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ABSTRACT 

 

This study assessed the effect of Ti2Cu and its proportions on the corrosion resistance, and 

compared the results to Grade 4 commercially pure titanium. The Thermo-Calc program with 

the TTTI3 (Ti-alloy) database was used to predict the phases. Materials Studio software was 

used to model the crystal structures and XRD patterns of the phases of Ti-Cu alloys. Ti-Cu 

samples with 0, 5, 15, 25, 33, 40, 47 and 50 wt % Cu were produced. Composition, 

microstructures, phases, hardness and corrosion resistance were studied in the as-cast and 

annealed conditions (750° and 900°C water quenched). 

 

The CP Ti samples comprised basket-weave acicular microstructures. The Ti-5Cu samples 

comprised lamellar (αTi) and Ti2Cu phases. The Ti-15Cu, Ti-25Cu and Ti-33Cu alloys comprised 

(αTi) dendrites and sparse eutectic of Ti2Cu and (αTi). The (Ti) dendrites decomposed to (αTi) 

and Ti2Cu, and could not be retained due to insufficient fast quenching. The Ti-40Cu and Ti-

47Cu samples had minor titanium oxide dendrites which solidified first and then Ti2Cu 

nucleated on them and grew as dendrites, surrounded by the Ti2Cu + TiCu eutectic. In the Ti-

50Cu sample, TiCu was the true primary phase and grew as needles, and was subsequently 

surrounded by a coarse TiCu + Ti2Cu eutectic. No Ti3Cu phase was observed. The 

microstructures of the as-cast alloys agreed with the Cu-Ti phase diagram of Ansara et al. 

(2021) and Dyal Ukabhai et al. (2022) with the congruent formation of Ti2Cu, as well as no 

Ti3Cu. The addition of copper to titanium increased the hardness, while annealing decreased 

the hardness of the Ti-Cu alloys. 

 

Addition of copper above 5 wt % Cu and annealing decreased the corrosion resistance of the 

samples, but since copper ions in liquid solutions promote the antimicrobial activity, some 

corrosion is necessary to allow the copper ions to be available. The corrosion tests showed 

that the corrosion rates obtained were very low, below 0.13 mm/y, which is an acceptable 

corrosion rate for biomaterial applications. Ti-5Cu showed the best corrosion resistance. 
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Chapter 1: INTRODUCTION 

1.1. Background 

South Africa is among the top producers of titanium ore in the world (Refiloe, 2008; 

Maphango, 2012). Rather than simply exporting the ore, efforts are being made to set up a 

robust titanium industry in the country (Roux, et al., 2020). Beneficiating titanium would 

result in less expensive titanium products being manufactured from local raw materials and 

this could become a large source of revenue and job creation (Roux, et al., 2020). For South 

Africa, mineral resource beneficiation is very important and is part of the national 

development plan (Adams, 2013). 

Producing titanium biomaterials locally is part of materials beneficiating. Biomaterials are 

used to manufacture implants to replace a lost or a sickly biological structure to restore its 

form and functionality (Geetha, et al., 2009). For materials to be considered for implant 

applications, they need to have acceptable mechanical properties, chemical properties, 

corrosion resistance, osseointegration (the apparent direct attachment or connection of 

osseous tissue to an inert alloplastic material), biocompatibility, be free of toxic elements and 

not corrode noticeably or cause inflammation in the human body (Geetha, et al., 2009). 

Commercially pure titanium (CP Ti) and titanium alloys have been widely used in orthopaedic 

and dental implant applications (Liu, et al., 2017). In addition to good mechanical strength, 

chemical stability and successful osseointegration, CP Ti is used in dentistry applications due 

to its high strength-to-weight ratio and resistance to corrosion (Prasad, et al., 2015). However, 

the disadvantages of CP Ti include poor wear resistance, low mechanical strength and 

mechanical properties that are difficult to improve without reducing biocompatibility (Elias, 

et al., 2015). 

Corrosion of titanium dental implants is considered a trigger factor for peri-implantitis and it 

causes the implants to fail (Rodrigues, et al., 2013). Peri-implantitis is an inflammatory disease 

affecting the surrounding tissues of the implant, especially the bone, and is caused by the 

attachment of pathogenic biofilms on the implant surface and peri-implant tissues, resulting 



2 

 

in bone loss and destruction of soft tissues (Schminke, et al., 2015). Possible lead bacteria of 

peri-implantitis, such as Porphyromonas gingivalis, Prevotella intermedia, and 

Aggregatibacter actinomycetemcomitans, are associated with biofilm formation on dental 

implants (Schminke, et al., 2015). 

In the last decade, surfaces able to withstand bacteria adhesion and antimicrobial 

agents/antibiotics carriers have been developed to avoid implant-related infections (Romanò, 

et al., 2015). Avoiding bacterial adhesion onto the implant surface can be achieved by 

applying hydrophilic coatings such as hyaluronic acid or poly-N-vinylpyrrolidone, which was 

successful in reducing Staphylococcus epidermidis adhesion (Francolini & Donelli, 2010). The 

disadvantage of the hydrophilic coatings is their inability to prevent protein adhesion onto 

the implants, which may result in an impaired optimal integration in the adjacent tissue. The 

use of antibiotics to disrupt the biofilm can be challenging, due to the complex protective 

structure the biofilm possesses, and it often resists antibiotics, which are beyond the minimal 

inhibitory concentration (MIC). MIC is defined as the lowest concentration of an antimicrobial 

that will inhibit the visible growth of a microorganism after overnight incubation (Andrews, 

2001). The concentration of antibiotics needed to disrupt a biofilm can range from 100 to 

1000 times the MIC needed to kill planktonic cells (Janus, et al., 2015). The long-term use of 

high doses may also result in risky side-effects and bacteria resistance (Llor & Bjerrum, 2014). 

Thus, silver has been suggested as an alternative, because of its low toxicity and good 

biocompatibility with human cells, and long-term antibacterial activity due to sustained ion 

release and low bacterial resistance. However, silver may lead to DNA damage (Bruellhoff, et 

al., 2010). As an alternative option to silver, copper can be used because of antibacterial 

properties (Zhang, et al., 2021). 

1.2. Hypothesis 

Copper-bearing titanium alloys exhibit excellent antibacterial properties due to the Ti2Cu 

intermetallic phase formed. The redistribution of copper and size distribution of Ti2Cu 

precipitates caused by heat treatment, such as annealing and ageing, could significantly 

improve the mechanical properties, corrosion resistance and antibacterial rate. 
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1.3. Problem Statement 

Although it has been reported that titanium alloyed with small amounts of copper has 

adequate biocompatibility and corrosion resistance for dental use, much is still unknown 

(Corrêa, et al., 2015). The objective of this project was to characterise Ti-Cu alloys at different 

compositions, such as 5, 15, 25, 33, 40, 47 and 50 wt% copper in Grade 4 titanium.  

1.4. Impact Statement 

Copper-bearing titanium alloys have exhibited excellent antibacterial properties (Liu, et al., 

2017; Zhang, et al., 2021). Although Ti-Cu alloys have high corrosion resistance due to TiO2 

formed on the surfaces, they are not immune to corrosion. Corrosion of titanium dental 

implants is associated with implant failure and is considered as a trigger factor for peri-

implantitis. This research addressed the addition of copper to titanium Grade 4 studying the 

compositions, heat treatments and impacts on mechanical properties, corrosion and 

antibacterial effects, which then provided an opportunity for optimization of the final alloy. 

As part of minerals beneficiation, manufacturing of Ti-Cu alloy dental implants from local raw 

materials could become a large source of revenue and job creation. 

1.5. Research Objectives  

The aim of this research was to investigate the effect of copper additions on Grade 4 titanium, 

focusing on corrosion resistance and hardness properties to assess the effect of the amount 

of Ti2Cu and its distribution on corrosion resistance and the antimicrobial properties. This was 

done to obtain information which would aid the understanding of the properties of titanium 

alloys with copper for potential dental prosthetic applications. 

The research objectives were: 

 To characterise the copper and titanium used as starting materials. 

 To produce as-cast samples by adding 5, 15, 25, 33, 40, 47 and 50 wt% copper to Grade 

4 titanium, and then anneal the alloys at 750°C and 900°C for two hours, followed by 
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water quenching. Annealing at these temperatures and fast quenching was done to 

obtain microstructures such as (βTi), (αTi) + Ti2Cu, transformed (βTi) + Ti2Cu and Ti2Cu 

+ TiCu and to homogeneously distribute the Ti2Cu precipitates. These temperatures 

were decided because at 750°C, titanium has a α phase while 900°C is above the 882°C 

where titanium is β. 

 To assess the microstructure and hardness of both as-cast and annealed Ti-Cu alloys, 

compared to Titanium Grade 4. 

 To define the corrosion of the Ti-Cu alloys in phosphate buffer saline (PBS), a simulated 

physiological solution, and compare to Titanium Grade 4. PBS is a phosphate buffer, 

prepared from sodium phosphate, potassium phosphate and sodium chloride, where 

the pH is maintained by a phosphate-phosphoric acid equilibrium. 
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Chapter 2: LITERATURE REVIEW 

2.1. Introduction to titanium  

The initial application of titanium in dentistry occurred accidentally in 1965, when the Swedish 

doctor Per-Ingvar Brånemark was investigating the blood microcirculation in rabbit tibiae 

using observational cameras made of titanium (Jorge, et al., 2013). He noticed that the 

titanium cameras and the bone were perfectly integrated, without any rejection, making it 

difficult for the cameras to be removed (Jorge, et al., 2012). The use of titanium and its alloys 

for medical and dental applications has much increased in recent years. Titanium has been 

the material of choice in several branches of dentistry, due to its excellent characteristics such 

as biocompatibility, osseointegration, high wear and corrosion resistance, low compatibility 

issues and high strength. Thus, recent attention has been directed towards further 

development of this material. Titanium also has a modulus of elasticity which is similar to that 

of the bone (10-30GPa); this prevents bone resorption and achieves good bone remodelling 

(Prasad, et al., 2015; Niinomi, et al., 2016). Titanium has been proposed as an alternative to 

316L stainless steel and Co-Cr alloys owing to better biocompatibility and corrosion 

resistance, since stainless steels and Co-Cr alloys usually contain some harmful elements, such 

as nickel, cobalt and chromium (Li, et al., 2014). 

Titanium is a light, strong, shiny, naturally corrosion-resistant transition metal and has a high 

melting point of 1670°C. The American Society of Testing Materials (ASTM) defines CP Ti as 

being available in four different grades (Grades 1-4) that are based on the removal of small 

amounts of oxygen, nitrogen, hydrogen, iron and carbon during purification procedures, 

where each grade has different physical and mechanical properties (Özcan & Hämmerle, 

2012). Grade 4 CP Ti, which is of interest for this project, has an oxygen content of 0.4 wt%, 

and the highest strength with moderate formability compared to Grades 1, 2 and 3, as shown 

in Figure 2-1 (Liu, et al., 2017). Titanium implants are made from Grade 4 CP Ti because it has 

the highest strength of the CP Ti grades. 
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Figure 2-1. O2 content on the yield strength, UTS and ductility of CP Ti (Liu, et al., 2017). 

2.1.1. The metallurgy of titanium 

Titanium is a metal which has two phases, α and β, as shown in Figure 2-2. Below 882°C, pure 

titanium has a hexagonal closed packed (HCP) lattice, while at 882°C it transforms into a body 

centred cubic (BCC) lattice (Han, et al., 2018). Titanium alloys are generally classified as α, α 

+ β, and β-type alloys. Young’s moduli of α and α + β-Titanium alloys such as CP Ti and Ti-6Al-

4V are higher than those of β-type titanium alloys (Li, et al., 2014). Therefore, β-type titanium 

alloys are considered more advantageous for the development of titanium alloys with low 

Young’s modulus for biomedical applications. 

 

Figure 2-2. Crystal structures of titanium (Gialanella & Malandruccolo, 2020). 
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2.1.2. Alloying elements in titanium 

The alloying elements in titanium can be classified into α or β-stabilising elements, depending 

on their influence on α/β transformation temperature (Yang, 2005). The substitutional 

element of aluminium and the interstitial elements of oxygen, nitrogen and carbon are all 

strong α-stabilisers. These elements can increase the transus temperature with increasing 

solute contents. There are two types of β-stabilisers: β-eutectoid and β-isomorphous. β-

eutectoid stabilisers, such as iron, manganese, cobalt, nickel, silicon, hydrogen, copper and 

chromium, which promotes eutectoid behaviour and are compound formers. β-isomorphous 

stabilisers, such as molybdenum, vanadium, tungsten and niobium, are soluble in β-titanium 

and their alloys crystallise as β at room temperature (Yang, 2005; Olsson, 2008; Geetha, et 

al., 2009). Additionally, there are other elements like zirconium and tin called neutral 

elements, because of their very slight influence on the transformation temperature. Table 2-1 

and Figure 2-3 show the alloying elements and their stabilising effect on phases. 

 

Table 2-1. Phase stabilising alloying elements (Olsson, 2008). 

Stabilising Elements 

β-eutectoid stabilisers Mn Fe Ni Co Cu Cr Si H 

β-isomorphous V Mo W Ni Ta 

α-stabilisers N Ca Al O Ga 

Neutral Zr Sn 

 

 

Figure 2-3. Effect of alloying elements on phase diagrams of titanium alloys (Yang, 2005). 
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2.1.3 Passivation of titanium 

When titanium is exposed to air or water, it spontaneously forms a titanium dioxide (TiO2) 

surface layer, which makes it biocompatible. This formation of this oxide film is referred to as 

passivation because the highly dynamic oxide layers subsequently act as a barrier to protect 

the underlying metallic titanium from further exposure and chemical reactions, such as 

corrosion (Prasad, et al., 2015). This passive film is composed of three layers:  titanium oxide 

(TiO) layer which is the first layer adjacent to metallic titanium, titanium(III) oxide (Ti2O3) 

which is a middle layer and the anatase TiO2 layer which is in contact with the environment 

(Gemelli & Camargo, 2007).  

At room temperature, TiO2 is the thickest layer and is responsible for the integration between 

the implant and the human bone (Gemelli & Camargo, 2007). This amorphous or low 

crystalline 4–6 nm thickness TiO2 layer forms on the surface within nanoseconds of exposure 

to air or oxidising solutions (Fais, et al., 2012). The formation of the TiO2 titanium occurs 

according to Equation 2-1 and Equation 2-2 (Prasad, et al., 2015): 

𝑻𝒊 +  𝑶𝟐 →  𝑻𝒊𝑶𝟐     Equation 2-1   

𝑻𝒊 +  𝟐𝑯𝟐𝑶 →  𝑻𝒊𝑶𝟐 + 𝟒𝑯+ + 𝟒𝒆−  Equation 2-2 

According to Hryniewicz (2011), the oxide formation begins with adsorption of oxygen onto 

the titanium surface to create an oxide monolayer. This is followed by the tunnelling of oxygen 

through the titanium oxide to the titanium surface. For oxide formation to continue, titanium 

and oxygen need to be in contact, therefore oxygen ions move through the oxide film to the 

titanium surface to form new oxide layers; this mechanism is referred to as growth at constant 

field (Prasad, et al., 2015). Figure 2-4 shows an oxide growth mechanism on titanium 

(Hryniewicz, et al., 2011). Although titanium and its alloys have high corrosion resistance, due 

to the TiO2, they are not immune to corrosion.  
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Figure 2-4.Oxide growth mechanism on titanium (Hryniewicz, et al., 2011). 

