as, the reduction of 

cooling rate leads to an increase in the volume fraction of brittle crystalline phase, 

and therefore results in an embrittlement of the alloy. However, one should notice the 

difference in wear mechanisms and wear behaviour between the alloys. In one hand, 

the alloys analysed in section 3.1 display higher abrasive wear, while the alloys 

studied in section 3.2 show both abrasive and adhesive wear. The main difference 

between the two alloys is the relatively high content in aluminium of the latter, 7 %. It 

is broadly known that MGs are heavily dependent on their composition, and that small 

compositional changes can lead to drastic changes in their mechanical performance 

[201,359]. This change in composition may be the cause behind the lower scratch 

hardness of the Cu52Zr41Al7 alloy (maximum of 1.45 GPa) when compared to the 

Cu50Zr44Al6 alloy (3.73 GPa), and the higher ductility of the of alloys seen in section 

3.2. On the other hand, it must be said that the trends observed in both sets of alloys 

are completely different. The increase in wear resistance was effectively lowered as 

the copper content increased, from 3.73 GPa to 2.41 GPa, while the reduction in 

cooling rate raises the wear resistance of the alloy, from 1.29 GPa to 1.45 GPa. The 

small increase in wear resistance due to cooling control indicates that volume fraction 

is of importance in the wear resistance of the alloy, but the higher differences driven 

by compositional changes show that composition may be of greater influence.  The 

increase in volume fraction did not greatly change the wear behaviour for values 

below the percolation threshold, and, once reached, the mechanical properties of the 

alloys underwent an embrittlement, as suggested by the formation of numerous 

cracks in the Cu56Zr38.7Al5.3 and Cu52Zr41Al7 NCH3 rods. In common crystalline 

materials it has been shown that the increase in hardness causes a rise in wear 

performance [291,292], nevertheless, the interaction between a relatively ductile 

matrix with the harder intermetallic particles may cause an increase in wear through 

secondary wear mechanisms (as seen in the Cu56Zr38.7Al5.3 alloy). Finally, the use of 

nanoindentation to indirectly estimate the wear performance showed that the increase 

in copper content caused a slight rise in the H/Er, H3/Er
2 parameters, suggesting better 

wear behaviour of the alloys with high copper content. On the contrary, these samples 

revealed a decrease in scratch hardness (i.e., wider scratch values), which suggests 

lower wear resistance. Nanoindentations performed at high enough load to embrace 

all the crystalline phases of materials with fine homogeneous microstructures at the 

nanoscale enables to get an average value and therefore it can be of great use. 

However, the studied alloys have large heterogeneous crystalline phases at the 
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microscale and therefore the indents (even at the highest applied loads) are not large 

enough to embrace all the phases and get an average value. Thus, scratch hardness 

tests would be a better indicator of wear performance.  

The differences in bacterial adhesion predicted form the sessile drop tests are subtle, 

and the trend observed in section 3.1 is completely opposite to the one seen in section 

3.2. On one hand, the increase in copper content decreased the contact angle on the 

first set of alloys, while higher volume fractions in the cooling rate samples effectively 

increased the contact angle. Considering these results, it may be said that two 

opposite phenomena are interacting and changing the superficial energy of these 

samples. The increase in crystallinity tends to increase the CA, while the presence of 

Cu-rich phases appears to decreases the CA. These two driving forces are of great 

interest as they would be expected to have a direct impact on the adhesion of 

bacteria. As a result, small crystals of high Cu-rich phases would be expected to 

create a hydrophilic surface. This surface would be able to increase the adhesion of 

bacteria, which linked to the diffusion of copper ions, may enhance the antibacterial 

activity. 

A comparison of the antimicrobial properties obtained reveal that changes in volume 

fraction as well as the nature of the crystalline phases have had a direct impact in the 

killing of bacteria. All samples analysed showed low antimicrobial activity for times 

lower than 2 h, which drastically changed after 3 and 4 hours. In both sets of samples, 

the alloys with higher volume fraction of crystalline phase showed killing rates higher 

than 1 log10 reduction after 4 hours of contact killing (for a density of 108 CFU/mL). 

However, only the sample with the highest volume fraction reached an antimicrobial 

activity of 2.51, suggesting that volume fraction is more likely to be the main property 

affecting the antimicrobial properties of MGCs. It is true that the Cu56Zr38.7Al5.3 alloy 

eliminated 1 log10 of bacteria more than the more amorphous Cu50Zr44Al6 sample, and 

backscattered images showed large round particles occupying more than 50 % of the 

sample, but the grain boundaries of round particles are much lower than the dendritic 

structures seen in the NCH3 alloy. For this reason, it can be said that variations in the 

morphology of the crystalline phases and, as such, increases in grain boundary 

density will be more likely the cause for the increase in percentage reduction for both 

samples, rather than an overall change in nominal composition. Thus, the hypothesis 
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that a highly bactericidal alloy would be that containing large branched dendrites 

mixed in an amorphous matrix, instead of highly crystalline densities of round 

particles. The increase in diffusion paths will enhance the movement of copper into 

bacteria, effectively rising the antimicrobial properties of the material [65]. 

In summary, changes in wear and antimicrobial properties have been correlated with 

variations in cooling rate and composition for several Cu-rich alloys. The conducted 

analysis had indicated that volume fraction of crystalline phases and their morphology 

are the key parameters ruling both properties. Thus, it has been demonstrated that 

the wear and antimicrobial performance of BMGCs can be effectively tuned through 

cooling rate and composition. These results have shown that high volume fractions in 

the range of the percolation threshold will improve the antimicrobial properties of the 

alloy. On the other hand, the nominal composition can be controlled to obtain a 

relatively hard (Cu56Zr38.7Al5.3) or ductile material (Cu50Zr44Al6), but special 

consideration has to be taken to reduce the wear introduced by secondary wear 

mechanisms.
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4 Impact of surface roughness and oxidation on the 
antimicrobial activity of a Cu-based BMGC 

In the previous chapter, the influence of composition and cooling rate on the wear resistance 

and antimicrobial behaviour of a Cu-based BMGCs was investigated. Increasing the 

crystallinity was observed to improve the antimicrobial behaviour not only because of the 

formation of Cu-rich crystalline phases but probably also due to the large volume fraction of 

grain boundaries that act as diffusion paths. 

Besides controlling the composition and casting parameters, another strategy to enhance 

the wear resistance of Cu-rich alloys is promoting the formation of copper oxides [383]. 

However, Hans et al. [68] analysis of pure copper, Cu2O and CuO have shown that copper 

oxides can display lower antimicrobial properties than pure copper. Thus, the superior wear 

resistance of oxidised alloys may have a detrimental effect on the contact killing behaviour. 

Surface engineering can be a second method to increase the antimicrobial performance, 

as changes in roughness will influence the wettability and, as such, the bacteria-surface 

attachment [384,385]. Surfaces analysed in the literature have mostly focused on controlling 

the parameters (height, width and spacing) of several geometries (e.g. pillars, hexagons) in 

the nanometre to micron size [384]. The magnitude of such geometries are in the same 

scale as that of bacteria and, consequently, they are expected to have the largest impact 

on bacteria-surface attachment. Albeit patterning may be an interesting option to impact cell 

attachment to small surfaces, this process may not be feasible to produce commercial large 

surfaces for use in hospital touch surfaces. As far as the author is concerned, the impact of 

roughness from simple grinding on the antimicrobial performance of Cu-rich alloys has not 

been studied before, and might reveal an interesting cost-effective method to improve the 

performance of such materials. 

Taking into account the previous paragraphs, the purpose of this chapter is to shed light on 

the impact of oxidation and roughness on the contact killing efficiency of a Cu-Zr-Al BMGCs. 

For this purpose, 2 mm rods with composition of Cu55Zr40Al5 at. % were cast and ground 

using different SiC grinding paper, while half of those samples were oxidised in air at 703 K 

for 5 h. Besides its antimicrobial behaviour, the effect of contact time on the morphology of 

E. coli will be studied and compared with cells exposed to controlled dosages of copper 
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ions in liquid culture. Finally, the results will be used to propose the development of 

antimicrobial maps to ease the research of high antimicrobial performance materials. 

4.1 Oxidation and roughness analysis 

4.1.1 Examination of the microstructure 

XRD scans of the as-cast and oxidized samples can be observed in (Figure 44a), alongside 

their corresponding SEM backscattered images (Figures 44b and 44c, respectively). The 

as-cast sample reveals high intensity peaks overlapped to an amorphous hump, indicating 

the presence of crystalline and amorphous phases. These peaks can be associated to 

orthorhombic Cu10Zr7 (a = 0.9347 nm, b = 0.9347 nm, c = 1.2675 nm), orthorhombic Cu8Zr3 

(a = 0.78686 nm, b = 0.81467 nm, c = 0.9977 nm), austenite B2 CuZr  (a = 3.2562 nm, b = 

3.2562 nm, c = 3.2562 nm), monoclinic martensite B19´ CuZr (a = 0.3237 nm, b = 0.4138 

nm, c = 0.5449 nm) and tetragonal CuZr2 (a = 0.3220 nm, b = 0.3220 nm, c = 1.1183 nm). 

 

Figure 44 (a) XRD scans for the as-cast and oxidised Cu55Zr40Al5 (at. %) BMGCs with the 
corresponding SEM backscattered images for the (b) as-cast and (c) oxidized samples. 