Figure 2-5 shows the Pourbaix (potential-pH) diagram for the titanium water system at 25°C 

(Bhola, et al., 2011). It illustrates the broad range around which the passive TiO2 film is stable, 

based on thermodynamic (free energy) considerations. Oxide stability over the full pH scale 

is indicated over a wide range of highly oxidizing to mildly reducing potentials. Under reducing 

acidic conditions, the oxide film breaks down and the corrosion of titanium implant surface 

occurs. Under strongly reducing (cathodic) conditions, titanium hydride formation is 

predicted. This range of oxide film stability and passivation is relatively insensitive to the 

presence of chlorides, explaining the high innate resistance of titanium to aqueous chloride 

environments. 
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Figure 2-5. Pourbaix diagram for the Ti-H2O system at 25°C (Bhola & Mishra, 2013). 

2.2. Titanium biocompatibility 

Biocompatibility is a term used to describe the property of a material being compatible with 

living tissue (Veritas, n.d.). Ideally, for a material to be biocompatible, it should not be harmful 

to any oral tissues, gingiva, mucosa, pulp or bone. Furthermore, the material should not 

contain toxic, leachable or diffusible substances that can be absorbed into the circulatory 

system, which may result in systemic responses such as teratogenic (defects in the human 

embryo or fetus) or carcinogenic (formation of cancer) effects (Swetha, et al., 2015). An ideal 

bone implant material is defined as having a biocompatible chemical composition to avoid 

adverse tissue reaction, excellent corrosion resistance in the physiological limits, acceptable 

strength, a high resistance to wear and a modulus of elasticity similar to that of bone to 

minimise bone resorption around the implant (Schmidt, et al., 2001; Ananth, et al., 2015). The 

two main factors that influence the biocompatibility of a material are the host response 

induced by the material and the material’s degradation in the body environment. 
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2.2.1 Osseointegration 

An implant is considered osseointegrated when it is reliably and predictably incorporated into 

the living bone under all normal loading. Titanium is good for osseointegration because it 

naturally forms a thin protective oxide film on its surface that can eventually transform into 

calcium phosphate apatite that then binds chemically with the bone which is good for 

osseointegration (Gosavi, et al., 2013; Monsees, 2016). The surface condition or roughening 

the surface of the implants improves osseointegration.  

 

2.2.2 Effect of bacteria on dental implants 

Bacteria can result in formation of a biofilm on implants. Biofilms formed on tooth surfaces 

are termed dental plaque. The formation of the plaque biofilm in the oral cavity occurs in 

multiple stages, as shown in Figure 2-6 (Subramani, et al., 2009). 

 

 

Figure 2-6. Stages of biofilm formation in oral environment (Subramani, et al., 2009). 
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The biofilms in the oral cavity consist of complex microbial communities embedded in a matrix 

of polymers, primarily of bacterial and salivary origin (Bowen, et al., 2018). The well-

developed biofilms on dental implant surfaces and prosthetic restoration become the main 

source of microbes causing peri-implantitis (Subramani, et al., 2009). Peri-implantitis is 

characterised by severe inflammation, resulting in significant destruction of bone and the 

implant, as shown in Figure 2-7. Uhlmann (2019) reviewed peri-implant disease occurrence, 

focusing on studies spanning a minimum of 5 years. Schminke (2015) reported that 

approximately 30% of patients with dental implants developed peri-implantitis, while Mishler 

(2014) reported that the prevalence of peri-implantitis in dental applications was 10% of 

implants and 20% of patients. This indicates that the prevention of bacterial-related infection 

remains a major challenge for the delivery of quality medical care, and the problem results in 

a high rate of morbidity, thereby significantly increasing health care costs.  

Once the peri-implantitis occurs, the patients may be required to make use of nonsurgical or 

surgical treatment (Prathapachandra & Suresh, 2012). Bao (2018) reported that many 

researchers have found that surface modification of titanium alloys could attain good 

antibacterial properties, although surface coatings were susceptible to exfoliation, so the 

antibacterial effect was greatly reduced over time. Therefore, alloying titanium with 

antimicrobial elements has attracted much attention worldwide due to the potential longer-

term antibacterial property, good wear resistance, and good corrosion resistance (Zhang, et 

al., 2014; Bao, et al., 2018). 
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Figure 2-7. Dental implant with peri-implantitis (Uhlmann, et al., 2019). 

2.3. Ti-Cu alloys in biomedical applications 

Copper-bearing titanium alloys have exhibited excellent antibacterial properties (Liu, et al., 

2017; Zhang, et al., 2021). Shirai (2009) first reported that titanium alloys containing 1 wt% 

Cu and 5 wt% Cu had antimicrobial activity and substantially reduced the incidence of pin 

tract infection (a common problem with external fixation and any other implant that breaks 

the skin barrier). Zhang (2016) reported that Ti-copper alloys with 1 and 5 wt% Cu showed 

antibacterial properties with an antibacterial rate of about 30% compared with CP Ti 

(unspecified). Further research showed that the copper content influenced the antibacterial 

rate and only the alloys with 5 wt% or higher copper had a strong and stable antibacterial 

rates (>99% antibacterial rate) against Staphylococcus aureus and Escherichia coli, which 

indicated that the copper content in Ti-Cu alloys must be at least 5 wt% to obtain a strong and 

stable antibacterial property (Bao, et al., 2018). High copper ion concentration normally 

resulted in a high antibacterial rate. However, excess copper intake causes stomach upset, 

nausea and diarrhoea, and can lead to tissue injury and disease (Bao, et al., 2018). Therefore, 

the World Health Organization has stated a copper limit of 2–3mg/day (Fowler, et al., 2019). 
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The mechanism by which Ti-Cu alloys kill bacteria is still unknown, but Cu ions are believed to 

play a role in killing at a distance from the surface (Fowler, et al., 2019). It is hypothesised that 

the Cu ions produce reactive oxygen species (ROS), which rupture the cell walls of bacteria, 

and occurs according to the Fenton chemistry reaction (Equation 2-3) where Cu reacts with 

hydrogen peroxide (H2O2) to produce hydroxyl products. The H2O2 is excreted by oral bacteria 

(Ryan & Kleinberg, 1995). 

 

Fenton Chemistry reaction    Cu+ +H2O2 → Cu2+ +OH− +OH   Equation 2-3 

The Cu ions have also shown an ability to prohibit expression of biofilm forming enzymes such 

as agr and sae in Staphylococcus aureus (Li, et al., 2016; Fowler, et al., 2019). While these 

bacteria might be vulnerable to ROS, they can scavenge H2O2, thus limiting hydroxyl 

production and surviving copper-induced stresses (Baker, et al., 2010; Fowler, et al., 2019).  

Figure 2-8 shows the anti-bacterial mechanisms on the surface of Ti-Cu implant (Li, et al., 

2016). 

 

 

Figure 2-8. Anti-bacterial mechanisms on the surface of a Ti-Cu implant (Li, et al., 2016). 
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2.3.1 Microstructures of Ti-Cu alloys  

Alloying titanium with copper results in the precipitation of intermetallic phases.  

Intermetallic phases are defined as solid phases involving two or more metallic or semi-

metallic elements which have an ordered structure and a well-defined and fixed 

stoichiometry (Jiang, et al., 2018). Intermetallic phases have a high melting point and are 

generally brittle at room temperature. Table 2-2 shows the intermetallic phases identified for 

the Ti-Cu system (Okamoto, 2002). 

 

Table 2-2. Intermetallic phases identified for the Ti-Cu system (Okamoto, 2002). 

Phase Pearson symbol Space group Prototype 

Ti3Cu oP Pbam - 

Ti2Cu tl6 I4/mmm MoSi2 

CuTi tP4 P4/nmm γ TiCu 

Ti3Cu4 tI14 I4/mmm - 

Ti2Cu3 tP10 P4/mmm n/a 

TiCu2 oC12 Amm2 Au2V 

β-TiCu4 oP20 Pnma AuZr 

α-TiCu4 tI10 I4/m MoNi4 

 

The existence of the phase Ti3Cu is controversial. Earlier, Karlsson (1951) reported the 

possible existence of Ti3Cu at 25 and 27.5 at. % Cu, which was not accepted by Murray (1987) 

as a stable phase. However, Canale & Servant (2002) revised the complete Cu-Ti phase 

diagram by thermodynamic assessment, taking into account the Ti3Cu phase (after finding it 

experimentally) and concluded that Ti3Cu phase exists as a stable phase at 76 at. %Ti to 78 at. 

%Ti. Figure 2-9 and shows the phase diagram by Murray (1987) and Figure 2-10 shows a 

version by Okamoto (2002). Brice (2015) reported the existence of Ti3Cu at 3-4 wt% Cu step 

quenched at 600°C, 650°C and 750°C, and at 13-14 wt% Cu step quenched at 650°C and 750°C. 

Ansara et al. (2021) also published the Cu-Ti phase diagram showing a congruent formation 

of Ti2Cu without Ti3Cu, as shown in Figure 2-11. Zhan et al. (2012) indicated that the Ti3Cu 

phase existed at 500°C. They reported that that the Ti3Cu phase is stable, but is difficult to 
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obtain, and it is difficult to distinguish between the Ti2Cu and Ti3Cu phases by XRD patterns 

because their peak positions are similar in the range of 20° ≤ 2θ ≤ 60°. The only differences 

are that Ti2Cu has a 44% intensity peak at 2θ = 19.094° and a 14% intensity peak at 2θ = 

36.717° (Mueller & Knott, 1963), whereas Ti3Cu has a 15% intensity peak at 2θ = 24.845° and 

a 6% intensity peak at 2θ = 35.424° (Karlsson, 1951). Except for the 44% intensity peak Ti2Cu, 

the other differentiating peaks have very small intensities, and are likely to be lost in the 

background. Table 2-3 shows the Ti-Cu system’s phase transformations in the area of interest 

for this project taken from Murray’s phase diagram (Murray, 1987). 

 

Table 2-3. Phase transformations in the Ti-Cu system (Murray, 1987). 

Transformation 
Compositions  

(at.% Cu) 

Temperature 

(°C) 
Type 

Pure component 

β-Ti ⇌ α-Ti 0 882 - 

L ⇌ β-Ti 0 1670 - 

Phases 

(βTi) + L ⇌ Ti2Cu 13.5 36.5 33.3 1005 Peritectic 

(βTi) ⇌ (α-Ti) + Ti2Cu (Zhan, et al., 2012) 5.4 1.6 33.3 790±5 Eutectoid 

L  ⇌  Ti2Cu + TiCu 43 33.3 48 960±5 Eutectic 

TiCu + L ⇌ Ti3Cu4 52 62.5 57.1 925±10 Peritectic 
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Figure 2-9. Cu-Ti phase diagram (Murray, 1987). 

 

 

Figure 2-10. Cu-Ti phase diagram, showing “CuTi3” (Okamoto, 2002). 
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Figure 2-11. Cu-Ti phase diagram (Ansara, et al., 2021). 

 

Titanium-rich alloys exhibit three types of microstructures: α, α+β and β. By alloying with β-

stabilizing elements such as copper, the reactivity of titanium can be reduced, the melting 

point can also be lowered, thus facilitating the casting process. At an addition of 2 – 40 wt% 

copper, Ti-Cu alloys may show distinct microstructures, e.g., eutectoid, hyper- and hypo-

eutectoid microstructures, and this allows the possibility for the mechanical behaviour of Ti-

Cu alloys to be adjusted by controlling the fraction and distribution of Ti2Cu precipitation (Xu, 

et al., 2020). Kikuchi (2003) indicated that the as-cast microstructure of CP Ti (Figure 2-12) 

had a typical Widmanstätten, basket-weave structure of acicular (αTi), Ti-5Cu (Figure 2-13) 

had a typical hypo-eutectoid structure which included primary precipitates of (αTi) and 

eutectoid (lamellae of (αTi) and Ti2Cu) that transformed from (βTi) at the eutectoid 

temperature, while Ti-10Cu (Figure 2-14) had a eutectoid structure since 10 wt% Cu is close 

to 7 wt% (eutectoid point). 

 



19 

 

 

Figure 2-12.Typical microstructure of the as-cast CP Ti (Kikuchi, et al., 2003). 

 

Figure 2-13. Typical microstructure of the as-cast Ti-5Cu (Kikuchi, et al., 2003). 

 

Figure 2-14. Typical microstructure of the as-cast Ti-10Cu (Kikuchi, et al., 2003). 
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2.3.2. Heat treatment of Ti-Cu alloys 

Heat treatment, such as annealing and ageing, could significantly improve the mechanical 

properties, corrosion resistance and antibacterial rate due to the redistribution of copper and 

size distribution of Ti2Cu precipitates. Bao (2018) reported a Ti-3Cu alloy, where a high 

temperature treatment (at 900°C/5 h + 400°C/24 h + 475°C/12 h) contributed to high strength 

but low plasticity, due to solid solution of copper and coarsening of grains. The aged (at 

900°C/5 h + 400°C/24 h + 475°C/12 h) samples provided high tensile strengths (850 MPa, 

900MPa and 880MPa) and strong antibacterial properties (antibacterial rates increased 

significantly to 91.32 %, 98.54 % and 99.32 %) due to the precipitation of Ti2Cu. Figure 2-15 

shows the Ti-3Cu alloy at different heat treatments (Bao, et al., 2018). 

  

Figure 2-15. Ti-3Cu alloy (a) As-forged and annealed, (e) Aged (Bao, et al., 2018). 

Zhang (2016) reported that the as-cast Ti–Cu alloys showed a low antibacterial rate, about 

30%. With increasing Cu content, the antibacterial rate changed slightly, from 33% for Ti–2Cu 

(AC) to 35% for Ti–3Cu (AC) and to 36% Ti–4Cu (AC). After heat treatment (900°C/3 h + 

400°C/12 h), the antibacterial rates increased significantly to 77.85%, 90.33% and 92.57%, for 

Ti–2Cu, Ti–3Cu and Ti–4Cu alloys, respectively. It was demonstrated that homogeneous 

distribution and a fine Ti2Cu phase played a very important role in the mechanical, 

anticorrosion and antibacterial properties. The as-cast microstructures had a thin lamellar 

structure with wide grain boundaries, as shown in Figure 2-16(a). After solid solution 

treatment (at 900°C/3 h), the grain boundaries and grains became narrower than those in the 

as-cast samples and a typical acicular martensite was found, as shown in Figure 2-16(b).  
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Figure 2-16. Ti-3Cu alloy: (a) as-cast, (b) after solid solution treatment (Zhang, et al., 2016). 