On the other hand, the oxidised sample does not show such a noticeable amorphous hump, 

suggesting that the oxide layer thickness is enough to mask the signal from the amorphous 

phase present in the sample. The oxidised sample shows the presence of similar peaks to 
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those previously mentioned, however, the oxidation process has caused the appearance of 

additional peaks matching monoclinic CuO (a = 0.4653 nm, b = 0.3410 nm, c = 0.5108 nm), 

cubic Cu2O (a = 0.4252 nm, b = 0.4252 nm, c = 0.4252 nm), tetragonal ZrO2 (a = 0.5070 

nm, b = 0.5070 nm, c = 0.5160 nm) and face-centred cubic Cu (a = 0.3608 nm, b = 0.3608 

nm, c = 0.3608 nm). 

The as-cast surface (Figure 44b) reveals particles of cubic (small arrows) and dendritic 

(large arrows) shape up to 5 µm in size fixed in a featureless matrix. EDX measurements 

of the cubic particles and dendrites showed a composition of Cu36.2Zr51.0Al12.8 and 

Cu46.3Zr41.1Al4.7 respectively, indicating that the latter can be matched with CuZr2 while the 

former can be attributed to CuZr. The featureless matrix surrounding the crystalline phases 

showed a composition equal to that of the nominal composition (Cu55Zr40Al5). The oxidation 

process at 703 K for 5 h (Figure 44c) has led to a dramatic change in the microstructure. 

The surface is composed of granules similar to those observed in the Cu60Zr30Ti10 alloy by 

Tam et al. [386], but the ones seen in these samples are coarser (~ 5 µm), probably caused 

by the higher oxidising temperature used (the cited work used 573 K not 703 K). Beside the 

black granules, small white needles can be discerned homogeneously distributed on the 

surface (inset of Figure 44c). 

The nature of the oxides obtained was analysed through a cross-section of a sample 

prepared with 240 grit paper (Figure 45). The secondary electron image (Figure 45a) 

exposes a layered structure divided by what seems to be a porous intermediate layer. 

Further analysis of this structure with backscatter SEM imaging (Figure 45b) reveals a 

complex multi-layered structure with different compositions. This compositional difference 

is especially noticeably in the elemental EDX mapping of the cross-section (Figure 45c) 

where Al-rich (green), Cu-rich (blue), Zr-rich (red) and O-rich (orange) regions can be clearly 

discerned. This analysis indicates that the maximum oxygen content can be found near the 

surface, while the O content diminishes with increasing depth from the surface. The 

outermost dark layer up to 0.7 µm thick has a composition of Cu51.1O49.9 and is attributed to 

CuO. The second layer of brighter tonality reveals a composition poorer in oxygen, 

Cu68.2O31.8, which can be matched with Cu2O. The following porous layer is composed of a 

mixture of pure copper and some copper oxides. The final layer before the as-cast BMGCs 

revealed a composition of O54.0Zr26.9Cu15.8Al3.4, indicating the presence of Zr2O with some 

traces of copper and aluminium. 
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Figure 45 (a) Secondary electron and (b) backscattered SEM images for the cross section 
of the 240 grit oxidized sample. (c) Compositional EDX mappings corresponding to Cu, Zr, 
O and Al. EDX spectra for all phases shown in the cross section backscattered image. 
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The formation of a complex oxide layer in Cu-based BMGs has already been reported in 

the literature [383,386,387]. The electrode potential of Zirconium (-1.553 V, Zr/Zr4+) is much 

lower than that of copper (+0.337 V, Cu/Cu2+), indicating a preferential oxidation of Zr to 

ZrO2 [388,389]. During the first stages of oxidation, a porous layer of ZrO2 will be formed on 

top of the substrate, allowing the diffusion of oxygen and further oxidising the alloy. The 

decreasing content of elemental Zr will cause the segregation of metallic copper and will 

move outward as a new layer of ZrO2 is formed beneath the diffused copper, resulting in a 

ZrO2-Cu-ZrO2-BMG layer. Asami et al. [388] had shown that further contact of the tetragonal 

ZrO2 layer with oxygen and moisture will cause a tetragonal to monoclinic transformation 

followed by degradation and cracking of the layer. The ZrO2 layer will leave the segregated 

copper in contact with air, resulting in the formation of Cu2O and CuO [388]. 

Although EDX can give information about the composition of the material, it can be difficult 

to quantify the exact amount of lighter elements, such as oxygen [390], present on the 

samples. For this reason, X-ray Photoelectron Spectroscopy (XPS) was carried out on the 

surface of the oxidized samples both as prepared (Figure 46a) and after argon ion sputtering 

(Figure 46b). The spectra of both scans reveal the presence of O, Cu, Zr and Al with minor 

quantities of C, N and Si from surface contamination. The intensity of the peaks indicates 

that the stoichiometry of the material between the unsputtered and sputtered conditions is 

different, with higher concentrations of copper in the untreated surface and higher Zr content 

in the treated surface. This suggests a layered structure rich in copper near the surface, 

consistent with the EDX measurements. 
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Figure 46 XPS spectra of the oxidized Cu55Zr40Al5 sample at 703 K for 5 h in the (a) 
untreated and (b) sputtered surface. In addition, Cu 2p, Zr 3d, Al 2s and O 1s core-level 
XPS spectra (c) from the oxidized sample without sputtering are shown. 

The oxidation states of the metal at the surface of the sample (i.e. Cu 2p, Zr 3d, Al 2s and 

O 1s) before sputtering can be seen in Figure 46c. The copper 2p peak splits into 2p3/2 and 

2p½ components (931.8 eV and 951.6 eV, respectively), and is compatible with Cu1+ and 

elemental Cu, while the small satellite below 945 eV and the asymmetry of the peaks 

indicates a small amount of Cu (II) present on the sample. On the other hand, the Zr doublet 

located at 182.0 and 184.3 eV (Zr 3d5/2 and Zr 3d3/2, respectively) can be attributed to Zr4+. 

The aluminium peak (Al2s) consists of two chemically shifted species Al(0) (118.8 eV) and 

Al(III) (119.9 eV), while the O1s peak is caused by metal oxides and contaminants. These 

results indicate the presence of oxidized species, especially Zr, in the sputtered sample, 

which are into agreement with the SEM and EDX data. 
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4.1.2 Influence of oxidation in the roughness of the metallic glass 
composites 

To assess the effect of oxidation on the roughness, as-cast samples were ground with 

several SiC abrasive grinding papers of different grit size (240, 1200 and 4000), and half of 

the ground samples were oxidized. All sample surfaces were studied using an optical 

profilometer Figure 47, obtaining the arithmetic average of the roughness profile, Ra, and 

average distance between the highest peak and lowest valley, Rz, (Table 18). The 

roughness measurements show a clear increase in roughness after oxidation, which 

intensifies with reduced SiC grit size (from ~ 4 times rougher in the smoother surface to ~ 

1.4 rougher in the highest grit size). This trend can also be noticed in the average distance 

between the highest peak and lowest valley, indicating that the oxidation granules observed 

in Figure 44c had replicated and intensified the roughness of the as-cast samples. 
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Figure 47 Surface topography for all ground samples (240, 1200 and 4000) before and 
after oxidation. 
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Table 18 Summary of the arithmetic average of the roughness profile and average distance between the highest peak and lowest valley for 
several grit papers. 

 Grit size 

 
4000 1200 240 

 
Ra (nm) Rz (nm) Ra (nm) Rz (nm) Ra (nm) Rz (nm) 

As-cast 68.8 ± 11.9 422.6 ± 75.9 215.9 ± 12.2 1257.1 ± 94.3 430.9 ± 33.4 2392.7 ± 189.7 

Oxidized 274.3 ± 24.1 1237.1 ± 201.7 484.8 ± 46.5 2500.2 ± 307.9 606.8 ± 88.9 2720.7 ± 421.5 
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4.2 Analysis of the Cu ion impact in the recovery and 
morphology of E. coli cells 

4.2.1 Antimicrobial tests 

Similarly to chapter 3, the antimicrobial behaviour of the as-cast and oxidized samples 

(240, 1200 and 4000 grit sizes) were analysed through the reduction in E. coli colony 

forming units per millilitre of broth (CFU/mL) deposited on the surface after 1, 2.5 and 

4 h of contact time (Figure 48). The number of colonies counted on the 314 stainless 

steel coupons is practically constant through all the contact times used in the study 

(~ 5x108 CFU/mL), suggesting that there are no external factors influencing the 

experiments. In addition, secondary electron SEM images of the bacteria on contact 

with stainless steel (Figure 48a) and the 4000 ground as-cast (Figure 48b) and 

oxidized (Figure 48c) samples are shown. 
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Figure 48 Number of surviving E. coli cells deposited on steel and both as-cast and 
oxidized samples with different toughness for 1, 2.5 and 4 h of contact time. 
Morphology of the deposited E. coli bacteria on (a) 314SS, (b) 4000 as-cast and (c) 
4000 oxidized samples after 4 h. 

The antimicrobial performance of all the as-cast BMGCs is similar regardless of the 

difference in roughness (68.8 ± 11.9 µm to 430.9 ± 33.4 µm), phenomenon that can 
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also be observed in the oxidized samples (274.3 ± 24.1 µm to 606.8 ± 88.9 µm). In 

contrast, oxidation of the as-cast samples has revealed a significant increase in the 

antimicrobial activity for all contact times studied (1, 2.5 and 4 h) when compared to 

the as-cast alloy. At the same time, a slight delay in antimicrobial reduction can be 

seen during the first 2.5 hour of contact time. Comparable number of E. coli bacteria 

were recovered in the as-cast samples after 1 and 2.5 hours (~ 2x108 CFU/mL), but 

a sudden decrease can be observed after 4 hours of surface-bacteria contact (~ 

1.5x107 CFU/mL). This also occurs in all oxidized samples, 6x107 CFU/mL in 1 h, 

3x107 CFU/mL in 2.5 h and 8x105 CFU/mL in 4 h of contact killing time, and is 

consistent with the results seen in sections 3.1.3 and 3.2.3. 

The analysis of E. coli deposited on steel (Figure 48a) show apparently undamaged 

cells with an intact envelope adhering to the substrate surface [391]. The outer 

envelope of the cells deposited on the 4000 as-cast sample (Figure 48b) are similar, 

but they are noticeably smaller and more slender. In contrast, the bacteria adhered 

on the 4000 oxidized sample (Figure 48c) look larger and rounder than the ones 

deposited on the stainless steel 314 control, and covered by a layer of material on 

top of the E. coli cells near the substrate needles. Changes in morphology similar to 

those observed in the oxidized samples can be seen in the literature regarding 

bacteria in contact with Cu-rich materials, and have been suggested as indicators of 

damaged bacteria [192,392,393]. It is of interest to notice that the needles observed 

in Figure 48c appear more developed that those observed in the oxidized surface 

before contact with E. coli (inset of Figure 44c). EDX measurements of this feature 

before and after contact with the bacteria (O53.0Cu47.0 and O56.5Cu43.5) suggest that 

they can be associated to CuO needles corresponding to the first layer seen in the 

EDX mapping (Figure 45b). On the other hand, the layer observed near the bacteria 

in contact with the CuO needles may be escaping cellular contents from partially lysed 

cells, but the relatively undamaged cells seem to indicate that it is not the case. 

Instead, this might be the result of secreted polysaccharides developed as a response 

to osmotic stress [394], triggered by stimulation of mechanosensitive channels by the 

development of the aforementioned needles [395] and appropriate with the formation 

of a biofilm. 
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The independence between superficial roughness and antimicrobial activity is 

interesting, as Mann et al. [396] micropatterning of acrylic surfaces with patterns 

inspired by shark skin, suggested that roughness could affect the wettability and, as 

such, bacterial-surface adhesion [397,398], biofilm formation and antimicrobial 

performance [114]. In this case, the major superficial change is the growth of CuO 

needles in the oxidized sample, probably caused by further oxidation of the surface 

promoted by the contact with the NaCl-rich bacterial culture broth [399]. This apparent 

small change may have altered the curvature of the E. coli cell membrane, causing a 

response through the mechano-sensitive channels (Figure 49) present in the plasma 

membrane [395]. The main purpose of these sensors is to regulate the permeability 

of ions entering and exiting the cell, and, as Sachs and Morris [400], Matinac et al. 

[401] and Buechner et al. [402] have shown, these channels can be triggered by 

mechanical stimuli. The most studied mechanosensitive channels in E. coli cells are 

the Mechanosensitive channel of Small conductance (MscS) and Mechanosensitive 

channel of Large conductance (MscL), and while MscS favours chlorine over 

potassium, MscL are permeable to any anion and cation [403]. Changes in membrane 

curvature can activate these channels when the tension applied exceeds values of ∼ 

6.0 (MscS) mN/m and ∼ 12.0 mN/m (MscL) [404-406], opening the channels and, 

therefore, increasing the permeability of the cell to cations and anions. The growth of 

the CuO needles near the cells may have triggered the mechanosensors in the 

deposited E. coli cells, intensifying the flow of copper ions into the bacteria. These 

ions will lead to the killing of the cell by disrupting homeostasis of other metals, DNA 

damage, and production of Reactive Oxygen Species (ROS), which modify proteins, 

lipids and nucleic acids [407-409]. The death of E. coli bacteria through mechanisms 

taking place inside the cell would agree with the limited damage observed in the SEM 

images of deposited cells (Figure 48). This will also explain the high degradation of 

the external envelope seen in studies of morphological changes in E. coli caused by 

contact with copper nanoparticles [392,393]. In these papers, the cell envelope 

suffered severe degradation through cell shrinkage, appearance of pits and cavities 

with loss of its rod shape, explained by the degradation of proteins present in the cell 

membrane [392,393]. The lack of changes in the cell membrane curvature will not 

cause the opening of mechanosensitive channels, leading to the elimination of cells 

by cell envelope degradation. 
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Figure 49 Mechanosensitive channels of (a) large and (b) small conductance [395]. 
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In addition to the growth of CuO needles, the oxidized samples reveal the presence 

of copper ions in both possible oxidation states Cu1+ (Cu2O) and Cu2+ (CuO). The 

available literature seems to indicate that the oxidation state of copper may have an 

influence over the antimicrobial performance of the material, but this point is still 

controversial. Some authors have suggested that Cu1+ ions are less toxic to cells than 

Cu2+ ions due to the high affinity of the latter with phosphorus- and sulphur- 

compounds present inside the cell [410-412]. However, the work of Hans et al. [68] 

on Enterococcus hirae (GP) deposited on pure copper, CuO and Cu2O indicated that 

Cu2O (Cu1+) is more toxic than CuO (Cu2+). For the oxidized samples both species 

are present and, compared to the as-cast sample (Cu55Zr40Al5 at. %), their nominal 

composition is slightly richer in copper. The increase of available copper ions as the 

potential opening of the mechanosensitive channel could explain the increase in 

antimicrobial performance. 

4.2.2 Cu ion diffusion 

To better understand the changes in copper ion diffusion caused by oxidation, the 

number of copper ion released by the 4000 ground as-cast and oxidized samples was 

measured by Inductively Coupled Plasma Optical Emission Spectrometry, ICP-OES, 

(Table 19). After 1, 2.5 and 4 hours of contact with sterile LB broth, it can be seen 

that the number of copper ions released in both conditions rose steadily as the contact 

time increases. More interestingly, the ions were released at approximately five-fold 

higher concentrations in the oxidized samples (up to 1232.0 ± 368.9 ppb against the 

262.0 ± 103.2 ppb measured in the as-cast alloys). The release of ions from these 

samples is much higher than those observed in other amorphous alloys. For example, 

Chu et al. [177] measured the release of copper ions from a Zr–Cu–Ni–Al amorphous 

thin film, obtaining values ranging from 35 ppb after 1 day of contact to 11990 ppb 

after 21 days of contact. The as-cast BMGCs was able to release 60.2 ppb after one 

hour, double than those obtained by Chu et al. [177] after one day of surface-liquid 

interaction. At the same time, the 1232.0 ppb measured on the oxidized sample after 

4 hour of contact with the broth are comparable to the copper ion particles obtained 

in the Zr–Cu–Ni–Al amorphous thin film after two weeks [177]. This higher Cu ion 

release appears consistent with the increase in diffusion paths and the higher real 

area. Both BMGCs and oxidized samples present numerous grain boundaries that 
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are expected to facilitate the flow of copper ions to the surface of the samples, and, 

as such, enhance their ability to eliminate bacteria [379]. 

Table 19 Copper ion release (ppb) for the 4000 as-cast and 4000 oxidized samples. 

  
Copper ion release (ppb) 

  
As cast Oxidized 

Contact time 

1h 60.2 ± 60.9 320.1 ± 60.9 

2.5h 167.4 ± 64.0 992.1 ± 450.0 

4h 262.0 ± 103.2 1232.0 ± 368.9 

 

4.2.3 Minimum Inhibitory Concentration tests 

In the previous sections, the number of E. coli survivors were measured and 

correlated with the copper ions released from the surface of the as-cast and oxidized 

samples. In the SEM images of the deposited bacteria (Figure 48), no significant 

changes in their envelope were observed. As previously mentioned, the literature 

shows that copper killing can lead to a significant degradation of the cell membrane 

[392,393], but the concentration for which this phenomenon occurs is not completely 

understood. To clarify this point Minimum Inhibitory Concentration (MIC) tests 

following the procedure published in the Clinical and Laboratory Standard Institute 

(CLSI) approved standard M07-A9 [413] were conducted, and SEM images of E. coli 

cells in contact with several concentrations of copper (II) chloride dihydrate 

(CuCl2●2(H2O)) were taken (Figure 50). MIC tests revealed that the minimum 

concentration of CuCl2 necessary to inhibit E. coli in LB broth medium was 3.5 mM 

(222.4 mg/mL of Cu), shown by the clear liquid inside the test tubes, which agrees 

with the results of Santo et al. [414] and Ruparelia et al. [415]. More interesting than 

the quantity of copper ions to inhibit the bacteria are the changes in morphology 

observed as the copper concentration increases. SEM images taken for bacteria 

treated with 0.1 mM, 3.5 mM and 5 mM of CuCl2 reveal a progressive degradation of 

the cell envelope. The lower concentration of copper analysed (Figure 50a) shows 

cells without any apparent damage, with fimbriae adhering to the steel surface and 
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bacteria division-taking place. When the concentration is raised to 3.5 mM (Figure 

50b), the bacteria seem larger and rounder, but the clearest change in morphology is 

shown from those bacteria that have lost structural integrity of their envelope layers. 

Further increase of copper (II) chloride dihydrate to 5 mM (Figure 50c) have caused 

a complete lysis with no undamaged cells detected on the surface of the 314 stainless 

steel coupon. Punctual agglomerations of an organic substance could be seen, which 

are similar to an amalgam of cell membrane remains, indicating the complete 

disintegration of E. coli cells. 

 

Figure 50 Minimum Inhibitory Concentration tests performed following the CLSI M07-
A9 standard [413] and SEM images of E. coli treated with (a) 0.1 mM, (b) 3.5 mM and 
(c) 5.0 mM of CuCl2 deposited on 314 stainless steel. 