Zhan et al. (2012) reported that the as-cast Ti-25Cu microstructure comprised two phases TiSS 

(solid solution) (dark) and Ti2Cu (light), as shown in Figure 2-17(a). After annealing at 750°C 

for 90 h, Ti3Cu precipitated in the dendritic TiSS phase and Ti2Cu existed at the matrix. The 

annealing time was too short to obtain an equilibrium microstructure, which consisted of (αTi) 

and Ti3Cu, as shown in Figure 2-17(b). Since the annealing time was too short to form an 

equilibrated microstructure of (αTi) and Ti3Cu, three phases were detected at room 

temperature. Zhan et al. (2012) reported that this suggested that the eutectoid 

decomposition of (βTi) into (αTi) and Ti3Cu occured very quickly under the high cooling rate 

through ice water quenching or liquid nitrogen quenching. After annealing at 805°C and 850°C 

Ti3Cu was not observed; only TiSS and Ti2Cu phases were observed in the microstructure, as 

shown in Figure 2-17(c and d). Therefore, Zhan et al. (2012) concluded that the formation of 

Ti3Cu is controlled by the annealing temperature. 
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Figure 2-17. Ti-25Cu alloy samples at different conditions: (a) As-cast, (b) Annealed at 750°C 

for 90 h, (c) Annealed at 805°C, and (d) Annealed at 850°C (Zhan, et al., 2012). 

2.4. Corrosion of dental implants 

One of the challenges experienced in biomaterial applications is the degradation of the alloys 

caused by corrosion. The main causes of corrosion are: saliva amount, quality and 

temperature, protein, pH, plaque, chemical and physical properties of liquids, food and oral 

health conditions (Manam, et al., 2017). Saliva has several viruses, bacteria, yeast and fungi 

which can have products, such as organic acids and enzymes, epithelial cells, food debris, and 

components from gingival crevicular fluid (Chaturvedi, 2009). Therefore, corrosion by 

electrochemical attack is a concern, particularly when metallic implants, metallic fillings, or 

orthodontic appliances are placed in the hostile electrolytic environment provided by the 

human mouth (Chaturvedi, 2009). 
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The corrosion resistance can be considered a fundamental requirement of biomaterial 

components and is associated with ion release of the metallic species. The corrosion product 

or dissolved metal ions can either build up in tissues next to the implant or may be transferred 

to the other body parts (Okazaki & Gotoh, 2005). These metallic ions can be harmful, can 

reduce human life expectancy and can also cause pain or swelling in the region of the implant 

in the absence of infection (Adya, et al., 2017). 

 

The features that determine how and why dental materials corrode are:   

1. Oxidation and reduction reactions.  

2. Factors that physically impede or prevent corrosion from taking place (formation of a 

metal oxide passive film on a metal surface). 

 

There are two types of corrosive reactions, chemical and electrochemical. In chemical 

corrosion (dry corrosion), there is a direct combination of metallic and non-metallic elements 

to yield a chemical compound through oxidation, halogenation, or sulfurization reactions. 

Electrochemical corrosion (wet corrosion) requires the presence of water or some other fluid 

electrolyte. The different forms of corrosion are shown in Figure 2-18 (Noumbissi, et al., 

2019). 
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Figure 2-18. Different forms of corrosion (Noumbissi, et al., 2019). 

 

There are several types of corrosion commonly experienced in the oral cavity which are 

described below. 

2.4.1 Uniform corrosion 

Uniform corrosion is usually the most common type of corrosion. It is uniform across the 

metal surface, although at times in aqueous body fluids such as phosphate buffer saline (a 

phosphate buffer prepared from sodium phosphate, potassium phosphate and sodium 

chloride, Ringer’s lactate (a type of isotonic, crystalloid fluid classified as a balanced or 

buffered solution used for fluid replacement) (Naseem, et al., 2020) and normal saline 

(prescription medicine used for fluid and electrolyte replenishment for intravenous 

administration) (Stoppler, 2016)). The corroded surface may take a mottled form, with a 

severely roughened metal surface that resembles localised attack (Bhola, et al., 2011). At high 

temperatures (>70°C) in highly acidic environments due to consumption of hot, spicy and 

sticky foods, general corrosion is a concern (Bhola, et al., 2011). 
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2.4.2 Pitting corrosion 

Pitting corrosion is an extremely localised attack caused by the breakdown of the passivating 

oxide film (an ultra-thin film of a protective material), resulting in pits on the surface of the 

metal. It can be enhanced by the presence of proteins in the tissue fluid and serum (Hansen, 

2008). The reduction in pH and increase in the concentration of chloride ions are two essential 

factors in the initiation and propagation of pitting corrosion. When the acidity increases with 

time, the passive layer of the alloy dissolves and local corrosion is accelerated. A titanium 

implant surface (due to protective oxide films) exhibits anodic pitting potentials that are very 

high (greater than 1V) compared to other biomaterials used (iron, steel, cobalt-chromium 

alloys etc.). Thus, pitting corrosion is of little concern in the oral environment for titanium 

alloys (Bhola, et al., 2011). 

2.4.3 Galvanic corrosion 

In dentistry applications, galvanic corrosion occurs when two or more dental prosthetic 

devices with dissimilar alloys come into contact while subjected to oral liquids like saliva, 

other liquids in the mouth and the bone and tissue fluids. It is caused by the difference in 

corrosion potentials in a flow of electric current between the alloys. This results in a formation 

of a galvanic cell which causes an increase in the corrosion rate of the anode while enhancing 

the amount of ion metal released (Zohdi, et al., 2012). The galvanic current passes not only 

through the metal/metal contacts, but also through the tissues, which may cause pain. 

 

The electrochemical cell will have two electrodes as shown in Equation 2-4 to Equation 2-9 

(Adya, et al., 2017; Bhola, et al., 2011). When these two dissimilar metals with different 

electrode potentials come in contact in the presence of a corrosive electrolyte, a potential is 

generated. The net result is a chemical reaction with oxidation occurring at the anode and 

reduction occurring at the cathode, the electronic exchange occurs through the contact and 

ionic exchange occurs through the electrolyte (Zohdi, et al., 2012). If a base metal alloy 

superstructure is provided over the titanium implant, the less noble metal alloy forms the 

anode and the more noble titanium alloy is protected as a cathode. The electronic exchange 

occurs through the metallic contact and ionic contact occurs through saliva, mucosa, tissue 

and bone fluids. Though the hydrogen evolution at the implant surface may further 
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complicate the situation by pressure under the prosthesis and hydrogen embrittlement of the 

implant surface (Bhola, et al., 2011). 

 

1. Oxidation (Anode):   M → Mn+ + ne-1    Equation 2-4  

2. Reduction (Cathode):    2H+ + 2e- → H2    Equation 2-5 

      4H+ + 4e- + O2 → 2H2O   Equation 2-6 

      2H2O + 2e- → H2 +2OH-   Equation 2-7 

      2H2O + 4e- + O2 → 4OH   Equation 2-8 

      Mn+ + e- → M(n-1)+    Equation 2-9  

 

2.4.4 Fretting and erosion-corrosion 

Fretting corrosion is caused by a combination of corrosive fluid (saliva with several enzymes 

and food particles) and velocity in the oral environment. The mechanical component of 

fretting is due to the rubbing movement which disrupts the passive layer and removes metal 

particles. This action stimulates the chemical activities at the surface, leading to oxidation or 

active corrosion, or re-passivation because of the electro-chemical aspect of the process 

(Eliaz, 2019). 

2.4.5 Microbial corrosion 

Microbiologically induced corrosion has been defined and widely accepted as corrosion 

damage initiated or aggravated due to the direct or indirect activities of microorganisms 

colonizing the materials surfaces (Liu, et al., 2016; Costa, et al., 2021). These microorganisms 

colonise and accumulate to form biofilms. Oral biofilms are assumed to change the implant's 

electrochemical environment, leading to disruption of the TiO2 layer. This is hypothesised 

based on two main mechanisms (Costa, et al., 2021):   
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1. Bacteria can significantly reduce the peri-implant (the extra piece added artificially) 

micro environment pH by producing organic acids during fermentable carbohydrate 

catabolism. This low pH creates a favourable environment for pitting attacks.  

2. Microbial accumulation on the dental implant can promote differential oxygen 

exposure on the titanium surface. As a result, the less aerated zones act as the anode 

and undergo crevice corrosion, thereby mitigating the reformation of the oxide layer. 

Both these unfavourable conditions initiate metal dissolution and surface deterioration. 

Among the bacteria present in the oral cavity, Streptococcus mutans is a powerful corrosive 

microorganism because of its capacity to release lactic acid and grow in acidic environments. 

Although S. mutans is not directly responsible for implant-related infections, this important 

pathogen promotes quick co-aggregation with periodontopathogen bacteria due to reduced 

oxygen content related to the biofilm accumulation and extracellular polymeric substances 

(EPS) formation (Costa, et al., 2021). These EPSs are natural polymers of high molecular 

weight secreted by microorganisms into their environment (Liu, et al., 2016).  

Figure 2-19 shows a representation of the microbial corrosion mechanism and Equation 2-10 

to Equation 2-12 show the titanium oxidation reactions (Costa, et al., 2021). The biofilm that 

covers a titanium implant surface is a cathodic area, and the exposed titanium is an anodic 

area, which forms galvanic corrosion. These anodic and cathodic regions are produced by 

converting the biofilm covered implant surface into an electrode, which increases the 

corrosion rate due to the high chemical reactivity of the titanium material.  

TiO2+ H2O+ H+ = Ti(OH)3+ (exposed surface)  Equation 2-10  

4H+ + O2+4e = 2H2O   (cathode region)   Equation 2-11 

Ti+ H2O = TiO2+ + 2H+ +4e  (anode region)   Equation 2-12 
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Figure 2-19. Mechanisms of microbial corrosion in Ti dental implants (Costa, et al., 2021). 

2.4.6 Stress induced cracking 

Stress-corrosion cracking refers to cracking caused by a combination of tensile stress and a 

specific corrosive medium. During chewing, dental implants are subjected to heavy 

compressive shear and bending forces. Also, rubbing of surfaces sometimes results in 

localised deformation. Thus, an electrolytic cell is formed between the stressed and 

unstressed metal portions. Eliaz (2019) reported that grain boundaries of stressed metal were 

most vulnerable to corrosion. 

2.4.7 Crevice corrosion 

Crevice corrosion occurs between two close surfaces or in constricted places where oxygen 

exchange is not available. The reduction in pH and increase in the concentration of chloride 

ions are two essential factors in the initiation and propagation of this type of corrosion (Adya, 

et al., 2017). Titanium alloy implants may be subjected to localised crevice attack while 

exposed to short time periods of hot (>70°C) chloride, bromide, iodide, fluoride or sulphate- 

containing solutions. Titanium chlorides formed within the crevice are unstable and tend to 

hydrolyse, forming hydrochloric acid (HCl) and titanium oxide/hydroxide corrosion products. 

Since there are small, restricted volumes of solution within the tight implant-superstructure 

crevice (the portion of a dental implant that attaches to its implant substructure and to a fixed 

or removable dental prosthesis to support or retain that prosthesis), low crevice pH levels (0-

1) with high H+ ions concentration can develop. These local reducing acidic conditions can 
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result in severe and rapid localised active corrosion within the crevices, depending on alloy 

resistance, temperature, and redox potential of the surrounding crevicular fluid (Bhola, et al., 

2011). The mechanism of crevice corrosion for titanium in aqueous chloride media is shown 

in Figure 2-20 (Bhola, et al., 2011). The overall reaction consists of the dissolving of metal M 

and the reduction of oxygen to hydroxide ions as shown in Equations 2-13 and 2-14. The 

reactions initially occur at the entire surface and inside the crevice. The fluid inside the crevice 

becomes depleted of oxygen when it remains stagnant. The lower oxygen content in the 

crevice helps to form an anodic region at the metal surface. The metal surface in contact with 

the trapped moisture exposed to air forms a cathode. An excess of positively charged ions 

occurs in the crevice, causing the stagnant solution to become acidic. To compensate for the 

excess of positive ions, chloride ions in the fluid migrate into the crevice causing a local and 

small galvanic cell to be created (Mouritz, 2012). The metal chlorides hydrolyze in water, 

forming an insoluble hydroxide and an acid as shown in Equation 2-15. Crevice corrosion is 

therefore an autocatalytic process (Bhola, et al., 2011; Khoshnaw & Gubner, 2022). 

M     M+  + e    (Oxidation)   Equation 2-13 

O2 + 2H2O + 4e           4OH-  (Reduction)  Equation 2-14 

M+Cl- + H2O         MOH   + H+ Cl-            Equation 2-15  

 

Figure 2-20. Crevice corrosion in aqueous chloride media (Bhola et al., 2011). 
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2.5. Corrosion of Ti-Cu alloys 

For biomedical application, low corrosion rate is always desired. The corrosion resistance of 

Ti-Cu alloys is a very important characteristic for biomedical applications (Zhang, et al., 2016). 

While alloying titanium with high copper content can provide stronger antibacterial activity 

and high strength, it can also deteriorate the ductility and corrosion resistance, including 

generating a cytotoxic effect (Wang, et al., 2019). The increase of copper increases the 

volumetric fraction of Ti2Cu intermetallic particles. Wang et al. (2019) reported that the 

eutectoid transformation and the resulting microstructure (αTi) + Ti2Cu plays important role 

in the corrosion behaviour of Ti-Cu alloys due to different corrosion potential between the 

phases of the eutectic mixture. Bao et al. (2018) reported that the formation of the 

intermetallic compound Ti2Cu produced an “envelope effect” which prevented the alloy from 

corrosive liquid contact and then strengthened the corrosion resistance of the alloy. Osório, 

et al. (2010 and 2012) reported that although the Ti2Cu intermetallic compounds and the αTi 

phase constitute galvanic couples, a fine microstructure provides an “enveloping effect”, 

modifying the cathode/anode area ratio between these phases which could minimise the 

galvanic effects and improve the corrosion resistance. Wang et al. (2019) also reported that 

the Ti-5Cu with a microstructure of αTi + Ti2Cu and transformed αTi possessed significantly 

improved corrosion resistance, while Ti-5Cu with a microstructure αTi + transformed βTi 

showed an increase in corrosion rate when compared to CP Ti (no grade mentioned). They 

mentioned that the Ti2Cu precipitates are nobler than both αTi matrix and eutectoid Ti-rich 

phase. They also mentioned that annealing for 1 hour at 740°C and 910°C resulted in 

homogeneously distributed Ti2Cu precipitates “enveloping” the Ti-rich (less-noble) phase, and 

hence showed a better corrosion resistance. Takada et al. (2001) reported no significant 

difference in corrosion resistance between Ti-Cu alloys with copper concentrations up to 30% 

compared to CP Ti (no grade mentioned). Liu, et al. (2014) reported than the open circuit 

potential (OCP) of the Ti−Cu alloys were nobler, while the corrosion current densities were 

lower than the values of CP Ti. The calculated corrosion rates indicated that Ti–Cu alloys 
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exhibited lower corrosion rates than CP Ti, indicating that the addition of copper could slightly 

improve the biocorrosion resistance of titanium, Figure 2-21 (Liu, et al., 2014).  

 

  

Figure 2-21. Ti-Cu: (a) OCP, (b) Tafel curves (Liu, et al., 2014).  

Studies have been performed on effects of microstructure, composition and heat treatment 

on mechanical properties, corrosion behaviour, antibacterial properties and cell 

biocompatibility of solid Ti2Cu alloys used for biomedical applications (Li, et al., 2017). Pina 

(2016) reported that CP Ti showed the highest chemical reactivity on its surface in artificial 

saliva in good agreement with the highest current densities obtained in the potentiodynamic 

curves at selected potentials. This indicated that alloying with 3 wt % copper improved the 

corrosion resistance of the alloy compared to pure titanium. However, a higher copper 

content increased the cathodic and anodic reactivity of the alloy surface as shown in Figure 

2-22. 