There is an interesting contrast between the ICP and MIC tests that should be 

discussed. The highest number of copper ions released in the oxidized samples was 

1232.0 ± 368.9 ppb or approximately 0.02 mM of copper, slightly lower than the 0.1 

mM used in the lowest concentration of the MIC tests. Those results (Figure 50a) 

indicate that cells treated with 0.1 mM of CuCl2 or lower should remain alive and keep 

their ability to reproduce. In contrast, the antimicrobial tests reveal that the oxidized 

samples are able to kill the deposited bacteria, displaying a relatively high 

antimicrobial activity (Figure 48). To explain this apparent contradiction, it is 

necessary to understand the differences between both experiments. Each test tube 

shown in the MIC tests was inoculated with a set amount of copper compound, while 
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the copper concentration in the contact killing tests rises as time increases, as 

demonstrated by the ICP measurements. Cells dying in the MIC tests will be acting 

as reservoirs of copper ions, lowering the copper which can affect the remaining cells. 

On the other hand, the concentration of copper absorbed by dead cells in the 

antimicrobial tests does not reduce the availability of copper to other cells, as it is 

constantly renewed. Also, the cells in the MIC test are suspended in a nutrient-rich 

liquid medium, protecting them from stresses relating to dehydration and also allowing 

them significant nutritional resource that may afford them greater protection from their 

copper tolerance systems that actively pump copper ions out of the cell’s cytoplasm. 

Besides this difference, it is interesting to notice the similarities in the morphology 

between E. coli cells deposited during the antimicrobial tests (Figure 48), and the 

results seen in the MIC tests with 0.1 mM of copper (Figure 50a). These similarities 

strengthen the idea that the initial steps in the contact killing process of Cu-rich 

surfaces are dominated by interference with homeostasis of other metals, DNA 

damage, and production of Reactive Oxygen Species (ROS), which modify (and thus 

damage) proteins, lipids and nucleic acids [407-409], rather than the sudden and 

catastrophic degradation of the cell envelope. 

4.2.4 Antimicrobial maps 

Assessing the antimicrobial properties of new materials can be a relatively simple 

process, however, the experiments can be time-consuming when large batches and 

conditions need to be analysed. In the previous sections, it was shown that the 

antimicrobial activity of Cu-rich materials is heavily dependent on the number of 

copper ions released from the surface. As such, we propose the development of 

“antimicrobial maps” (sketch shown in Figure 51) to ease the selection of conditions 

to further analyse. This chart will correlate the number of copper ions released by the 

material with the contact time and the reduction percentage of recovered colony 

forming units (CFU/mL). The map will be subdivided in several regions depending on 

the reduction percentage obtained (i.e. < 60 % red, 50-60 % blue, 60-99 % green and 

> 99 % white) and compiled into a database. Once the map has been obtained, a 

quick estimation of the antimicrobial behaviour of the material can be done by simply 

measuring the number of copper ions released after a set amount of time, simplifying 

the development of new materials. Other advantages of these maps will be the 
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possibility of selecting an antimicrobial material depending on the time for which a set 

elimination of bacteria is needed. Touch surfaces such as those necessary in 

intensive care units require the elimination of pathogens in timeframes ranging from 

mere minutes to a few hours. In contrast, other hospital surfaces (e.g. furniture walls) 

do not need such low killing times. This will ensure that the most suitable material is 

selected per the necessary antimicrobial activity required. 

 

Figure 51 Sketch of an antimicrobial map for the current work: E. coli deposited on a 
BMGCs using LB broth as a growth medium. 

The last use of this map will be to analyse if a material complies with the limits 

imposed by the United States Food and Drug Administration (3 log10 reduction in 1 h) 

[173]. Figure 51 shows a dashed line indicating the estimated number of released 

copper ions necessary to consider a material as antimicrobial using the US EPS 

protocol. For the analysed BMGCs, the diffusion of copper ions will only reach a 3 

log10 reduction after more than four hours of contact killing, indicating that it cannot 

be labelled as an antimicrobial material. This method might make it possible to 

consider if a material meets a specific standard just by measuring the quantity of 

copper ions released in one hour. 
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Although Figure 51 shows an approximate sketch of an antimicrobial map, several 

points must be addressed when preparing such charts. Each map will be dependent 

on the pathogen deposited (e.g. E. coli K12) and growing broth (e.g. LB broth), as 

corrosion is dependent on the composition of the broth (i.e. concentration of NaCl) 

while different species have different Microbiologically Influenced Corrosion rates 

[399,416-420]. The shape of lines of constant percentage reduction (isolines) can 

vary as contact time increases. Materials with low release of copper ions will be 

unable to inhibit the growth of bacteria, revealing concave isolines caused by the 

division and growth of new cells, while high rates of copper diffusion may be related 

convex isolines, as cell division will be halted. In regards to boundary conditions, the 

number of copper ions necessary to immediately eliminate bacteria should tend to 

infinite, therefore, all isolines would be steep near the origin, and quickly stabilize as 

convex or concave. 

4.3 Conclusions 

The analysis of oxidation and roughness in the antimicrobial behaviour of a Cu-Zr-Al 

BMGCs has led to several interesting findings: 

 In contrast to other reports, variations in the roughness of both as-cast and 

oxidized samples did not have an impact in the antimicrobial performance of 

these materials.  

 Changes in composition, especially the formation of CuO and Cu2O layers on 

the surface of the oxidized sample, played a major role in increasing the 

release of copper ions and, as such, the antimicrobial activity of the alloy. This 

suggests that increasing the number of copper ion diffusion paths is the main 

way to enhance the antimicrobial properties of the alloys (consistent with the 

findings exposed in chapter 3). 

 SEM images of the bacteria treated with a copper compound revealed that 

cell membrane degradation can take place, but the release of copper ions for 

the as-cast and oxidized samples is not enough to damage the cell envelope 

over the time frame of these assays. As such, elimination of bacteria 

deposited on Cu-rich surfaces seems to be dominated by processes taking 

place inside the cell, rather than by cell envelope degradation. 
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 Finally, the creation of antimicrobial maps that, while not exact, can facilitate 

the development of new antimicrobial materials was proposed
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5 Effect of magnetron sputtering pressure and 
temperature in the “wet” and “dry” antimicrobial 
properties of Cu-based thin films 

The previous chapters have focused on analysing the influence of composition, 

volume fraction, roughness and oxidation in the wear and antimicrobial performance 

of Cu-based BMGCs. The use of BMGCs facilitated the analysis of such variables 

but, as shown in section 1.2, their applicability to high-touch surfaces is heavily 

restricted by the critical diameter (Dc). In contrast, thin films can be applied with 

relative ease to touch surfaces, conferring antimicrobial properties to cheap surfaces 

(i.e stainless steel) through the deposition of a thin layer of a Cu-rich alloy. Although 

other techniques for depositing amorphous coatings, such as electroless plating 

[421], can be found in the literature, the most widespread methods are vapour-

depositing techniques. Magnetron sputtering is a vapour deposition technique which 

offers widely controllable microstructure and composition [422,423], making it 

possible to co-sputter binary ZrxCu100-x TFMGs in a large range of compositions (up 

to 80 % at Cu) [424]. 

The development of antimicrobial thin films containing Cu, Zn and Ag has been 

scarce, and the possibility of using different methodologies to estimate their 

antimicrobial activity complicates the comparison. During the first steps on the 

development of antimicrobial coatings, researchers were mainly focused on the use 

of silver, attributing the contact killing properties of the alloys to the release of Ag ions, 

practically disregarding the toxicity of copper [112,425]. As a consequence, the field 

of antimicrobial thin films was focused in Ag-rich or Ag-containing thin films [426]. It 

is true that silver has the ability to eliminate Gram-positive and Gram-negative 

bacteria by interaction of Ag ions with the thiol groups of bacteria proteins, affecting 

the replication of DNA, uncoupling the respiratory chain from oxidative 

phosphorylation or collapsing the proton motive force across the cytoplasmic 

membrane [54]. However, the antimicrobial performance is relatively low, dependent 

on ambient temperature and humidity [427] and is suggested to be caused by silver 

oxide rather than pure silver [69,73,428].  
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Acceptance of the outstanding antimicrobial properties of copper due to the release 

of toxic Cu1+ and Cu2+ ions [407-409] changed the development of biocidal coatings 

to Cu-rich alloys such as the Cu-Zr-Ag [426] and Cu-Ti [106] systems which are able 

to exhibit antimicrobial properties even with relatively low copper content (~ 30 at. %) 

[66,187]. In this regard, the Cu-Zr alloy system shows high GFA with interesting 

antimicrobial properties, but the available literature does not delve into the properties 

of higher Cu-content alloys (between 80 and 97 at. %) [424] and the influence of 

deposition temperature and pressure on their performance. Consequently, in this final 

chapter the possibility of developing tuneable antimicrobial coatings with high contact 

killing properties for their use in high-touch surfaces in healthcare furnishing will be 

analysed. 

5.1 Structure and physiochemical properties of the 
deposited thin films 

The aforementioned deposition variables were analysed by selecting four different 

conditions, varying working pressures of 0.1, 0.3 and 0.5 Pa deposited at room 

temperature and a batch deposited at a working pressure of 0.3 Pa and a substrate 

temperature of 403K. Such variables were selected as the extremes reachable in the 

deposition plant. Samples were deposited on both 314 stainless steel (314SS) (5 x 5 

x 1 mm thick) with a surface roughness Ra < 0.5 µm and soda lime glass slides (25.4 

x 76.2 x 1 mm thick). For convenience, all samples will be referred to with the batch 

ID shown in Table 20, where all details of the deposition conditions can be found.   

Table 20 Summary of the deposition parameters used during the preparation of the 
Cu-Zr thin films. 

Batch 
ID 

Base 
pressure 

(Pa) 

Ar 
flowrate 
(sccm) 

Working 
pressure 

(Pa) 

Substrate 
temperature 

(K) 

Cathode power (W) 

Cu Zr 

1RT 5x10-4 10 0.1 RT 200 160 

3RT 5x10-4 30 0.3 RT 200 160 

5RT 5x10-4 45 0.5 RT 200 160 

3HT 5x10-4 30 0.3 403 200 160 
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5.1.1 Roughness and microstructure analysis 

Compositional analysis and profilometry measurements of all samples deposited on 

both stainless steel 314 (314SS) and soda lime glass slides as the average of at least 

5 film samples from each batch can be found in Table 21. EDX results show a 

composition near the target 85/15 at. % with a slight increase in copper as the 

deposition pressure increases, probably caused by changes in the plasma flow 

between sample and target [429]. A similar thickness was achieved in all samples 

deposited at room temperature (between 1.02 to 1.19 µm), while the increase in 

deposition temperature to 403 K seems to have caused an increase in thickness, 

especially noticeable on the coating prepared on steel (up to 1.33 µm). 

Table 21 Compositional analysis and thickness measurements of the Cu-Zr thin films. 

Batch 
ID 

Composition (at.%) Film thickness (µm) 

Cu Zr Glass 314SS 

1RT 84.13 ± 0.16 15.87 ± 0.16 1.02 ± 0.02 1.12 ± 0.04 

3RT 84.70 ± 0.12 15.30 ± 0.12 1.10 ± 0.06 1.07 ± 0.05 

5RT 85.65 ± 0.23 14.35 ± 0.23 1.06 ± 0.06 1.19 ± 0.13 

3HT 84.62 ± 0.08 15.38 ± 0.08 1.17 ± 0.10 1.33 ± 0.05 

 

The X-ray diffraction patterns obtained from the thin films deposited on soda lime 

glass (Figure 52) reveal a relatively broad halo in the 35-50° range. This feature and 

the lack of high intensity peaks suggest a low ordered structure similar to the 

experiments and molecular dynamic simulations of Xie et al. [424]. 
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Figure 52 X-ray diffraction scans for the thin films used in the present study (a) 1RT, 
(b) 3RT, (c) 5RT and (d) 3HT. 

To analyse the impact of pressure and temperature in the morphology of the thin 

films, secondary electron SEM images of the cross-section and surface of the 

Cu85Zr15 alloy deposited were taken (Figure 53). The superficial morphology of the 

films is fine-grained homogeneous except for punctual nodular growth flaws (see 

arrows) caused by substrate imperfections. The grains are similar in the films 

deposited at room temperature and common to multi component thin films due to the 

reduction in grain boundary scattering [430,431], but the increase in substrate 

temperature to 403 K caused the refinement of the grains into smaller columnar 

structures. More appreciable changes can be observed in the cross-section of the 

thin films deposited on glass. The coating prepared at room temperature and 0.1 Pa 

of sputtering pressure is very dense, while all other films present a porous texture 

dominated by voids and columns of alloy. Few differences can be seen in those films, 

but a slightly more fibrous structure seems to be noticed as the temperature increases 

[432]. All these changes are consistent with the Structural Zone Model (SZM) 

developed by Thornton [433]. This model shows that increasingly higher gas pressure 

raises the number of Ar adatoms adsorbed at the surface, lowering the mobility of 
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deposited atoms and causing the appearance of a porous structure. On the other 

hand, the mobility and bulk diffusion of the arriving atoms can be enhanced by 

increasing the substrate temperature, leading to more columnar grains with denser 

boundaries similar to that observed for the 3HT film. 
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Figure 53 SEM micrographs showing the cross-section and superficial morphology 
of the Cu85Zr15 coating. 
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Figure 54 shows a depiction of the aforementioned model with four points indicating 

the position of these samples. This image reveals that the sample deposited at 0.5 

Pa lies in Zone 1, which is defined by tapered columnar grains separated by voids 

[189,434]. Lower pressures and/or increasing temperatures led to Zone T or the 

Transition Zone, where thin films retain the columnar morphology seen in Zone 1 but 

with less voids and increasing compactness [189,434]. This change into a denser film 

is clearly observed in the 1RT sample, while the columns seen in the films deposited 

at 0.3 Pa (3RT and 3HT) seem wider suggesting a slightly more compact structure. 

  

Figure 54 Depiction of Thornton’s Structural Zone Model (SZM) of sputtered coatings 
(Tm~1333 K) [326]. Adapted from [435].  

To further analyse the changes driven into the Cu-Zr thin films by differences in 

pressure and temperature, AFM scans were taken on the films deposited on Stainless 

Steel (314SS) Figure 55. The 3D images reveal a homogeneous surface dominated 

by small grains in all samples, while, at the same time, the roughness of the substrate 

can be noticed. This is consistent with sputtered thin films, as they tend to magnify 

the morphology of the substrate [433]. Some superficial changes can be seen when 
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the arithmetic average of the roughness profile (Ra) and average distance between 

the highest peak and lowest valley (Rz) are calculated (Table 22). Thin films deposited 

on soda lime glass show an average decrease in roughness (from 4.59 to 3.62 nm) 

as sputtering pressure and substrate temperature increase, suggesting a more 

compact columnar structure with less voids. On the other hand, thin films deposited 

on stainless steel do not display a clear trend, decreasing from 4.97 to 6.02 nm 

between the 1RT and 3RT samples while the roughness of 5RT and 3HT samples is 

similar (5.33 and 5.77 nm respectively). In this case, only the average distance 

between the highest peak and lowest valley (Rz) can be said to be reduced with 

increases in the aforementioned parameters. 

 

Figure 55 Atomic Force Microscope scans of the thin films deposited on steel (a) 
1RT, (b) 3RT, (c) 5RT and (d) 3HT. 
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Table 22 arithmetic average of the roughness profile (Ra) and average distance 
between the highest peak and lowest valley (Rz) for the substrate and Cu-Zr thin films.  

  Glass Stainless steel (314SS) 

  Ra (nm) Rz (nm) Ra (nm) Rz (nm) 

Substrate 0.08 ± 0.01 0.49 ± 0.05 3.49 ± 0.38 15.83 ± 2.94 

1RT 4.59 ± 0.15 25.96 ± 1.45 6.02 ± 0.44 26.39 ± 3.33 

3RT 4.14 ± 0.89 19.41 ± 4.23 4.97 ± 0.34 22.46 ± 2.90 

5RT 3.98 ± 0.40 17.50 ± 2.25 5.33 ± 0.63 20.79 ± 2.24 

3HT 3.62 ± 0.92 18.45 ± 1.61 5.77 ± 0.70 21.74 ± 2.03 

 

5.1.2 Wettability tests 

To estimate the adhesion of bacteria to the Cu-Zr thin films [371], water contact angle 

measurements were performed using the sessile drop technique (Figure 56). 

Stainless steel coupons displayed a contact angle of 79.12 ± 4.62° which contrasts 

with the higher values obtained for the Cu-based coatings: 88.95 ± 3.77° (1RT), 88.70 

± 5.17° (3RT), 93.04 ± 3.39° (5RT) and 93.18 ± 5.46° (3HT). The results obtained in 

the wettability tests are similar to those observed in other Cu-Zr (87° to 108°) [436] or 

Cu-rich alloys (ZrCuNiAl, 99.5° and 104.0°) [177], but lower than those displayed by 

Cu-based Cu-Zr coatings (74.1°) [177]. The increase in contact angle suggests that 

thin film deposition may be an effective technique to change the interaction between 

substrate and bacteria, of great interest as discussed in section 1.1.2. Subtle changes 

can be noticed between the different thin films with a slight increase in contact angle 

as pressure and temperature rises. It must be remembered that hydrophobic 

materials (CA > 90°) have been said to prevent cell attachment [407,437], indicating 

that high contact angles may be preferred for the prevention of biofilm formation 

[397,398], while hydrophilic (CA < 90°) surfaces promote the adhesion of bacteria and 

may be proven beneficial in rising the antimicrobial activity of the thin films [190,425]. 

Taking these two ideas into account, the 1RT and 3RT should be able to trap more 

bacteria on their surface than the 3HT and 5RT samples, however, the high standard 

deviation between samples may indicate that the antimicrobial properties of all films 
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could be similar. Nevertheless, differences between measurements are obscured by 

the relatively large error ranges, suggesting that the previously described changes 

are not substantial.  

 

Figure 56 Water contact angle images obtained for (a) 314 Stainless Steel, (b) 1RT, 
(c) 3RT, (d) 5RT and (e) 3HT. 

Changes in wettability during the analysis of BMGs shown in chapter 3 were attributed 

to variations in composition and volume fraction. The microstructure and composition 

in all deposited films is similar, being only different in their superficial morphology 

(roughness). Kubiak et al. [438] used a combination of Wenzel’s and Cassie-Baxter’s 

theory to correlate superficial roughness (up to about 300 µm) with contact angle 

measurements. Their model and experiments revealed that for low roughness, 

increases in this parameter will lead to decreasing contact angle values until a 

minimum is reached. In section 5.1.1, it was discovered that increases in sputtering 

pressure and substrate temperature caused a decrease in the average roughness of 

thin films deposited on glass, while alloys deposited on steel displayed similar values 

of Ra. Only the average distance between the highest peak and lowest valley (Rz) was 

reduced when pressure and temperature were raised. Those samples with lower 
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roughness displayed higher contact angle and, therefore, it can be said that changes 

in morphology affected the contact angle measurements following the trend described 

by Kubiak et al. [438]. 