 

(a) (b) 
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Figure 2-22. Anodic potentiodynamic curves of Ti-CP and Ti-xCu alloys in artificial saliva 

(Pina, et al., 2016). 

 

2.5.1 Corrosion testing and measurements 

The corrosion resistance of implant materials can be evaluated by several methods in the 

laboratory, by quantitative electrochemical measurements in simulated body fluids (in vitro) 

or quantitative measurements of implantation of devices into experimental animals (in vivo) 

(Hansen, 2008). The in vitro testing is usually the first step of testing followed by in vivo 

testing. 

Uniform corrosion for titanium implants can be determined from weight loss data (increase 

or decrease in weight depending upon the environment and by products in accordance to 

ASTM G1 & G31), dimensional changes (shape, size, appearance) and electrochemical 

methods (anodic and cathodic polarization, cyclic voltammetry and electrochemical 

impedance measurements). Pitting corrosion can be measured by using the guiding principles 

under the American Standards for Testing of Materials G3 & G5, electrochemical techniques 

involving potentiostatic and potentiodynamic testing.  
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2.6. Mechanical properties of Ti-Cu alloys 

Hardness and work hardening play vital roles in biomaterial implants due to their ability to 

increase the resistance against wear and corrosive effects of body fluids. Undesirable work 

hardening of Ti and Ti-based alloys with increased hardness occur during machining processes 

such as milling and drilling (Khorasani, et al., 2015). For a material to be biocompatible it must 

have a density as low as that of bone, high mechanical strength and fatigue resistance, low 

elastic modulus and good wear resistance (Oldani & Dominguez, 2012). The copper content 

in the titanium alloys significantly influences the mechanical properties, such as elongation, 

Young’s modulus and hardness (Liu, et al., 2014). Some Ti–Cu alloys might have superior 

mechanical properties than CP Ti which could be explained by solid solution strengthening of 

the titanium and fine precipitation of intermetallic compounds (Liu, et al., 2017). Zhang, et al. 

(2016) reported that homogeneously dispersed and fine Ti2Cu particles would significantly 

enhance the hardness and mechanical strength, but reduce the ductility. Liu, et al. (2014) 

reported that the hardness increased with the increasing copper content and reached a high 

value of 55 HRC at 5 wt% Cu. Further increase in Cu content did not change the hardness 

significantly, and a slight drop was found in the hardness at 10 wt% Cu as shown in Figure 

2-23 (Liu, et al., 2014). 

 

Figure 2-23. Change in hardness with copper content in the Ti–Cu alloys (Liu, et al., 2014). 
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Zhang et al. (2016) reported that with increasing the copper content (x = 2, 3 and 4 wt %), the 

micro-hardness increased significantly at all conditions (as-cast, solid solution treatment (T4) 

at 900°C for 3 hours and ageing treatment (T6) at 400°C for 12 h). The hardness increased 

from 203.7 HV (2 wt % Cu) to 247.8 HV (3 wt % Cu) and to 262.0 HV (4 wt % Cu) for the as-

cast Ti–Cu, indicating that the Cu content enhanced the hardness. They also reported an 

increase in hardness after both heat treatments indicating that heat treatment could 

significantly enhance the hardness of the Ti–Cu alloy, especially the solid solution treatment, 

Figure 2-24. 

 

Figure 2-24. Micro-hardness of the Ti–Cu alloys (Zhang, et al., 2016). 

 

Although the antibacterial effect of copper additions is superior compared to silver (Codita et 

al., 2010), Zhang et al. (2019) investigated alloying titanium with copper and found 

inconsistencies in the literature regarding the required copper content and the mechanisms 

that resulted in bacterial reduction. The antibacterial property is associated with preferential 

copper ion release from the Ti-Cu alloys due to the galvanic corrosion between phases with 

copper and the titanium matrix (Osório, et al. (2010, 2012). This shows that although Ti-Cu 

alloys are considered to have high corrosion resistance they are not immune to corrosion. The 

mechanical properties are also important and should be considered, since implants 
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experience mechanical loading in vivo. When titanium is alloyed with copper the intermetallic 

compound Ti2Cu forms, which can result in brittleness (Unosson, et al. 2013). However, Ti2Cu 

plays an important role in strong antibacterial behaviour therefore heat treatment, such as 

annealing and ageing, could also significantly improve the mechanical properties, corrosion 

resistance and antibacterial rate by redistributing copper and changing the size distribution 

of the Ti2Cu precipitates (Bao et al. 2018). This interrelationship between choices of 

compositions and heat treatments, and their impacts on mechanical properties and 

antibacterial effects, provided an opportunity for optimization of the final alloy. Therefore, 

the objective of this project was to characterise Ti-Cu alloys at different compositions: 5, 15, 

25, 33, 40, 47 and 50 wt% copper in Grade 4 titanium. This study assessed the effect of the 

Ti2Cu compound and its proportions on the corrosion resistance, and compared them to the 

commercial pure titanium (Grade 4), which is currently commonly used as a material for 

dental screws. 
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Chapter 3: EXPERIMENTAL PROCEDURE 

3.1. Material Selection 

Titanium has been a material of choice in several disciplines of dentistry, and for this study 

Grade 4 CP Ti was selected due to its highest tensile strength and yield strength compared to 

Grades 1 to 3. High purity copper (SAE CA110) was also selected for alloying. Table 3-1 shows 

the chemical composition of both CP Ti and copper. Titanium was in form of a 15 mm diameter 

rod and was procured from Multi Alloys (Pty) Ltd., while copper was in plate form (3 mm thick) 

and procured from Meglan Trading CC.  

 

Table 3-1. Chemical compositions of titanium and copper (wt %) starting materials. 

Elements Grade 4 CP Ti (wt %) SAE CA110 Copper (wt %) 

Nitrogen (N) 0.05 - 

Carbon (C) 0.08 - 

Oxygen (O) 0.4 0.04 

Iron (Fe) 0.5 - 

Silver (Ag) - 0.05 

Hydrogen (H) 0.015 - 

Titanium (Ti) 98.96 - 

Copper (Cu) - 99.91 

 

3.2. Melting 

Eight 50g castings were manufactured using the Mintek button arc furnace. The samples (six 

samples at a time) were melted by a high-energy arc at high temperatures and water cooled 

via copper hearth. A pure titanium button was used an oxygen getter and was melted before 

melting the Ti-Cu alloys to prevent remaining oxygen in the chamber from reacting with the 

molten metal. Prior to melting the chamber was flushed five times with high purity argon. The 

argon gas was of 99.999% purity with oxygen ≤ 2 ppmv. The alloys were melted five times, 

turned over and re-melted to ensure homogenisation since the button arc furnace cannot stir 

the samples during melting to promote homogeneity. The melting points of titanium and 
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copper may lead to inhomogeneity due to their differences (1670°C for titanium and 1083°C 

for copper (Massalski, et al., 1991)). Table 3-2 shows the compositions of the castings. Figure 

3-1 shows the button arc furnace and Figure 3-2 shows a typical as-cast button. After melting, 

the buttons were weighed to ascertain any loss. 

 

Table 3-2. Ti-Cu casting compositions. 

Titanium (g) Copper (g) Ti-Cu Alloy (wt %) 

50 - CP Ti 

47.5 2.5 5Cu 

42.5 7.5 15Cu 

37.5 12.5 25Cu 

33.5 16.5 33Cu 

30 20 40Cu 

26.5 23.5 47Cu 

25 25 50Cu 

 

  

Figure 3-1. Photograph of the button arc furnace used. 

Electrode gun 

Chamber 
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Figure 3-2. As-cast (~50 x ~30mm) Ti-5Cu alloy button (50g). 

3.3. Heat Treatment 

All samples were put in a vacuumed and sealed quartz ampoules (each sample on its own) at 

a pressure of 1.333 mbar argon to prevent oxygen from reacting with the samples. The gas 

was not dried or purified further. The evacuation and backfilling procedure was performed 

three times. Annealing was performed at 750°C and 900°C for two hours in a conventional 

furnace followed by a fast water quench (by crushing the ampoules on quenching). Figure 3-3 

shows the quartz ampoule sealing preparation. 

 

Figure 3-3. Photograph of the argon purging set-up. 

Argon gas cylinder 

Vacuum pipe 

Alloy in a glass tube 
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3.4. Modelling 

3.4.1 Thermo-CalcTM 

The Thermo-Calc program (v.2020b, Thermo-Calc Software AB, Stockholm, Sweden) with 

thermodynamic database TTTI3 (database which was available) was used to draw the phase 

diagram and to predict the equilibrium phases expected as a function of temperature for the 

different alloy compositions.  

3.4.2 Materials Studio 

A CASTEP module integrated within the Materials Studio software package was employed to 

carry out geometry optimization calculations to find the ground state crystal structures 

(Segall, et al., 2002). It is based on density functional theory (DFT) formalism and employs the 

plane-wave basis set to treat valence electrons and pseudopotentials to approximate the 

potential field of ion cores including nuclei and tightly bond core electrons (Hohenberg & 

Kohn, 1964; Kohn & Sham, 1965). The generalized gradient approximation (GGA) in the 

scheme of Perdew-Burke-Ernzerhof (PBE) was chosen to describe the electronic exchange-

correlation interaction (Perdew, et al., 1996). The choice of PBE form of GGA was informed 

by its level of robustness and accuracy (Smeets & Kroes, 2021). Geometry optimisation 

calculations were carried out using fast Vanderbilt-type ultrasoft pseudopotentials (US) 

(Vanderbilt, 1990). Maximum plane wave cut-off energy of 650 eV and set of special k-points 

determined from the Monkhorst–Pack scheme (Monkhorst & Pack, 1976) were used. All the 

equilibrium crystal structures were obtained via geometry optimization in the Brayden-

Fletcher-Goldfarb-Shanno (BFGS) minimization scheme (Fischer & Almlof, 1992). The 

convergence criterion of less than 1×10-5 eV/atom, the maximum residual forces of 0.03 eV/Å, 

maximum residual bulk stress of 0.05GPa and maximum atomic displacement of 1×10-3Å 

were utilized. The simulated XRD patterns were derived using the Reflex powder diffraction 

module. 
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3.5. Sample Analysis 

Figure 3-4 shows a summary of the sample analysis performed on the samples.  

 

Figure 3-4. Summary of the experiments conducted. 

 

3.5.1 Metallographic preparation 

Cutting and mounting 

The samples were sectioned using a Struers Discotom-60 machine. A Corundum-D300 disk 

from IMP Scientific & Precision (Pty) Ltd. was used for cutting. The cutting was performed 

while cooling with water to prevent overheating the samples, which may have changed the 

microstructure. For the ease of handling during examination, the samples were hot mounted 

in a blue epoxy resin using a Struers LaboPress-3 machine. 

 

Grinding and polishing 

The samples were ground and polished using a Struers Rotopoll-11 machine. The samples 

were ground from a 60 grit rough to 1200 grit fine silicon carbide paper to remove the 
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scratches and obtain a flat surface. The samples were polished from 6 to 1 µm surface finish 

to obtain a mirror finish.  

 

Etching 

The as-polished samples were etched using Keller’s etchant as shown in Table 3-3. Keller’s 

reagent reveals grain boundary contrast and precipitates in several wrought alloys (Vander 

Voort, 1999). 

 

Table 3-3. Etching reagent used for the Ti-Cu samples. 

Etchant Chemicals (ml) 

Keller’s 

reagent 

Hydrofluoric 

acid (HF) 

Hydrochloric acid 

(HCl) 

Nitric acid 

(HNO3) 

Distilled water 

(H2O) 

2 3 5 190 

 

Optical microscopy 

Metallography was performed on all the samples using a DSX-510 optical microscope. The 

samples were studied from the edge to the centre, taking representative images to ascertain 

the homogeneity. The images were taken at 555x to 1109x. 

 

3.5.2 Chemical composition  

Chemical composition and microstructures were analysed using a JEOL 8230 electron probe 

microanalyser, with a combination of up to 5 wavelength dispersive X-ray spectrometers 

(WDS) and an energy dispersive X-ray spectrometer (EDS). Analyses were performed at 20 kV, 

30 nA, and calibrated using pure metal reference standards. Oxygen was not measured. 

 

3.5.3 Phase analysis 

X-ray diffraction (XRD) was performed on the samples using a Bruker D8 Advance powder 

diffractometer with a Linxeye detector and Fe filtered Co-K alpha radiation. The method made 

use of the net intensity of the main peaks of the phases, and identification was based on the 

crystal structure of phases that occur in amounts of >3 mass %. The limitation with the XRD is 
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that the amorphous phases were not detected and the phases specified may not necessarily 

reflect the actual composition of phases identified. 

 

3.5.4 Vickers hardness 

Hardness measurements were performed using an Emcotest Duravision Vickers hardness 

machine. Five measurements were performed randomly on the surfaces of all the samples 

using the load of 10kg. These measurements were averaged. 

 

3.6. Corrosion Testing 

Corrosion testing was performed on all samples at 37±1°C in a phosphate buffered saline 

(PBS) solution at a pH of 7.4. Table 3-4 shows the chemical composition of the PBS solution.  

 

Table 3-4. Chemical composition of the PBS solution. 

Solution Chemicals (g/L) 

PBS 

Sodium 

chloride (NaCl) 

Potassium 

chloride (KCl) 

Sodium hydrogen 

phosphate (Na2HPO4) 

Potassium dihydrogen 

phosphate (KH2PO4 ) 

8.0 0.2 1.44 0.24 

 

 

3.6.1 Electrochemical Testing  

Potentiodynamic polarisation 

Potentiodynamic tests were undertaken according to the ASTM Standard (ASTMG5, 2013).  A 

PC-driven ACM Instruments AutoTafel potentiostat was used to perform the electrochemical 

tests. Two graphite rods acted as counter-electrodes and a Haber-Luggin capillary made the 

junction with a saturated calomel reference electrode (SCE) as shown in Figure 3-5.  All 

potential values were measured with respect to the SCE. Nitrogen was bubbled continuously 

during testing to remove all the oxygen and maintain an anaerobic condition. 

 

After each sample was immersed in the solution, the open circuit potential against (OCP) time 

curve was recorded for up to 2 hours to determine the OCP. When the potential had reached 

a sufficiently stable value at 2 hours, a cyclic polarisation scan was recorded from –250 mV to 
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1500 mV at a scanning speed of 10 mV/min. The scan direction was not reversed. The 

corrosion rates were then calculated using Equation 3-1.  

 

    CR = Icorr K EW / D A     Equation 3-1 

 

where: CR = The corrosion rates 

Icorr = The corrosion current in amperes 

K = A constant that defines the units for the corrosion rate 

EW = The equivalent weight in grams/equivalent 

D = Density in grams/cm³ 

A = Area of the sample in cm². 

 

 

Figure 3-5. Photograph of the corrosion cell test set-up. 

3.6.2 Immersion Testing 

The immersion test was performed according to NACE Standard (ASTM NACE TM0169/G31—

12a, 2012). All the samples were exposed fully immersed in separate beakers to prevent 

contamination. The tests were performed for 30 days while maintaining the temperature at 

37°C with the aid of a water bath as shown in Figure 3-6. The corrosion rates were calculated 

according to Equation 3-2.  

 

Heater 

Sample 

Reference electrode 

Auxiliary electrode 

PBS solution 
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Weight gain (g/cm2) = ΔW/A     Equation 3-2  

 

where:  

ΔW = Initial weight – after weight 

A = sample area exposed to solution (cm2). 

 

 

Figure 3-6. Photograph of the corrosion immersion test set-up. 

 

3.7. Bacteria Testing 

The bacteria tests were performed at Uppsala University, Sweden. They were performed on 

CP Ti, Ti-5Cu, Ti-15Cu and Ti-25Cu alloys. The other alloys were too brittle, and cracked during 

sample preparation. All the glassware was sterilised at 121°C for 15 min in the autoclave. The 

bacteria used was Staphylococcus epidermidis (XEN43), a genetically modified S. epidermidis 

1457 strain with bioluminescent properties induced by introduction of the luxABCDE genes 

within the bacterial genome (Fowler, et al., 2019). The bacteria direct contact test used was 

developed by Weiss et al. (1996). The test was only run for 6 hours instead of 18 hours due to 

Heater 

Beaker 
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time constraints. Ten micro-litres of bacterial agar were incubated with 10 ml of Tryptic Soy 

Broth (TSB, Fluke-Sigma 5 Aldrich) at 37°C for 12 hours. After incubation, the bacteria were 

centrifuged and tested in a UV spectrophotometer (Shimadzu – Model UV -1800) to ensure 

an optical density of 1.0 ca (1x106 bacteria) at a wavelength of 600 nm.  

Three samples (diameter of 5 mm and thickness of 1 mm) of each Ti-Cu alloy were tested. 

Each sample was placed at the bottom of the well of a white opaque flat-bottomed 96-well 

plate (VWR North America, Pennsylvania, USA) and 10 μL of the prepared solution was seeded 

on the sample surface, followed by evaporation at 37°C for 30 min (ensuring contact of 

bacteria to the surface). Thereafter, 170 mL of Tryptic soy broth (TSB) was carefully added to 

each well. The luminescence of the bacteria was recorded hourly for 6 hours to study the 

bacterial growth over time on a Hidex Plate CHAMELEON V (425-106 Multilabel counter, 

Turku, Finland) with Mikrowin software (version 4.34, Mikrotek Laborsysteme GmbH). The 

relative luminescence from the bacteria was used to calculate the antibacterial rate (R) of the 

alloys, according to Equation 3-3.  

R = (Ncontrol – Nsample/ Ncontrol) x 100               Equation 3-3   

where: 

Ncontrol = relative luminescence of the CP-Ti sample,  

Nsample = relative luminescence of the Ti-Cu alloys.  
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Chapter 4: RESULTS 

4.1 Modelling 

4.1.1 Thermo-CalcTM 

Before melting the samples, Thermo-CalcTM software was used to draw the phase diagram to 

show the expected phases. Figure 4-1 shows the phase diagram and Table 4-1 shows the 

reactions at different temperatures. The phase diagram showed incongruent formation of 

Ti2Cu by a peritectic reaction.  No Ti3Cu phase was present. 

 

 

Figure 4-1. Cu-Ti phase diagram drawn using Thermo-Calc with the TTTI3 database. 
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Table 4-1. Phase transformations in Ti-Cu system drawn with Thermo-Calc and TTTI3 

database. 

Transformation 
Compositions  

(wt% Cu) 

Temperature 

(°C) 

(βTi) ⇌ (αTi) 0 882 

L ⇌ (βTi) 0 1670 

L  + (βTi)  ⇌  + Ti2Cu 41.7 19.4 39.9 1005 

(βTi)   ⇌ (αTi) + Ti2Cu  6.7 1.8 39.9 790 

L ⇌  Ti2Cu + TiCu 50 39.9 55.3 972 

 

The amount phases (mol) at 750°C and 900°C were obtained from the Thermo-Calc software 

for different compositions Thermo-Calc predicted the equilibrium phases: liquid, BCC (βTi), 

HCP (αTi), Ti2Cu and TiCu. For CP Ti Thermo-CalcTM predicted liquid, BCC (βTi) and HCP (αTi) 

phases, as shown in Figure 4-2. CP Ti comprised BCC (αTi) at 900°C and HCP (βTi) at 750°C, as 

shown in Table 4-2. 

 

Figure 4-2. Phase proportions of CP Ti. 

Table 4-2. Thermo-CalcTM results of CP Ti. 
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Alloy Temperature (°C) 
Phases (mol) 

(αTi) HCP (βTi) BCC 

CP Ti 
900 - 1.00 

750 1.00 - 

 

Thermo-CalcTM predicted liquid, BCC (βTi), HCP (αTi) and Ti2Cu phases for Ti-5Cu, as shown in 

Figure 4-3. Ti-5Cu comprised BCC (βTi) at 900°C and HCP (αTi) + Ti2Cu at 750°C, as shown in 

Table 4-3. 

 

Figure 4-3. Phase proportions of Ti-5Cu. 

Table 4-3. Thermo-CalcTM results of Ti-5Cu. 

Alloy Temperature (°C) 
Phases (mol) 

(αTi) HCP (βTi) BCC Ti2Cu 

Ti-5Cu 
900 - 1.00 - 

750 0.92 - 0.08 
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Thermo-CalcTM predicted liquid, BCC (βTi), HCP (αTi) and intermetallic Ti2Cu phases for Ti-

15Cu similar to Ti-5Cu but the mole fractions of the phases were different, as shown in Figure 

4-4.  Ti-15Cu comprised BCC (βTi) + Ti2Cu at 900°C and HCP (αTi) + Ti2Cu at 750°C, as shown 

in Table 4-4. 

 

Figure 4-4. Phase proportions of Ti-15Cu. 

 

Table 4-4. Thermo-CalcTM results of Ti-15Cu. 

Alloy Temperature (°C) 
Phases (mol) 

(αTi) HCP (βTi) BCC Ti2Cu 

Ti-15Cu 
900 - 0.91 0.09 

750 0.67 - 0.33 

 

Thermo-CalcTM predicted liquid, BCC (βTi), HCP (αTi) and intermetallic Ti2Cu phases for Ti-

25Cu, similar to Ti-5Cu and Ti-15Cu but the mole fractions of the phases were different, as 

shown in Figure 4-5. Ti-25Cu comprised BCC (βTi) + Ti2Cu at 900°C and HCP (αTi) + Ti2Cu at 

750°C, as shown in Table 4-5. 
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Figure 4-5. Phase proportions of Ti-25Cu. 

 

Table 4-5. Thermo-CalcTM results of Ti-25Cu. 

Alloy Temperature (°C) 
Phases (mol) 

(αTi) HCP  (βTi) BCC Ti2Cu 

Ti-25Cu 
900 - 0.56 0.44 

750 0.42 - 0.58 

 

Thermo-CalcTM predicted liquid, BCC (βTi), HCP (αTi) and intermetallic Ti2Cu phases for Ti-

33Cu, similar to Ti-5Cu, Ti-15Cu and Ti-25Cu, but the mole fractions of the phases were 

different, as shown in Figure 4-6. Ti-33Cu comprised BCC (βTi) + Ti2Cu at 900°C and HCP (αTi) 

+ Ti2Cu at 750°C, as shown in Table 4-6.  
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Figure 4-6. Phase proportions of Ti-33Cu. 

 

Table 4-6. Thermo-CalcTM results of Ti-33Cu. 

Alloy Temperature (°C) 
Phases (mol) 

(αTi) HCP (βTi) BCC Ti2Cu 

Ti-33Cu 
900 - 0.26 0.74 

750 0.19 - 0.81 

 

Thermo-CalcTM predicted liquid, BCC (βTi), HCP (αTi) and intermetallic Ti2Cu phases for Ti-

40Cu, similar to Ti-5Cu, Ti-15Cu, Ti-25Cu and Ti-33Cu, but the mole fractions of the phases 

were different, as shown in Figure 4-7. Ti-40Cu comprised Ti2Cu and TiCu at both 900°C and 

750°C, as shown in Table 4-7. 
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Figure 4-7. Phase proportions of Ti-40Cu. 

 

Table 4-7. Thermo-CalcTM results of Ti-40Cu. 

Alloy Temperature (°C) 
Phases (mol) 

Ti2Cu TiCu 

Ti-40Cu 
900 0.99 0.01 

750 0.99 0.01 

 

Thermo-CalcTM predicted liquid, Ti2Cu and TiCu intermetallic phases for Ti-47Cu. Figure 4-8 

shows the mole fractions of phases as a function of temperature. Ti-47Cu comprised Ti2Cu 

and TiCu at both 900°C and 750°C, as shown in Table 4-8. 
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Figure 4-8. Phase proportions of Ti-47Cu. 

 

Table 4-8. Thermo-CalcTM results of Ti-47Cu. 

Alloy Temperature (°C) 
Phases (mol) 

Ti2Cu TiCu 

Ti-47Cu 
900 0.56 0.44 

750 0.58 0.42 

 

Thermo-CalcTM predicted liquid, Ti2Cu and TiCu intermetallic phases for Ti-50Cu, similar to Ti-

47Cu but the mole fractions of the phases were different. Figure 4-9 shows the mole fractions 

of phases as a function of temperature for Ti-50Cu.  Ti-50Cu comprised Ti2Cu and TiCu at both 

900°C and 750°C, as shown in Table 4-9. 
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Figure 4-9. Phase proportions of Ti-50Cu. 

 

Table 4-9. Thermo-CalcTM results of Ti-50Cu. 

Alloy Temperature (°C) 
Phases (mol) 

Ti2Cu TiCu 

Ti-50Cu 
900 0.38 0.62 

750 0.40 0.60 

 

4.1.2 Material Studio 

The CASTEP and XRD reflex module for powder diffraction was used to model the crystal 

structures and XRD patterns of the phases. The major peaks observed for alpha HCP αTi phase 

were at 2Ɵ = 41, 45, 46, 77, 83 and 85 with the third peak being the most intense. The 

alpha phase did not have a peak at 2Ɵ = 63 but around 2Ɵ = 60 , as shown in Figure 4-10. 

The beta BCC (βTi) phase had a major peak 2Ɵ = 45 and other peaks were at 2Ɵ = 62.5 and 

77, as shown in Figure 4-11. HCP (αTi) and BCC (βTi) phases had some similar peaks at 2Ɵ = 

45 and 77 and BCC (βTi) had few peaks compared to HCP (αTi). Intermetallic tetragonal 

Ti2Cu also had the first major peak at 2Ɵ = 45 and second one at 2Ɵ = 50, as shown in Figure 
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4-12. The first minor peak of the intermetallic tetragonal Ti3Cu phase was around 2Ɵ = 29, 

while the most intense peaks were at 2Ɵ = 46 and 52.5, as shown in Figure 4-13. The first 

minor peak of the intermetallic tetragonal TiCu phase was around 2Ɵ = 20, while the most 

intense peaks were at 2Ɵ = 48 and 49. The minor peak around 2Ɵ = 61.5, as shown in Figure 

4-14. Ti2Cu and Ti3Cu peaks were very different: Ti2Cu had a first peak at 2Ɵ = 22.5 while 

Ti3Cu had it at 2Ɵ = 29. Ti2Cu had the highest peak at 2Ɵ = 45.5 and other peaks at 2Ɵ  = 

49.5, 55.5, 69.0, 75 and 83 while Ti3Cu had at the highest peak at 2Ɵ = 46 and the other 

peaks were at 52.5, 68.0, 77.0 and 87.0. 

 

 

Figure 4-10. Modelled HCP (αTi) phase: (a) crystal structure, and (b) XRD pattern. 

 

(a) 

(b) 
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Figure 4-11. Modelled BCC (βTi) phase: (a) crystal structure, and (b) XRD pattern. 

 

 

(a) 

(b) 
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Figure 4-12. Modelled Ti2Cu intermetallic tetragonal phase: (a) crystal structure, and (b) XRD 

pattern. 

 

 

 

(a) 

(b) 



58 

 

   

 

Figure 4-13. Modelled Ti3Cu intermetallic tetragonal phase: (a) crystal structure, and (b) XRD 

pattern. 

(a) 

(b) 
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Figure 4-14. Modelled TiCu intermetallic tetragonal phase: (a) crystal structure, and (b) XRD 

pattern. 

 

4.2 Material Characterisation 

4.2.1 CP Ti 

Microstructure and composition  

Figure 4-15 to Figure 4-17 show OM and SEM-BSE images of CP Ti in the as-cast and annealed 

conditions. The microstructure was a typical Widmanstätten basket-weave structure of (αTi) 

which had grown inside the prior β grains. The annealed samples also showed a 

Widmanstätten structure. The average composition results are given in Table 4-10, showing 

that the CP Ti was 100% titanium.  

(a)  

(b) 
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Figure 4-15. Microstructures of as-cast CP Ti: (a) OM image, (b) SEM-BSE image, showing a 

Widmanstätten basket-weave structure of (αTi) inside the grains. 

 

   

Figure 4-16. Microstructures of CP Ti heat treated at 750°C: (a) OM image, (b) SEM-BSE 

image, showing a Widmanstätten basket-weave structure of (αTi) inside the grains. 

(a) (b) 

(a) (b) 
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Figure 4-17. Microstructures of CP Ti heat treated at 900°C: (a) OM image, (b) SEM-BSE 

image, showing a Widmanstätten basket-weave structure of (αTi) inside the grains. 

 

Table 4-10. EPMA results for CP Ti. 

Alloy Area 
Phases (wt %) 

Ti Cu 

CP Ti 

As-cast 

Overall 

100 - 

750°C 100 - 

900°C 100 - 

 

Phase analysis 

Figure 4-18 to Figure 4-20 show the XRD patterns of as-cast and annealed CP Ti, indicating 

only single-phase (αTi). The (αTi) phase had peaks at 2Ɵ = 40.9°, 44.9°, 47.0°, 62.4° and 74.6° 

with the second peak being the most intense for the as-cast and the third peak being the most 

intense for the annealed samples. The results are shown in Table 4-11.  

(a) (b) 
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Figure 4-18. XRD pattern of as-cast CP Ti, showing (αTi) phase peaks. 

 

Figure 4-19. XRD pattern of CP Ti heat treated at 750°C, showing (αTi) phase peaks. 

 

 

Figure 4-20. XRD pattern of CP Ti heat treated at 900°C, showing (αTi) phase peaks. 
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Table 4-11. XRD phase proportions of CP Ti. 

Alloy Phase proportions (wt %) 

CP Ti 

As-cast 

(αTi) 100±0.0 750°C 

900°C 

 

 

4.2.2 Ti-5Cu 

Microstructure and composition  

Figure 4-21 to Figure 4-23 show the OM and SEM-BSE images of as-cast and annealed Ti-5Cu.  

The as-cast and annealed at 750°C alloys comprised a dark (αTi) matrix and light Ti2Cu 

precipitates, while the alloys annealed at 900°C had (αTi) surrounded by (αTi) + Ti2Cu. The 

EDX analysis indicated that the dark phase was (αTi), and light phase was Ti2Cu, with analyses 

that also include the surrounding (αTi) because the Ti2Cu was so fine. Thus, the Ti2Cu analyses 

has less Cu than they should have done. The average composition results are given in Table 

4-12. The errors observed for the Ti-5Cu sample annealed at 750°C were due to the titanium 

oxide observed in Figure 4-22. 