5.2 Antimicrobial tests, “wet” vs “dry”, a first approach to 
real conditions 

Antimicrobial evaluation of MGs has been done through numerous methods like by 

measuring the area of microbe growth [425,439], by immersion of a thin film in the 

bacteria growth, [106,192] or using the Japanese JIS Z2801:2010 “Antibacterial 

products—Test for antibacterial activity and efficacy” standard [177,194]. A 

comparison between these antimicrobial methods reveals that all protocols involve a 

long-term contact between the material tested and the culture broth more similar to 

those observed in catheters or drainages. Contact between a liquid medium and a 

metallic surface will lead to the oxidation and degradation of the surface. The 

mechanism that confers copper its high antimicrobial performance is still not 

completely understood (i.e. cell membrane interference, DNA degradation, reactive 

hydroxyl radicals generated in Fenton-type reactions) [58,408,440], however, it is 

commonly accepted that the killing of bacteria is correlated with the exposure to 

copper ions such as Cu1+ and Cu2+ [410-412]. A change in the physicochemical 

properties of the material tested driven by the “wet” conditions imposed in the 

antimicrobial tests will have a direct impact on the results. Surprisingly, the number 

of papers focusing on this aspect is scarce [61,63,441], especially when the “natural” 

conditions of bacteria deposited on high-touch surfaces for applications in healthcare 

facilities involve dry surfaces and some antimicrobial materials fail when exposed to 

“in situ” analysis [94]. Thus, in the following sections a comparison between 

antimicrobial tests in “wet” and “dry” conditions will be performed, paying great 

importance to the influence of drying of the material tested and the bacteria selected. 

5.2.1 Influence of drying in the bacteria recovery 

The first step to compare the antimicrobial activity of samples tested in both “wet” and 

“dry” conditions is to assess if the change in methodology could influence the number 

of bacteria recovered. For this purpose, E. coli and S. aureus cells were inoculated 
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on stainless steel (SS 314) coupons, recovered and plate counted after 0, 15, 30 and 

45 min of “dry” contact time (Figure 57). Stainless steel is a material which lacks any 

antimicrobial activity, however, the number of recovered bacteria was reduced in both 

Gram positive and Gram negative species. This is particularly concerning for the E. 

coli cells which display a 5 log10 reduction, enough to consider it as an antimicrobial 

material through US EPA standard. Normally, Gram positive bacteria (e.g. S. aureus) 

can endure desiccation better than Gram negative bacteria (e.g. E. coli) [442]. 

Differences in the peptidoglycan situated in the outer layer of both Gram negative 

bacteria (E. coli) and Gram positive bacteria (S. aureus) may have enhanced the 

resistance of S. aureus to drying, while the cell membrane of E. coli is unable to shield 

these cells from the effect of drying [43]. Although other variables should be 

considered, like an increase in adhesion between sample and bacteria due to 

adaptive responses to changes in the environment, (i.e. synthesis of adhesion 

molecules). 

 

Figure 57 Number of E. coli and S. aureus Colony Forming Units per millilitre 
recovered from stainless steel in “dry” after 0, 15, 30 and 45 min of contact time.  
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The effect of air drying on the morphology of E. coli and S. aureus is not completely 

understood [443,444]. For this reason and to complement the results displayed in 

Figure 57, both E. coli and S. aureus cells were deposited on stainless steel coupons 

using “wet” and “dry” methods and observed through SEM (Figure 58). The E. coli 

cells deposited using “wet” conditions display a smooth surface with small bumps and 

valleys on the outer membrane layer (Figure 58a). In contrast, the air-drying has 

caused the shrivelling of the cell envelope with slight changes in size (Figure 58c). 

The length of both sampled cells is similar, about 2.5 μm, but a slight decrease in 

width can be observed between the former (~0.7μm) and the latter (~0.5 μm) caused 

by the different conditions of inoculation.  

 

Figure 58 SEM images of “wet” (a,b) and “dry” (c,d) E. coli and S. aureus cells 
deposited on stainless steel after 1 h. 

On the other hand, the influence of air-drying on S. aureus cells is more subtle. 

Bacteria deposited using the “wet” methodology (Figure 58b) show a relatively rough 

surface, while dried cells are smoother (Figure 58d). Umeda et al. [445] analysed S. 
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aureus via TEM, their images showed a fuzzy layer on the cell envelope of these 

bacteria, which was attributed to be an agglomeration of fine fibres of teichoic acids 

and proteins. Further investigation of this layer revealed that if damaged (i.e. during 

fixation of the cells) it can be removed during bacteria processing. Consequently, the 

rough outer layer seen in the undried cells could be this agglomeration of fine fibres, 

while drying has caused the damaging of such a feature removed during the chemical 

fixing for SEM imaging. 

To assess the influence of culturing liquid drying, stainless steel coupons were 

inoculated with sterile LB broth, air-dried and analysed using SEM imaging (Figure 

59). The surface is rich in dendritic crystals, branching up to 500 μm, and a chemical 

composition of C60.0Cl14.2Na13.9O8.6Zn0.5Cu0.4K0.2P0.2Fe0.2S0.1. Taking into account the 

EDX measurements and the chemistry of the Luria Bertani broth used in this work 

(Peptone 10 g/L, Yeast 5 g/L, and NaCl 5 g and Agar 12 g/L), the dendrites will likely 

be the result of Sodium Chloride and other components crystallizing during the air-

drying of the aqueous solution. The appearance of these crystals coupled with 

changes in osmotic pressure during and after drying may be the reason behind the 

decrease in viable cells seen in Figure 57, especially as high concentrations of NaCl 

can act as an antimicrobial and preservative for both E. coli and S. aureus [446]. As 

mentioned before, S. aureus can endure desiccation better than Gram negative 

bacteria (e.g. E. coli) [442], which explains the higher number of recovered S. aureus 

cells during desiccation, and, consequently, a careful selection of culture broth (i.e 

low sodium content) has to be done to develop reliable antimicrobial “dry” tests for 

Gram negative bacteria.  
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Figure 59 SEM image showing the presence of NaCl crystals after the drying of LB 
broth. 

5.2.2  “Wet” and “dry” tests 

The initial purpose of this chapter was to analyse differences in the number of 

recovered E. coli and S. aureus bacteria in both “wet” and “dry” conditions. Although 

it is possible to recover E. coli cells reliably in “wet” conditions for the most extreme 

contact time (Figure 60), the elimination of most E. coli bacteria during air-drying (see 

section 5.2.1) made it impossible to develop a reliable comparison. Antimicrobial tests 

for E. coli bacteria deposited in “dry” conditions were performed several times in the 

1-4 hour timeframe, but all agar plates were devoid of any colony. Consequently, 

antimicrobial tests were only performed for the Gram positive bacterium selected (S. 

aureus), but all bacteria (GP and GN) deposited in “wet” and “dry” conditions will be 

analysed using SEM and TEM imaging. 
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Figure 60 Number of E. coli Colony Forming Units per mL (CFU/mL) recovered in 
“wet” conditions after 4 h of contact time. 

Figure 61 shows the number of S. aureus CFU/mL recovered in “wet” and “dry” 

conditions for 1, 2.5 and 4 hours of contact time. The number of bacteria recovered 

from the stainless steel (314SS) controls is practically constant during all timeframes, 

but the quantity of S. aureus cells diminishes between wet and dry conditions, from ~ 

3x108 CFU/mL in “wet” to ~ 5x107 CFU/mL in “dry”, after 2.5 h of contact. This 

reduction can be correlated with that observed in the previous section as a 

consequence of air-drying, which has to be accounted for in order to obtain 

antimicrobial activity and percentage reduction values which are only caused by the 

exposure to copper ions. 
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Figure 61 Number of S. aureus Colony Forming Units per mL (CFU/mL) recovered 
in “wet” and “dry” tests after 1, 2.5 and 4 h of contact with stainless steel and the Cu-
based thin films. 

The antimicrobial performance of thin films tested in “wet” conditions is similar during 

the first hour of contact (~2x108 CFU/mL) with further elimination of bacteria as the 

contact time increases. This reduction is comparable in the 1RT and 3RT films for the 

next times analysed, but the antimicrobial activity of both 3HT and 5RT coatings is 

slightly higher, with about ~ 3x107 CFU/mL remaining after 4 h. The overall 

performance of samples analysed in “dry” conditions is comparable to those observed 

in the “wet” tests, however, the number of recovered bacteria is much lower in all 

conditions analysed (a consequence of air-drying). The thin film deposited at 0.1 Pa 

(1RT) still displays the highest number of recovered cells (~ 2x107 CFU/mL), 

although, 3RT has a level of recovered bacteria similar to that of 3HT (~ 1x107 

CFU/mL after 4 h of contact killing). The most noticeable difference between the films 

deposited in the “dry” and “wet” tests comes from the outstanding antimicrobial 

behaviour of the 5RT sample, reaching a minimum of 2x105 CFU/mL. 

The number of recovered bacteria estimates the antimicrobial behaviour of the 

samples, nevertheless, to better assess this property, the antimicrobial activity (Table 
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23) and the reduction percentage (Table 24) were calculated using the Japanese JIS 

Z2801:2010 “Antibacterial products—Test for antibacterial activity and efficacy” and 

the American US EPA “Protocol for the Evaluation of Bactericidal Activity of Hard, 

Non-Porous Copper Containing Surface Products” standards (see section 1.1.4). 

These two parameters are similar in that they give an estimation of the antimicrobial 

performance, but the antimicrobial performance uses a more accurate logarithmic 

scale, log10 reduction, while the American standard use a more intuitive % reduction. 

Therefore, both parameters were calculated and compared.  

Table 23 Antimicrobial activity of the thin films obtained as stated in JIS Z 2801:2010 
“Antibacterial products—test for antibacterial activity and efficacy” [171]. 