   

Figure 4-21. Microstructures of as-cast Ti-5Cu: (a) OM image, showing (αTi) (light contrast) 

and Ti2Cu (dark contrast), (b) SEM-BSE image, showing (αTi) (dark contrast) and Ti2Cu (light 

contrast). 

(a) (b) 
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Figure 4-22. Microstructures of as-cast Ti-5Cu: (a) OM image, showing (αTi) (light contrast) 

and Ti2Cu (dark contrast), (b) SEM-BSE image, showing (αTi) (dark contrast) and Ti2Cu (light 

contrast). 

 

   

Figure 4-23. Microstructures of as-cast Ti-5Cu: (a) OM image, showing (αTi) (light contrast) 

and Ti2Cu (dark contrast), (b) SEM-BSE image, showing (αTi) (dark contrast) and Ti2Cu (light 

contrast). 

 

 

 

 

(a) (b) 

(a) (b) 
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Table 4-12. EPMA results for Ti-5Cu. 

Alloy Area Phase 
Composition (wt%) 

Ti Cu 

Ti-5Cu 

As-cast 

Overall - 65.4±0.9 4.6±0.9 

Dark contrast (αTi)  97.7±0.7 2.3±0.5 

Light contrast Ti2Cu 93.8±0.9 6.2±0.9 

750°C 

Overall - 94.8±0.5 5.2±0.5 

Light contrast   Ti2Cu 89.5±4.6 10.5±4.2 

Dark contrast (αTi) 97.8±1.1 2.2±1.1 

900°C 

Overall - 95.3±0.8 4.7±1.0 

Dark contrast   (αTi) 97.3±0.6 2.7±0.9 

Light contrast Ti2Cu 93.2±0.6 6.8±2.1 

 

Phase analysis 

Figure 4-24 to Figure 4-26 show the XRD patterns of as-cast and annealed Ti-5Cu. XRD results 

showed two phases: (αTi) and Ti2Cu. The (αTi) phase had peaks at 2Ɵ = 40.9°, 44.9°, 47.0°, 

62.4° and 74.6° with the third peak being the most intense for all the samples. The Ti2Cu phase 

had peaks at 2Ɵ = 19.0° (barely discernible in the background), 2Ɵ = 46.0°, 51.0°, 59.5° and 

75.0°. The phase proportions derived from XRD are given in Table 4-13. 

 

 

Figure 4-24. XRD pattern of as-cast Ti-5Cu, showing (αTi) and Ti2Cu peaks. 
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Figure 4-25. XRD pattern of Ti-5Cu heat treated at 750°C, showing (αTi) and Ti2Cu peaks. 

 

 

Figure 4-26. XRD pattern of Ti-5Cu heat treated at 900°C, showing (αTi) and Ti2Cu peaks. 

 

Table 4-13. XRD phase proportions of Ti-5Cu. 

Alloy 
Phases proportions (wt %) 

(αTi) Ti2Cu 

Ti-5Cu 

As-cast 86 14 

750°C 84 16 

900°C 81 19 
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4.2.3 Ti-15Cu 

Microstructure and composition 

Figure 4-27 to Figure 4-29 show the OM and SEM-BSE images of as-cast and annealed Ti-15Cu. 

The alloys comprised  (αTi) dendrites (dark contrast) and Ti2Cu (light contrast). EDX analyses 

indicated that the dark contrast phase was (αTi), the light phase was Ti2Cu and the darkest 

phase was Ti oxide. The Ti2Cu precipitates became coarser with increased annealing 

temperature. The average EDX composition results are given in Table 4-14. The high errors 

for the overall of Ti-15Cu annealed at 750°C was due to the titanium oxide observed on Figure 

4 29. 

   

Figure 4-27. Microstructures of Ti-15Cu as-cast: (a) OM image, (b) SEM-BSE image, showing 

(αTi) (dark contrast) and Ti2Cu (light), and Ti oxide (darker contrast). 

 

 

 

(a) (b) 

Fine precipitates 

Ti oxide 
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Figure 4-28. Microstructures of Ti-15Cu heat treated at 750°C: (a) OM image, (b) SEM-BSE 

image, (αTi) (dark contrast) and Ti2Cu (light contrast).  

   

Figure 4-29. Microstructures of Ti-15Cu heat treated at 900°C: (a) OM image, (b) SEM-BSE 

image, (αTi) (dark contrast) and Ti2Cu (light contrast) and Ti oxide (darker contrast). 

 

 

 

 

 

 

(a) (b) 

(a) (b) 
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Table 4-14. EPMA results for Ti-15Cu. 

Alloy Area Phases 
Composition (wt %) 

Ti Cu 

Ti-15Cu 

As-cast 

Overall - 85.3±1.1 14.7±1.0 

Dark contrast (αTi) 87.1±1.6 12.9±2.0 

Light contrast Ti2Cu 63.1±1.4 36.9±1.1 

Darker contrast Ti oxide 97.0±0.8 3.0±0.5 

Precipitates - 83.8±0.7 16.2±0.6 

750°C 

Overall - 85.5±1.5 14.5±1.5 

Dark contrast (αTi) 91.5±0.9 8.5±0.6 

Light contrast Ti2Cu 61.8±0.8 38.2±0.7 

Precipitates - 65.8±1.0 34.2±1.1 

900°C 

Overall - 84.5±8.1 15.5±8.4 

Dark contrast (αTi) 90.7±0.2 9.3±0.1 

Darker contrast Ti oxide 98.0±0.4 2.0±0.3 

Light contrast Ti2Cu 61.5±0.2 38.5±0.4 

Coarse precipitates - 64±0.1 36±0.1 

 

Phase analysis 

Figure 4-30 to Figure 4-32 show the XRDs patterns of as-cast and annealed Ti-15Cu, showing 

two phases: (αTi) and Ti2Cu intermetallic phase. The (αTi) phase had peaks at 2Ɵ = 40.9°, 

44.9°, 47.0°, 62.4° and 74.6° with the third peak being the most intense for all the alloys. The 

Ti2Cu phase had peaks at 2Ɵ = 19.0°, 46.0°, 51.0°, 59.5° and 75.0°. The phase proportions are 

given in Table 4-15. 
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Figure 4-30. XRD pattern of as-cast Ti-15Cu, showing (αTi) and Ti2Cu peaks. 

 

Figure 4-31. XRD pattern of Ti-15Cu heat treated at 750°C, showing (αTi) and Ti2Cu peaks. 

 

Figure 4-32. XRD pattern of Ti-15Cu heat treated at 900°C, showing (αTi) and Ti2Cu peaks. 
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Table 4-15. XRD phase proportions of Ti-15Cu. 

Alloy 
Phase proportions (wt %) 

(αTi) Ti2Cu 

Ti-15Cu 

As-cast 75 25 

750°C 75 25 

900°C 88 12 

 

 

4.2.4 Ti-25Cu 

Microstructure and composition 

Figure 4-33 to Figure 4-35 show the OM and SEM-BSE images of as-cast and annealed Ti-25Cu. 

The alloys had originally comprised (Ti) dendrites which formed first, followed by the light 

regions (mixture of Ti2Cu and (βTi)), which surrounded the dendrites and was a sparse 

eutectic. The (Ti) dendrites decomposed to (αTi) (dark contrast) and Ti2Cu (light contrast). 

Some darker Ti oxides were observed in the dendrites. After annealing at 900°C, the light 

precipitates formed within the dendrites. The Ti2Cu precipitates became coarser with 

increased annealing temperature. The average EDX composition results are given in Table 

4-16. 

   

Figure 4-33. Microstructures of Ti-25Cu as-cast: (a) OM image, (b) SEM-BSE image, showing 

(αTi) (dark contrast) and Ti2Cu (light) and Ti oxide (darker contrast). 

(a) (b) 



72 

 

   

Figure 4-34. Microstructures of Ti-25Cu heat treated at 750°C: (a) OM image, (b) SEM-BSE 

image, showing (αTi) (dark contrast) and Ti2Cu (light) and Ti oxide (darker contrast). 

   

Figure 4-35. Microstructures of Ti-25Cu heat treated at 900°C: (a) OM image, (b) SEM-BSE 

image, showing (αTi) (dark contrast) and Ti2Cu (light contrast) and Ti oxide (darker contrast). 

 

 

 

 

 

 

(a) (b) 

(b) 
(a) 

Precipitates 

Precipitates 
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Table 4-16. EPMA results for Ti-25Cu. 

Alloy Area Phase 
Composition (wt %) 

Ti Cu 

Ti-25Cu 

As-cast 

Overall - 73.8±2.0 26.2± 2.0 

Dark contrast (αTi) 88.7±0.03 11.3±0.1 

Light contrast Ti2Cu 63.0±1.0 37.0±0.9 

Darker contrast Ti oxide 96.0±0.8 4.0±0.1 

750°C 

Overall - 75.3±2.0 24.7± 1.8 

Dark contrast (αTi) 84.8±3.3 15.2±3.2 

Light contrast Ti2Cu 61.1±1.7 38.9±0.6 

Precipitates - 81.4±2.1 18.6±1.1 

900°C 

Overall - 75.1±3.0 24.9± 3.8 

Dark contrast (αTi) 88.0±2.1 12.0±1.7 

Light contrast Ti2Cu 62.0±0.2 38.0±0.1 

Precipitates - 81.9±2.1 18.1±1.5 

Darker contrast Ti oxide Too small to analyse 

 

Phase analysis 

Figure 4-36 to Figure 4-38 shows the XRD patterns of as-cast and annealed of Ti-25Cu. The 

(αTi) phase had peaks at 2Ɵ = 40.9°, 44.9°, 47.0°, 62.4° and 74.6° with the third peak being 

the most intense for all the samples. The Ti2Cu phase had peaks at 2Ɵ = 19.0°, 46.0°, 51.0°, 

59.5° and 75.0°. The average phase proportions are given in Table 4-17. 

 

Figure 4-36. XRD pattern of Ti-25Cu as-cast, showing (αTi) and Ti2Cu peaks. 
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Figure 4-37. XRD pattern of Ti-25Cu heat treated at 750°C, showing (αTi) and Ti2Cu peaks. 

 

Figure 4-38. XRD pattern of Ti-25Cu heat treated at 900°C, showing (αTi) and Ti2Cu peaks. 

 

Table 4-17. XRD phase proportions of Ti-25Cu. 

Alloy 
Phases (wt %) 

(αTi) Ti2Cu 

Ti-25Cu 

As-cast 58 35 

750°C 61 39 

900°C 56 44 
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4.2.5 Ti-33Cu 

Microstructure and composition 

Figure 4-39 to Figure 4-41 show the OM and SEM-BSE images of as-cast and annealed Ti-33Cu. 

The alloys comprised dark contrast (Ti) dendrites which had transformed from (Ti) 

surrounded by Ti2Cu (light contrast). The dendrites were fewer and smaller with more Ti2Cu 

(light contrast) than in lower Cu content samples. After annealing at 900°C, the dendrites 

were coarser and the darker Ti oxides were observed in the dendrites. The average 

composition results are given in Table 4-18. 

   

Figure 4-39. Microstructures of Ti-33Cu as-cast: (a) OM image, (b) SEM-BSE image, showing 

(αTi) (dark contrast) and Ti2Cu (light contrast). 

   

Figure 4-40. Microstructures of Ti-33Cu heat treated at 750°C: (a) OM image, (b) SEM-BSE 

image, showing (αTi) (dark contrast) and Ti2Cu (light contrast). 

(a) (b) 

(a) (b) 
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Figure 4-41. Microstructures of Ti-33Cu heat treated at 900°C: (a) OM image, (b) SEM-BSE 

image, showing (αTi) (dark contrast), Ti2Cu (light contrast) and oxide (darker contrast). 

 

Table 4-18. EPMA results for Ti-33Cu. 

Alloy Area Phases 
Composition (wt %) 

Ti Cu 

Ti-33Cu 

As-cast 

Overall - 66.6 ±3.1 33.4±3.0 

Dark contrast (αTi) 87.6±0.7 12.4±1.4 

Light contrast Ti2Cu 60.8±0.9 39.2±0.9 

750°C 

Overall - 67.5±8.1 32.5±8.8 

Dark contrast (αTi) 88.4±1.7 11.6±1.7 

Light contrast Ti2Cu 60.7±0.6 39.3±0.6 

900°C 

Overall - 66.0±8.1 34.0±8.0 

Dark contrast (αTi) 87.0±1.5 13.0±1.1 

Light contrast Ti2Cu 61.4±1.0 38.6±0.4 

Darker contrast Ti oxide 96.7±0.8 3.3±0.7 

 

 

 

(a) 
(b) 
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Phases 

Figure 4-42 to Figure 4-44 show the XRD patterns of as-cast and annealed of Ti-33Cu. The (αTi) 

phase had peaks at 2Ɵ = 40.9°, 44.9°, 47.0°, 62.4° and 74.6°. The Ti2Cu phase had peaks at 2Ɵ 

= 19.0°, 36.5°, 46.0°, 51.0°, 59.5° and 75.0° with the third peak being the most intense for all 

the alloys. The phase proportions are given in Table 4-19. 

 

 

Figure 4-42. XRD pattern of Ti-33Cu as-cast, showing (αTi) and Ti2Cu peaks. 

 

Figure 4-43. XRD pattern of Ti-33Cu heat treated at 750°C, showing (αTi) and Ti2Cu peaks. 
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Figure 4-44. XRD pattern of Ti-33Cu heat treated at 900°C, showing (αTi) and Ti2Cu peaks. 

 

Table 4-19. XRD phase proportions of Ti-33Cu. 

Alloy 
Phases (wt %) 

(αTi) Ti2Cu 

Ti-33Cu 

As-cast 28 72 

750°C 45 55 

900°C 9 91 

 

 

4.2.6 Ti-40Cu 

Microstructure and composition 

Figure 4-45 to Figure 4-47 show the OM and SEM-BSE images of as-cast and annealed of Ti-

40Cu. The microstructures comprised Ti2Cu dendrites (medium contrast), which were 

surrounded by TiCu (light contrast), and Ti oxides (dark contrast) were also observed. The 

average composition results are given in Table 4-20. From the EDX analysis, the dark phase 

had less copper than the light phase. The large errors observed in the overall for Ti-15Cu 

annealed at 750°C was due to the titanium oxide observed on Figure 4-47. 
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Figure 4-45. Microstructures of Ti-40Cu as-cast: (a) OM image (b) SEM-BSE image, showing 

Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

    

Figure 4-46. Microstructures of Ti-40Cu heat treated at 750°C: (a) OM image (b) SEM-BSE 

image, showing Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

 

(a) (b) 

(a) (b) 
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Figure 4-47. Microstructures of Ti-40Cu heat treated at 900°C: (a) OM image, (b) SEM-BSE 

image, showing Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

 

Table 4-20. EPMA results for Ti-40Cu. 

 

 

Alloy Area Phases 
Composition (wt %) 

Ti Cu 

Ti-40Cu 

As-cast 

Overall - 60.5±6.2 39.5±8.2 

Medium contrast Ti2Cu 61.4±4.9 38.6±0.9 

Light contrast TiCu 43.8±0.1 56.2±0.1 

Dark contrast Ti oxide 97.0±0.9 3.0±0.4 

750°C 

Overall - 60.1±6.2 39.9±6.2 

Medium contrast Ti2Cu 60.8±0.6 39.2±0.7 

Light contrast TiCu 43.7±0.2 56.3±0.3 

Dark contrast Ti oxide 96.4±0.9 3.6±1.3 

900°C 

Overall - 60.5±8.1 39.5±8.2 

Medium contrast Ti2Cu 61.3±1.0 38.7±0.9 

Light contrast TiCu 43.8±0.3 56.2±0.1 

Dark contrast Ti oxide 89.0±0.2 11.0±0.1 

(a) 
(b) 
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Phases 

Figure 4-48 to Figure 4-50 show the XRD patterns of as-cast and annealed Ti-40Cu. XRD 

patterns showed two intermetallic phases, Ti2Cu and TiCu. The Ti2Cu phase had peaks at 2Ɵ 

= 19.0°, 36.5°, 46.0°, 51.0°, 59.5° and 75.0° with the third peak being the most intense for all 

the samples. The TiCu phase had peaks at 2Ɵ = 17.5°, 48.0°, 49.0°, 65.0° and 70.0°. The phase 

proportions are given in Table 4-21. 

 

 

Figure 4-48. XRD pattern of Ti-40Cu as-cast, showing Ti2Cu and TiCu peaks. 

 

Figure 4-49. XRD pattern of Ti-40Cu heat treated at 750°C, showing Ti2Cu and TiCu peaks. 
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Figure 4-50. XRD pattern of Ti-40Cu heat treated at 900°C, showing Ti2Cu and TiCu peaks. 

 

Table 4-21. XRD phase proportions of Ti-40Cu. 

Alloy 
Phases (wt %) 

Ti2Cu TiCu 

Ti-40Cu 

As-cast 80 20 

750°C 78 22 

900°C 65 35 

 

4.2.7 Ti-47Cu 

Microstructure and composition 

Figure 4-51 to Figure 4-53 show the OM and SEM-BSE images of as-cast and annealed Ti-47Cu. 

The microstructures comprised Ti2Cu dendrites (medium contrast), surrounded by TiCu (light 

contrast) and a Ti2Cu + TiCu eutectic. The eutectic became more coarse with annealing. The 

EDX results showed Ti2Cu as medium contrast and TiCu as light contrast. Black oxides were 

also observed. The average compositions are given in Table 4-22. The standard deviations for 

the annealed samples were very high, indicating that the samples were not homogeneous. 
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Figure 4-51. Microstructures of Ti-47Cu as-cast: (a) OM image, showing Ti oxides (dark 

contrast), Ti2Cu (light contrast) and TiCu (medium contrast) and (b) SEM-BSE image, showing 

Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

    

Figure 4-52. Microstructures of Ti-47Cu heat treated at 750°C: (a) OM image, showing Ti 

oxides (dark contrast), Ti2Cu (light contrast) and TiCu (medium contrast) and (b) SEM-BSE 

image, showing Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

(a) (b) 

(a) (b) 
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Figure 4-53. Microstructures of Ti-47Cu heat treated at 900°C: (a) OM image, showing Ti 

oxides (dark contrast), Ti2Cu (light contrast) and TiCu (medium contrast) and (b) SEM-BSE 

image, showing Ti oxides (dark contrast), Ti2Cu (medium contrast) and TiCu (light contrast). 

 

Table 4-22. EPMA results for Ti-47Cu. 

Alloy Area Phases 
Composition (wt %) 

Ti Cu 

Ti-47Cu 

As-cast 

Overall - 53.0±2.3 47.0±2.4 

Medium contrast Ti2Cu 60.3±1.7 39.7±1.8 

Light contrast TiCu 45.7±0.6 54.3±0.7 

Dark contrast Ti oxide 97.1±0.8 2.9±0.5 

750°C 

Overall - 52.6±7.5 47.4±7.1 

Medium contrast Ti2Cu 60.7±0.1 39.9±0.1 

Light contrast TiCu 43.1±0.1 56.6±0.1 

Dark contrast Ti oxide 98.1±0.2 1.9±0.2 

900°C 

Overall - 53.0±8.6 47.0±8.6 

Medium contrast Ti2Cu 60.9±0.1 39.1±0.2 

Light contrast TiCu 44.8±0.4 55.2±0.6 

 

 

(a) (b) 
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Phases 

Figure 4-54 to Figure 4-56 show the XRD patterns of as-cast and annealed Ti-47Cu. XRD results 

showed two intermetallic phases: Ti2Cu and TiCu. The Ti2Cu phase had peaks at 2Ɵ = 19.0°, 

36.5°, 46.0°, 51.0°, 59.5° and 75.0° with the third peak being the most intense for all the alloys. 

The TiCu phase had peaks at 2Ɵ = 17.5°, 48.0°, 49.0°, 65.0° and 70.0°. The phase proportion 

results are given in Table 4-23. 

 

Figure 4-54. XRD pattern of Ti-47Cu as-cast, showing Ti2Cu and TiCu peaks. 

 

Figure 4-55. XRD pattern of Ti-47Cu heat treated at 750°C, showing Ti2Cu and TiCu peaks. 
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Figure 4-56. XRD pattern of Ti-47Cu heat treated at 900°C, showing Ti2Cu and TiCu peaks. 

 

Table 4-23. XRD phase proportions of Ti-47Cu. 

Alloy 
Phases (wt %) 

Ti2Cu TiCu 

Ti-47Cu 

As-cast 79 21 

750°C 67 33 

900°C 72 28 

 

 

4.2.8 Ti-50Cu 

Microstructure and composition 

Figure 4-57 to Figure 4-59 show the OM and SEM-BSE images of Ti-50Cu as-cast and annealed. 

Ti-50Cu is a eutectic alloy. The microstructure comprised primary TiCu needles (light contrast) 

surrounded by a eutectic of Ti2Cu (medium contrast) and TiCu. Ti oxides were also observed. 

Annealing the samples coarsened the eutectic. The average EDX composition results are given 

in Table 4-24. The standard deviations for the as-cast samples were high, indicating that the 

samples were not homogeneous. 
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Figure 4-57. Microstructures of Ti-50Cu as-cast: (a) OM image and (b) SEM-BSE image, 

showing Ti oxides (dark contrast), TiCu (light contrast) and Ti2Cu (medium contrast). 

    

Figure 4-58. Microstructures of Ti-50Cu heat treated at 750°C: (a) EPMA image and (b) OM 

image, showing Ti oxides (dark contrast), TiCu (light contrast) and Ti2Cu (medium contrast).  

(a) (b) 

(b) (a) 
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Figure 4-59. Microstructures of Ti-50Cu heat treated at 900°C: (a) OM image and (b) SEM-

BSE image, showing Ti oxides (dark contrast), TiCu (light contrast) and Ti2Cu (medium 

contrast). 

 

Table 4-24. EPMA results for Ti-50Cu. 

Alloy Area Phase 
Composition (wt %) 

Ti Cu 

Ti-50Cu 

As-cast 

Overall - 50.4±6.1 49.6±6.2 

Medium contrast Ti2Cu 61.6±7.9 38.4±0.9 

Light contrast TiCu 43.2±6.8 56.8±6.8 

Dark contrast Ti oxide 60.5±0.6 39.5±0.5 

750°C 

Overall - 50.9±6.2 49.1±6.0 

Medium contrast Ti2Cu 60.2±0.2 39.8±0.2 

Light contrast TiCu 43.3±0.2 56.7±0.1 

900°C 

Overall - 51.0±1.0 49.0±1.0 

Medium contrast Ti2Cu 59.8±0.7 40.2±1.1 

Light contrast TiCu 44.2±2.2 55.8±2.1 

 

 

(a) (b) 
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Phases 

Figure 4-60 to Figure 4-62 show the XRD patterns of Ti-50Cu, as-cast and annealed. XRD 

results showed two intermetallic phases Ti2Cu and TiCu. The Ti2Cu phase had peaks at 2Ɵ = 

19.0°, 36.5°, 46.0°, 51.0°, 59.5° and 75.0° with the third peak being the most intense for all 

the samples. The TiCu phase had peaks at 2Ɵ = 17.5°, 48.0°, 49.0°, 51.1°, 65.0° and 70.0°. The 

phase proportions are given in Table 4-25. 

 

Figure 4-60. XRD pattern of Ti-50Cu as-cast, showing Ti2Cu and TiCu peaks. 

 

Figure 4-61. XRD pattern of Ti-50Cu heat treated at 750°C, showing Ti2Cu and TiCu peaks. 
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Figure 4-62. XRD pattern of Ti-50Cu heat treated at 900°C, showing Ti2Cu and TiCu peaks. 

 

Table 4-25. XRD phase proportions of Ti-50Cu. 

Alloy 
Phases (wt %) 

Ti2Cu TiCu 

Ti-50Cu 

As-cast 70 30 

750°C 79 21 

900°C 51 49 

 

 

4.3 Hardness Testing 

The addition of copper to titanium increased the hardness of the alloys. The as-cast hardness 

increased and reached a peak value of 450±4 HV10 at Ti-25Cu and then almost remained 

constant although a slight drop was observed, with a sharp decrease to the value of 353±10 

HV10 at Ti-33Cu. For the annealed samples, the hardness increased and reached the highest 

value of 359±32 Hv10 for the samples annealed at 750°C and 300±51 Hv10 for the samples 

annealed at 900°C and then a slight decrease was observed. The standard deviation for the 

samples was very high; this could indicate that the samples were not homogeneous. 

Annealing decreased the hardness of the alloys. The as-cast samples had the highest hardness 

while the samples annealed at 900°C showed the lowest hardness. Table 4-26 and Figure 4-63 

shows the hardness results.  
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Table 4-26. Hardness results of the alloys. 

Alloy 
Hardness (HV10) Average 

As-cast 750°C 900°C 

CP Ti 250±5 200±29 180±9 

Ti-5Cu 307±24 286±31 210±19 

Ti-15Cu 385±9 359±32 300±51 

Ti-25Cu 450±4 317±20 300±5 

Ti-33Cu 353±10 308±11 290±16 

Ti-40Cu 432±20 286±24 280±21 

Ti-47Cu 437±19 287±24 268±23 

Ti-50Cu 430±5 287±9 270±39 

 

 

Figure 4-63.Vickers hardness as a function of nominal copper content of the as-cast and 

annealed Ti-Cu alloys. 
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4.4 Corrosion Testing   

4.4.1 Electrochemical Testing 

4.3.1 CP Ti 

Figure 4-64 and Figure 4-65 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The potential for all alloys initially decreased and then increased at approximately 

500 s until the passive film reached its limiting protective capacity after which it stabilised. 

The sample heat treated at 750°C shifted the potential towards the noble direction (due to 

quick formation of the passive film) of  while the sample heat treated at 900°C was less noble 

when compared to the as-cast sample, as shown Figure 4-64. A long passivation stage was 

observed in the potentiodynamic polarisation curves, as shown in Figure 4-65. The heat 

treated sample showed an increase in corrosion rates Table 4-27 shows the OCP and 

potentiodynamic polarisation results. 

 

Figure 4-64. OCP of CP Ti in PBS. 
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Figure 4-65. Potentiodynamic polarisation curves of CP Ti in PBS. 

 

Table 4-27. Corrosion tests results for CP Ti in PBS. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr (mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

CP Ti 

As-cast 
-684 -720 6.4X10-05 0.00058 

0.00059±0.000019 
-675 -681 6.7X10-05 0.00060 

750°C 
-466 -614 1.1X10-04 0.00099 

0.00113±0.000190 
-297 -441 1.4X10-04 0.00126 

900°C 
-748 -885 1.2X10-04 0.00108 

0.00108±0.000000 
-761 -904 1.2X10-04 0.00108 
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4.3.2 Ti-5Cu 

Figure 4-66 and Figure 4-67 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The potential for the as-cast and heat treated at 900°C samples initially decreased 

and then increased until the passive film reached its limiting protective capacity after which 

it stabilised, while the heat treated at 750°C alloy initially increased and then stabilised (due 

to the quick formation of a passive film). The sample heat treated at 750°C shifted the 

potential towards the noble direction while the sample heat treated at 900°C and the as-cast 

sample were less noble, as shown Figure 4-66.  A long passivation stage was observed in the 

potentiodynamic polarisation curves, as shown in Figure 4-67. The heat treated samples 

showed decreased corrosion rates compared to as-cast. Table 4-28 shows the OCP and 

potentiodynamic polarisation results.  

 

Figure 4-66. OCP of Ti-5Cu in PBS. 
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Figure 4-67. Potentiodynamic polarisation curves of Ti-5Cu in PBS. 

 

Table 4-28. Corrosion tests results for Ti-5Cu. 

Alloy 
OCP 

(mV) 

ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-5Cu 

As-cast 
-711 -710 3.0X10-05 0.00027 

0.00027±0.000000 
-659 -740 3.0X-05 0.00027 

750°C 
-491 -514 2.3X10-05 0.00021 

0.00023±0.000038 
-323 -349 2.9X-05 0.00026 

900°C 
-729 -754 2.8X10-05 0.00025 

0.00027±0.000019 
-374 -398 3.1X10-05 0.00028 
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4.3.3 Ti-15Cu 

Figure 4-68 and Figure 4-69 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 750°C shifted the potential towards the noble direction 

while the sample heat treated at 900°C and the as-cast sample were less noble, as shown 

Figure 4-69. A long passivation stage was observed in the potentiodynamic polarisation curves 

indicating that good passivation protection occurred, as shown in Figure 4-69. The heat 

treated samples showed increased corrosion rates when compared to the as-cast sample. 

Table 4-29 shows the OCP and potentiodynamic polarisation results. 

 

 

Figure 4-68. OCP of Ti-15Cu in PBS. 
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Figure 4-69. Potentiodynamic polarisation curves of Ti-15Cu in PBS. 

 

Table 4-29. Corrosion tests results for Ti-15Cu. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-15Cu 

As-cast 
-709 -833 6.3X10-05 0.00070 

0.00063±0.000096 
-401 -814 7.8X10-05 0.00057 

750°C 
-491 -567 2.8X10-04 0.00252 

0.00265±0.000000 
-450 -650 3.1X10-04 0.00279 

900°C 
-729 -867 2.1X10-04 0.00189 

0.00203±0.000191 
-762 -770 2.4X10-04 0.00216 
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4.3.4 Ti-25Cu  

Figure 4-70 and Figure 4-71 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 750°C shifted the potential towards the noble direction 

while the sample heat treated at 900°C was less noble when compared to the as-cast sample, 

as shown in Figure 4-70. A long passivation stage was observed in the potentiodynamic 

polarisation curves indicating that good passivation protection formed, as shown in Figure 

4-71. The sample heat treated at 900°C showed an increase in corrosion rate, while that heat 

treated at 750°C showed a slight decrease when compared to the as-cast sample Table 4-30 

shows the OCP and potentiodynamic polarisation results. 

 

Figure 4-70. OCP of Ti-25Cu in PBS. 
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Figure 4-71. Potentiodynamic polarisation curves of Ti-25Cu in PBS. 