Sample 

Antimicrobial activity 

Wet  Dry 

1h 2.5h 4h  1h 2.5h 4h 

1RT 0.23 0.56 0.77  0.22 0.23 0.29 

3RT 0.30 0.56 0.81  0.15 0.53 0.55 

5RT 0.53 0.68 1.02  0.88 1.61 2.25 

3HT 0.35 0.67 1.01  0.51 0.49 0.54 
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Table 24 Percentage reduction of the thin films obtained as stated in U.S. EPA 
“Protocol for the Evaluation of Bactericidal Activity of Hard, Non-Porous Copper-
Containing Surface Products” [173]. 

Sample 

Percentage reduction 

Percentage reduction 
Wet  Dry 

1h 2.5h 4h  1h 2.5h 4h 

1RT 28.14 56.87 74.66  12.02 64.09 51.09 

3RT 33.78 60.02 80.40  18.41 83.07 73.91 

5RT 61.55 67.82 83.90  94.50 99.20 99.47 

3HT 45.63 65.90 83.15  70.00 75.98 74.16 

 

For the “wet” tests, the antimicrobial activity and percentage reduction exhibited by 

the deposited thin films rises as the contact time increases, but these values are 

relatively low (between 0.77 and 1.02 log10 reductions and percentage reductions 

between 74.66 % and 83.90 %) and is consistent with the low order structure of these 

films. Higher antimicrobial behaviour can be seen in the literature but, as mentioned 

before, the timeframes normally used in those papers are much longer (i.e. 24 h), 

limiting their applicability as biocidal touch surfaces [194,426]. The rise in both 

antimicrobial activity and percentage reduction is related to changes in processing 

pressure and temperature, as an increase in both, led to optimized antimicrobial 

performance in “wet” conditions for the 3HT and 5RT coatings. These enhanced 

antimicrobial properties strengthen the idea proposed by Chiang et al. [425] that not 

only composition can alter the antimicrobial performance of thin films, but that the 

deposition parameters influence their antimicrobial properties. 

A similar trend can be observed in the “dry” tests. The lower antimicrobial activity 

(between 0.29 to 0.55 log10) and percentage reduction (between 51.09 % and 74.16 

%) are displayed by films deposited at low temperatures and pressures (1RT and 

3RT), and comparable values for the heated sample (0.54 log10 or 74.16 % reduction). 

In contrast, the coating deposited at 0.5 Pa shows much higher antimicrobial rates 
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(2.25 log10 or 99.47 % reduction), analogous to those reported for other Zr-Cu-based 

thin films after 24 h of contact killing [426]. The optimal performance of the 5RT film 

can be correlated with the lower compactness indicated by Thornton’s structural zone 

model (Figure 54) [433]. The 1RT is the denser film, which should lead to lower copper 

ion diffusion, and is consistent with it exhibiting the poorest antimicrobial performance 

of all thin films prepared. Increases to both processing temperature and pressure 

(3RT and 3HT) caused a decrease in compactness, facilitating the movement of 

copper ions into the deposited bacteria; maximum in the 5RT film. Finally, a 

comparison between the antimicrobial activity or percentage reduction in “wet” and 

“dry” conditions reveals that although the reduction of colony forming units is higher 

in the latter, the overall antimicrobial performance of tests developed in “wet” 

conditions are higher. These results seem to contradict the findings of Warnes et al. 

[61,63] who suggested that drying tests could enhance the copper ion intake of 

bacteria. 

5.2.3 Copper ion diffusion of Cu-Zr thin films 

To better understand the relationship between deposition parameters and 

antimicrobial properties ICP-OES measurements of thin films produced under the two 

most extreme conditions (1RT and 5RT) were taken in both “dry” and “wet” conditions 

(Table 25). The release of copper ions is always higher in the thin films deposited at 

0.5 Pa (i.e. maximum of 1088.13 ± 305.19 ppb after 4 h in “wet” conditions), agreeing 

with the lower compactness of the film suggested by Thorton’s model (Figure 54). In 

all cases, the measured copper ions increase with the contact time, but there are 

differences between tests carried out on “wet” and “dry” conditions. For the 1RT thin 

film, the number of copper ions in “wet” conditions is lower than those measured in 

“dry” conditions (i.e. 132.60 ± 49.89 ppb in the former and 262.21 ± 81.34 ppb in the 

latter). However, after 4 h of contact this trend reverses, with higher copper ion 

release in the “wet” conditions (i.e. 349.51 ± 139.37 ppb in the former and 270.45 ± 

74.40 ppb in the latter). In contrast, the 5RT sample always displays higher diffusion 

of copper ions in “wet” conditions, probably caused by superficial damage promoted 

by the sodium chloride present in the broth. Similarly to section 4.2.2, the mobtained 

measurements are much higher than those reported by Chu et al. [177] (i.e. 45 ppb 

after 24 h of contact). However, the copper content of our samples is 85 at. %, while 
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for the Zr-Cu-Ni-Al alloy deposited in the aforementioned paper the maximum copper 

content is 30 at. %. 

Table 25 Copper ion release (ppb) for the 1RT and 5RT thin films 

  Contact time 

 1h 4h 

Condition wet dry wet dry 

1RT 132.60 ± 49.89 262.21 ± 81.34 349.51 ± 139.37 270.45 ± 74.40 

5RT 841.43 ± 267.77 632.24 ± 192.22 1088.13 ± 305.19 934.97 ± 103.77 

 

5.2.4 Influence of Cu-Zr thin film contact in the internal and 
external morphology of bacteria 

S. aureus cells were deposited on the 1RT and 5RT samples for 4 h (minimum and 

maximum antimicrobial activity, respectively) in both “wet” and “dry” conditions and 

analysed using SEM to ascertain the influence of contact killing in the bacterial 

morphology (Figure 62). The changes in outer envelope are subtle with a round rough 

surface in the bacteria deposited on the 1RT sample in “wet” conditions (Figure 62a) 

which becomes slightly smoother after 4 h of contact in “dry” conditions (Figure 62c). 

A similar change, but more pronounced, can be noticed in cells deposited on the 5RT 

sample in “wet” (Figure 62b) and “dry” (Figure 62d) conditions. The lack of 

morphological changes such as flattening, pitting and lysis is of great interest, as 

those had been reported to be indicators of copper ion damage to bacteria [447,448] 

and one of the mechanisms proposed to cause the death of bacteria in contact with 

this element (section 1.1.2). The low contact timeframes used in this study (1, 2.5 and 

4 hours) are evidently not long enough to cause any substantial change to the cell 

envelope, but the antimicrobial tests show a reduction in colony forming units. 

Consequently, the antimicrobial mechanism dominating the killing rates of bacteria 

deposited in the current conditions seems to be more likely correlated with the 

diffusion of copper ions into the cell and internal damage. 
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Figure 62 SEM images of S. aureus deposited for 4h on 1RT in a) “wet” and c) “dry” 
conditions and 5RT in b) “wet” and d) “dry” conditions. 

To better understand the morphological changes driven by Cu-based thin films to E. 

coli and S. aureus cells, TEM images of bacteria recovered from stainless steel 

coupons and the film deposited at 0.5 Pa (5RT) in “dry” conditions were taken (Figure 

63). E. coli cells deposited on steel display an undamaged envelope similar to that 

observed in other TEM analysis [449]. In contrast, deposition of these bacteria on the 

Cu-based coating has caused partial lysis (i.e. disintegration of a cell by rupture of 

the cell wall or membrane) while some dark spots can be seen inside the cells, which 

may be the consequence of copper oxidising [392,450]. The untreated (Figure 63b) 

and treated S. aureus (Figure 63d) do not display any great morphological difference, 

in agreement with the SEM images previously observed (Figures 58b and 58d), but 

air-drying and copper diffusion seem to have caused a slight detachment of the 

cytoplasmic membrane with a clear decolouration surrounding the inner side of this 

membrane. 
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Figure 63 TEM images of E. coli and S. aureus deposited for 4 h on Stainless Steel 
(a, b) and the 5RT thin film (c, d). 

Reports of contact between copper-rich surfaces and E. coli commonly shows 

damage to the cell’s envelope [192,392,393], but most of these reports involve the 

use of copper nanoparticles, while SEM [192] or Fluorescence microscopy [63] are 

preferred to analyse Cu or Cu-based surfaces. This damage usually comes in the 

form of pits, cavities and loss of its natural rod shape, but as previously mentioned, 

most of the analysis involve high contact times. This progressive damage to the 

envelope is similar to that reported in Gram positive cocci bacteria (e.g. Streptococcus 

mutans) [451], but in a similar way, S. aureus cells are mostly analysed through SEM 

imaging [447,448] and Fluorescence microscopy [448,452], for much longer 



Chapter 5 

164 

 

timeframes. Most of the previously cited reports normally link the cell envelope 

damage to dead cells, but such large timeframes do not clarify if changes in 

morphology occurred before or after the cell was killed. Thus, copper exposure may 

have killed the bacteria first, while the external damage occurred after, when the 

concentration of copper ions was much higher. The literature shows that the 

antibacterial effect of copper can be caused by several mechanisms, such as, cell 

membrane interference, DNA degradation or reactive hydroxyl radicals generated in 

Fenton-type reactions [440]. The TEM images previously discussed seem to suggest 

that punctual degradation of the cell envelope (partial lysis) would have increased the 

inflow of copper ions into the cell, oxidizing inside the bacteria. This strengthens the 

idea that copper ions alter the permeability of cellular membranes and destabilize the 

outer cell wall by degrading its amino acids and proteases [392,393], but here the 

killing of bacteria is not primarily caused by this process and its more likely related 

with DNA degradation, reactive hydroxyl radicals generated in Fenton-type reactions 

and the high affinity of Cu ions with phosphorus- and sulphur- containing compounds 

situated in the inner part of the cells [177,440,453]. At the same time, S. aureus is 

more resistant to damage caused by copper due to their morphology, the ability to 

agglomerate and the numerous mechanisms available to resist environmental copper 

[454]. Consequently, it is reasonable to think that apparent cell damage will be more 

noticeable in E. coli rather than S. aureus, explaining the SEM and TEM results. 

5.2.5 Impact of bacteria deposition in the morphology of the 
films 

The influence of contact killing in S. aureus morphology has been analysed in the 

previous section, however, the changes inflicted upon the coatings due to contact 

with an aqueous solution rich in NaCl and living organisms required study. For this 

reason, SEM images of all thin films before and after 4 h of contact killing in both “wet” 

and “dry” conditions were taken (Figure 64). The surface of 1RT, 3RT and 3HT 

coating seems mostly unchanged, suggesting a limited impact in the chemistry of the 

films driven by the contact with LB broth. However, the 5RT thin film displays a 

rougher surface filled with protrusions undetected in the as-prepared film. Similarly to 

most “wet” samples, the 1RT surface is practically equal to the untested sample, but 

all other samples had suffered morphological changes. For the 3RT sample, the 

presence of small “islands” of oxidized material can be observed, increasing the 
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overall roughness of the sample. On the other hand, both 3HT and 5RT display 

cracks, but the latter includes large particles which may be oxidized material detached 

from the surface due to internal stresses. 

 

Figure 64 SEM images of the Cu-Zr thin films after 4 h of contact with the LB broth in 
“wet” and “dry” conditions. 

The corrosion of Cu-Zr alloys is a complex process where ZrO2 will be formed 

preferentially over CuO [417]. In Cu-Zr thin films where the copper content is much 

higher than Zr, the rearrangement of copper will lead to the formation of a protective 

Cu-rich layer [416,455]. Although relatively stable, the passivation of the protective 

layer has been shown to be highly dependent on the chemical composition of the 

aqueus solution. Bouala et al. [426] and Etiemble et al. [193] analysis of Cu-based 

thin films suggests that Cl containing media, such as the broth used in the preparation 

of antimicrobial tests, can cause the depassivation of the thin film surface, further 

increasing the flow of ions into the deposited bacteria. Lu et al. [399] have shown that 

the degradation of this Cu-rich layer can only take place when the anodic potential is 

higher than the equilibrium potential of Cu/Cu2+ (e.g. +0.337 V) [389]. The presence 

of Cl-allows the formation of a slightly soluble porous film of CuCl following the 

corresponding Nenst equation (E = -0.105 -0.059•log[Cl-]) [399]. The concentration of 

Cl- ions for the Luria Bertani used in this study is 5 g/L of NaCl or 0.141 mol/L of Cl-, 
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which returns an anodic potential of -0.055 V. Consequently, the corrosion of Cu will 

be heavily enhanced by the presence of Chlorine. 

The morphological changes displayed by the films are similar to those reported in the 

literature as signs of corrosion due to the presence of chlorine salts in Cu-based thin 

films [193,426]. Taking into account the results of the antimicrobial tests, the 

superficial changes observed in Figure 64 and Thornton’s Structural Zone Model 

(SZM), the increase of antimicrobial properties with higher substrate temperatures 

and chamber pressures seems likely to be caused by a slight degradation of the film 

due to the content of NaCl in the culture media. The compactness of the 1RT film will 

complicate the interaction between LB broth and surface, while this interaction is 

easier in those films with a structure dominated by tapered columnar grains separated 

by voids. 

5.3 Conclusions 

There are several important discoveries that have been described in the present 

chapter: 

 Changes in the deposition parameters such chamber pressure and substrate 

temperature cause slight differences in the structure of the films (i.e. 

roughness and compactness). These differences in morphology are into 

agreement with Thorton’s structural zone model and even low variations in the 

deposition parameters cause detectable differences in antimicrobial 

performance. 

 Tests developed in both “dry” and “wet” conditions do not display, overall, 

great differences, but the evaporation of LB broth led to the crystallization of 

NaCl crystals and other chemicals present in the aqueous solution which 

influenced the deposited bacteria and the thin film. These changes were more 

noticeable in the “dry” tests and especially in the E. coli cells, making it not 

possible to recover any Gram negative bacteria. 

 Changes in compactness were especially relevant in the 5RT films, which 

displayed higher antimicrobial activity in “dry” conditions. This was correlated 

with the higher influence of Chlorine in the surface of this film which increased 
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the diffusion of copper ions, thus enhancing the copper intake of bacteria 

deposited on the 5RT sample. 

 SEM and TEM images of S. aureus and E. coli revealed limited damage to the 

outer membrane, more noticeable in the Gram negative cells. This lack of 

outer damage and the apparition of dark particles in the inside of E. coli cells 

in contact with the Cu-Zr thin film suggests that the primary mechanism of 

bacteria elimination for low contact times is related to the diffusion of copper 

ions into the cell and inner damage.
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6 Summary and future directions. 

Nosocomial infections are a threat to modern society with heavy human and 

economic consequences. To prevent pathogen colonization and reduce infections in 

healthcare facilities, copper has been the most extensive natural antimicrobial metal 

researched, but its poor mechanical properties and chemical stability render its long 

term use as doubtful. In contrast, we proposed the use of Cu-based metallic glasses 

and metallic glass composites due to their remarkable wear and corrosion resistance, 

but the antimicrobial properties of such materials are mostly unknown. For their use 

in touch surfaces, it is necessary to comprehend the parameters affecting their 

performance in the sort and long term. To fill this gape in knowledge we aimed to 

understand: 

 The role of volume fraction in both wear and antimicrobial properties of Cu-

based BMGCs. 

 

 Surface finish (i.e. roughness) and oxidation influence in the biocidal 

capabilities of such materials. 

 

 The possibility of developing high copper content TFMGs and tuning their 

properties through changes in the deposition conditions (i.e. pressure and 

temperature). 

 

 Analyse the differences between “wet” and “dry” antimicrobial tests and their 

relation to real in site conditions. 

 

 The mechanisms behind the contact killing of BMGCs and TFMGs in Gram 

Positive (i.e. Staphylococcus aureus) and Gram Negative (i.e. Escherichia 

coli) bacteria. 

The experimental work developed in this thesis focused in this gap in knowledge, 

leading to several interesting findings. Our contribution to the research community 

can be summarized as: 
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 Composition and volume fraction of crystalline phases can be tuned to 

enhance the antimicrobial properties and wear resistance of Cu-based 

BMGCs, but volume fraction was more effective drastically increasing both 

properties when the percolation threshold (~ 50 %) is reached. 

 

 Although greater antimicrobial performance is achieved for highly crystalline 

MGC, the increase in crystallinity can led to a deterioration of the material 

through corrosion, as the grain boundaries can act as galvanic pairs. At the 

same time, caution must be taken as the wear resistance of these samples 

can be compromised due to further wear of detached hard crystalline phases. 

This indicates that the percolation threshold is the optimal point to valance 

wear, antimicrobial and corrosion behaviour. 

 

 Changes in roughness showed a relatively low impact in the antimicrobial 

behaviour of Cu-based BMGCs, in contrast to what it is reported in other 

works. 

 

 The formation of CuO and Cu2O oxides caused a substantial increase in 

copper ion diffusion, which coupled with the development of copper oxide 

needles, enhanced the antimicrobial activity of the samples. 

 

 Deposition parameters such as chamber pressure and substrate temperature 

can be controlled to influence the antimicrobial properties. Variations in these 

parameters cause changes in the compactness of the films into agreement 

with Thorton’s structural zone model, easing the movement of copper ions. 

 

 Antimicrobial tests prepared in both “wet” and “dry” conditions do not display, 

overall, great differences. However, drying of LB broth caused the formation 

of NaCl crystals in the surface of the samples which lowered the number of 

bacteria recovered, more noticeable in GN than in GP bacteria. 

 

 TEM and SEM images of recovered bacteria showed a limited damage to the 

cell envelope. Partial and total lysis was found for cells exposed to controlled 

dosages of CuCl2, thus suggesting that this killing mechanism only plays a 
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significant role when the copper ion diffusion is much higher than those 

observed in these samples. Consequently, contact killing for the materials and 

timeframes analysed in this work only takes place due to the migration of 

copper ions into the pathogens and further damage inside the cell through 

mechanisms such as Femtom like reactions or DNA degradation. 

 

The aforementioned results are of great interest to develop new high performance 

antimicrobial touch surfaces, but the field is relatively new and much more needs to 

be investigated. Using the work presented in this thesis, the natural development will 

entail experiments such as: 

 Development of better antimicrobial tests which will emulate real hand to 

surface contact. To really understand the interaction between touch surfaces, 

bacteria and human hands, experiments using bacteria deposited on surfaces 

imitating human skin are currently being developed. 

 

 Changes in superficial roughness through simple grinding did not influence 

the antimicrobial behaviour of these samples, however, it will be interesting to 

analyse if there are specific nanopatternings that could enhance this property. 

 

 Copper ion release was shown to be affected by changes in compactness. In 

all BMGCs analysed, the presence of crystalline phases rich in copper 

increased both antimicrobial and wear performance. It is necessary to analyse 

if these parameters can enhance the properties of Cu-based thin films. 

 

 Deposition of bacteria in these samples showed that the main mechanisms 

governing the contact killing of Cu-based surfaces involves the diffusion of 

copper ions and damage to the inner structures of the cell. However, the 

specific mechanism responsible for this is still unknown. 

 

 In all studies GN and GP bacteria were used, however, the ability to eliminate 

other pathogens such as fungi or viruses and even endospore forms of GP 

pathogens has been disregarded. The antimicrobial activity of these novel 

materials and other pathogens should be analysed.  
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