 

Table 4-30. Corrosion tests results for Ti-25Cu in PBS. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-25Cu 

As-cast 
-571 -728 7.4X10-05 0.00061 

0.00064±0.000038 
-592 -718 6.8X10-05 0.00067 

750°C 
-333 -611 7.2X10-05 0.00065 

0.00065±0.000045 
-460 -429 7.9 X10-05 0.00071 

900°C 
-792 -928 1.0X10-04 0.00090 

0.00090±0.000000 
-784 -928 1.0X10-04 0.00090 
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4.3.5 Ti-33Cu  

Figure 4-72 and Figure 4-73 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 900°C was less noble compared to both the as-cast and 

heat treated at 750°C samples, as shown in Figure 4-72. A long passivation stage was observed 

in the potentiodynamic polarisation curves indicating that good passivation protection 

occurred, as shown in Figure 4-73. The heat treated samples showed an order of magnitude 

increase of corrosion rates compared to the as-cast sample. Table 4-31 shows the OCP and 

potentiodynamic polarisation results. 

 

 

Figure 4-72. OCP of Ti-33Cu in PBS. 
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Figure 4-73. Potentiodynamic polarisation curves of Ti-33Cu in PBS. 

 

Table 4-31. Corrosion tests results for Ti-33Cu. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-33Cu 

As-cast 
-221 -298 5.8X10-04 0.00522 

0.00500±0.000318 
-184 -230 5.3X10-04 0.00477 

750°C 
-498 -570 1.3X10-03 0.01170 

0.01170±0.000000 
-486 -570 1.3X10-03 0.01170 

900°C 
-784 -774 1.4X10-03 0.01260 

0.01260±0.000000 
-778 -860 1.4X10-03 0.01260 
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4.3.6 Ti-40Cu  

Figure 4-74 and Figure 4-75 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 750°C shifted the potential towards the noble direction 

while the sample heat treated at 900°C was less noble when compared to both the as-cast 

and heat treated at 750°C samples, as shown Figure 4-74. A long passivation stage was 

observed in the potentiodynamic polarisation curves, indicating that good passivation 

protection was formed, as shown in Figure 4-75. The heat treated samples showed a decrease 

in corrosion resistance when compared to the as-cast condition. Table 4-32 shows the OCP 

and potentiodynamic polarisation results. 

 

 

Figure 4-74. OCP of Ti-40Cu in PBS. 
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Figure 4-75. Potentiodynamic polarisation curves of Ti-40Cu in PBS. 

 

Table 4-32. Corrosion tests results for Ti-40Cu. 

Alloy 
OCP 

(mV) 

ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-40Cu 

As-cast 
-448 -442 2.0X10-05 0.00016 

0.00017±0.000012 
-357 -363 1.8X10-05 0.00018 

750°C 
-264 -401 1.0X10-04 0.00090 

0.00090±0.000000 
-265 -401 1.0X10-04 0.00090 

900°C 
-748 -889 9.1X10-05 0.00082 

0.00086±0.000057 
-662 -803 1.0X10-04 0.00090 
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4.3.7 Ti-47Cu  

Figure 4-76 and Figure 4-77 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 900°C was less noble compared to both the as-cast and 

750°C heat treated samples, as shown in Figure 4-76. A long passivation stage was observed 

in the potentiodynamic polarisation curves, indicating that good passivation protection 

formed, as shown in Figure 4-77. The heat treated samples showed slight decreased corrosion 

rates compared to the as-cast sample. Table 4-33 shows the OCP and potentiodynamic 

polarisation results. 

 

 

Figure 4-76. OCP of Ti-47Cu in PBS. 



105 

 

 

Figure 4-77. Potentiodynamic polarisation curves of Ti-47Cu in PBS. 

 

Table 4-33. Corrosion tests results for Ti-47Cu. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr 

(mA/cm²) 

Corrosion Rates (mm/y) 

Individual Average 

Ti-47Cu 

As-cast 
-159 -344 1.6X10-04 0.00144 

0.00198±0.000763 
-304 -244 2.8X10-04 0.00252 

750°C 
-512 -438 1.0X10-04 0.00108 

0.00090±0.000127 
-304 -646 1.2X10-04 0.00090 

900°C 
-636 -778 1.5X10-04 0.00135 

0.00126±0.000127 
-600 -736 1.3X10-04 0.00117 
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4.3.8 Ti-50Cu  

Figure 4-78 and Figure 4-79 show the OCP and potentiodynamic polarisation curves in the PBS 

solution. The sample heat treated at 900°C was less noble compared to both the as-cast and 

750°C heat treated sample, as shown in Figure 4-78. A long passivation stage was observed in 

the potentiodynamic polarisation curves, indicating that good passivation protection formed.  

At approximately 200 mV, for the as-cast sample a passive film broke down and re-passivation 

was observed at the increase in current. During as shown in Figure 4-79. The heat treated 

samples showed an order of magnitude increased corrosion rates compared to the as-cast 

sample. Table 4-34 shows the OCP and potentiodynamic polarisation results. 

 

 

Figure 4-78. OCP of Ti-50Cu in PBS. 
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Figure 4-79. Potentiodynamic polarisation curves of Ti-50Cu in PBS. 

 

Table 4-34. Corrosion tests results for Ti-50Cu. 

Alloy OCP (mV) 
ECorr (mV 

SCE) 

Icorr (mA/cm²) 

 

Corrosion Rates (mm/y) 

Individual Average 

Ti-

50Cu 

As-cast 
-260 -247 6.4X10-06 0.00006 

0.00005±0.000008 
-297 -300 5.0X10-06 0.00005 

750°C 
-546 -571 9.2X10-05 0.00083 

0.00082±0.000006 
-427 -692 9.1X10-05 0.00082 

900°C 
-688 -832 6.9X10-05 0.00062 

0.00068±0.000076 
-662 -803 8.1X10-05 0.00073 
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4.4.2 Immersion Testing 

Mass-loss evaluations were performed after 30 days exposure in PBS. All the alloys showed 

weight gain after exposure indicating passivation. The as-cast samples showed a higher 

weight gain compared to the annealed samples. The samples annealed at 900°C showed the 

lowest weight gain, as shown in Figure 4-80. Table 4-35 shows all the results. Figure 4-81 to 

Figure 4-83 show the alloys after testing, and they appeared to have suffered no damage.  

 

Figure 4-80. Immersion test results for all the alloys. 
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Table 4-35. Immersion test corrosion results of the alloys, after 720 h. 

Alloy Weight gain (g) Weight gain (g/cm2) 

As-cast 

CP Ti 0.4103 0.0272±0.005 

Ti-5Cu 0.3003 0.0509±0.001 

Ti-15Cu 0.1746 0.0604±0.005 

Ti-25Cu 0.4142 0.0629±0.009 

Ti-33Cu 0.2726 0.0407±0.0011 

Ti-40Cu 0.4478 0.0694±0.002 

Ti-47Cu 0.5228 0.0807±0.001 

Ti-50Cu 0.5007 0.0956±0.008 

750°C 

CP Ti 0.0400 0.0164±0.001 

Ti-5Cu 0.2144 0.0356±0.009 

Ti-15Cu 0.3101 0.0358±0.0020 

Ti-25Cu 0.0998 0.0369±0.001 

Ti-33Cu 0.1009 0.0245±0.0021 

Ti-40Cu 0.1003 0.0305±0.0001 

Ti-47Cu 0.2055 0.0437±0.005 

Ti-50Cu 0.3416 0.0425±0.008 

900°C 

CP Ti 0.0032 0.0029±0.001 

Ti-5Cu 0.0493 0.0207±0.008 

Ti-15Cu 0.0858 0.0271±0.006 

Ti-25Cu 0.0688 0.0305±0.001 

Ti-33Cu 0.021 0.0236±0.0051 

Ti-40Cu 0.1535 0.0280±0.0002 

Ti-47Cu 0.1979 0.0378±0.002 

Ti-50Cu 0.3005 0.0455±0.001 
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Figure 4-81. As-cast alloys after 30 days exposure in PBS solution. 

    

     

Figure 4-82. Alloys HT at 750°C after 30 days exposure in PBS solution. 

     

    

Figure 4-83. Alloys HT at 900°C after 30 days exposure in PBS solution. 

Ti-33Cu    Ti-40Cu    Ti-47Cu   Ti-50Cu 

CP Ti     Ti-5Cu    Ti-15Cu   Ti-25Cu 

CP Ti     Ti-5Cu   Ti-15Cu   Ti-25Cu 

CP Ti     Ti-5Cu   Ti-15Cu   Ti-25Cu 

CP Ti        Ti-5Cu    Ti-15Cu   Ti-25Cu 

Ti-33Cu    Ti-40Cu    Ti-47Cu   Ti-50Cu 
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4.5 Bacteria Testing 

The alloys analysed were as-cast. The analysis after 2 and 6 hours were plotted to show the 

average antibacterial rate (R) for the alloys. The antibacterial rates after 2 hours were 

negative, except for Ti-33Cu with an antibacterial rate of 11.4%, as shown in Figure 4-84. The 

antibacterial rates after 6 hours were 12.2%, 5.9%, 5.9% and 7.7% for Ti-5Cu, Ti-15Cu, Ti-25Cu 

and Ti-33Cu respectively, as shown in Figure 4-85. Table 4-36 shows the antibacterial rate 

results of the alloys. The highest antibacterial rate was observed for the Ti-5Cu alloy, followed 

by Ti-33Cu. The Ti-15Cu and Ti-25Cu alloys had similar and low antibacterial rates after 6 

hours.  

 

Figure 4-84. Antibacterial Rate (R) after 2 hours for the as-cast alloys. 

 

Figure 4-85. Antibacterial Rate (R) after 6 hours for the as-cast alloys. 
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Table 4-36. Antibacterial rate of the alloys as-cast. 

Alloys 
Antibacterial rate (R) - (%) luminescence 

2 h 6 h 

CP Ti - - 

Ti-5Cu -33.6 12.2 

Ti-15Cu -7.1 5.9 

Ti-25Cu -5.7 5.9 

Ti-33Cu 11.5 7.7 
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Chapter 5: DISCUSSION 

Materials characterisation 

The CP Ti as-cast and annealed samples comprised basket-weave acicular microstructures. 

The basket weave structure is known as a Widmanstätten structure, and is characterised by 

long plate-like structures that are caused by the rapid growth of the incoherent interfaces 

that exist at the narrow edges (Brice, 2015). The EDX and XRD results showed (αTi), which 

indicates that the quenching was not sufficient enough to retain (βTi) and also not in 

agreement with Thermo-Calc predictions which were for equilibrium conditions. The CP (αTi) 

XRD peaks were observed at 2ϴ = 62° and 74.5° but were absent from the modelled 

diffractogram with the closest being at 2ϴ = 59° and 2ϴ = 77°, this is because the modelled 

diffractogram was performed for pure titanium, whereas the phases in the alloys had some 

solid solution, even if in small amounts. Peaks for experimental alloys could be lost in the 

background. The modelled structures might not be totally respresntatative, as they did not 

appear as conventional unit cells (Figures 4-10 and 4-11).   

The Ti-5Cu as-cast and annealed at 750°C comprised a dark (αTi) matrix and light Ti2Cu 

precipitates, while the alloys annealed at 900°C had (αTi) surrounded by (αTi) + Ti2Cu. 

Thermo-Calc prediction indicated that (βTi) would be present but (βTi) was not retained, 

because the quenching rate was insufficient. The EDX indicated that the light phase was Ti2Cu, 

although the analyses included the surrounding (αTi) because the Ti2Cu was fine. XRD 

analyses showed the dark phase was (αTi) and light phase was Ti2Cu.  According to the binary 

Ti-Cu phase diagram, Ti2Cu precipitates in (αTi) matrix under equilibrium because of the 

sloping (Ti) solvus (Murray, 1987; Canale & Servant, Zhang, et al., 2016; 2002; Brice, 2015; 

Xu, et al., 2020). Thus, little copper can dissolve in the (αTi) solid solution in binary Ti-Cu at 

room temperature. According to the lever rule, 0.2 % mass fraction of Ti2Cu was expected to 

precipitate.  

The microstructures of Ti-15Cu and Ti-25Cu alloys comprised medium contrast (Ti) dendrites 

which may have formed first, followed by the light regions (sparse eutectic mixture of Ti2Cu 

and βTi), which surrounded the dendrites. The (Ti) dendrites decomposed to (αTi) (dark 

contrast) and Ti2Cu (light contrast). Ti-33Cu comprised dark contrast (Ti) dendrites 
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surrounded by Ti2Cu (light contrast). The dendrites were fewer and smaller with more of Ti2Cu 

(light contrast). 

The EDX analyses indicated the dark dendrites to be (αTi) and the matrix to be Ti2Cu which is 

in agreement with the XRD patterns which confirmed (αTi) and Ti2Cu phases for both as-cast 

and annealed alloys. As well as there being more Ti2Cu in the microstructure, the relative peak 

intensity of Ti2Cu increased with more copper, indicating that more Ti2Cu phase formed. 

Thermo-CalcTM predicted both (αTi) and (βTi) phases, as well as the Ti2Cu phase.  

For Ti-40Cu and Ti-47Cu, the titanium oxide dendrites solidified first and then Ti2Cu nucleated 

on them and grew as dendrites surrounded by the TiCu phase. The Ti2Cu dendrites in the Ti-

40Cu sample show that it solidified congruently, rather than from a peritectic reaction from 

(Ti), and there was also a sparse TiCu + Ti2Cu eutectic (Figure 4.44). The dark phase had less 

copper than the light phase, as would be expected from the contrasts. The dendrites became 

coarser with annealing. For Ti-50Cu, the titanium oxide dendrites solidified first and then TiCu 

Ti2Cu nucleated on them and grew as needles, which were then surrounded by the TiCu + 

Ti2Cu eutectic (Figure 4.56). The XRD patterns and EDX confirmed Ti2Cu and TiCu intermetallic 

phases for both as-cast and annealed alloys. Thermo-CalcTM predicted the presence of both 

Ti2Cu and TiCu including the (βTi) phase for Ti-40Cu.  

The Ti2Cu peak was observed at 2ϴ = 49.5° by Material Studio but in the XRD patterns of the 

samples shows this peak to appear at 51°. This may be due to the peak shift. The lattice 

distortion, due to defects, may cause a shift in the XRD peaks positions, depending on the 

type of strain in the crystal structure (Kumari, et al., 2015). However, the peak shift should be 

small since Ti2Cu only has a narrow phase range. 

Zhan et al. (2012) reported that Ti3Cu was observed in Ti-25Cu annealed at 750 °C for 90 hours 

and not on the sample annealed at 805°C. They reported that Ti3Cu precipitated in the 

dendritic TiSS phase with Ti2Cu as the other phase, this was reported to be due to the 

annealing time being limited and fast quenching. Karlsson (1951) also reported the Ti3Cu 

phase at 25 and 27.5 at. % Cu. In this work, during solidification the liquid solidified to (βTi) 

dendrites first, followed by Ti2Cu in the Ti-25Cu and Ti-33Cu samples. The dendrites 
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subsequently transformed to (αTi) and Ti2Cu in the solid state. No Ti3Cu was observed by 

metallography, EDX and XRD analysis for all the alloys. Thermo-CalcTM also did not predict 

Ti3Cu because it was not in the database used (database TTTI3). The Material Studio modelled 

XRD patterns of the phases were compared with the peaks observed on the samples by XRD 

analysis. Ti2Cu and Ti3Cu peaks observed by modelling were different. Ti2Cu had the first peak 

at 2Ɵ = 22.5 while Ti3Cu had it at 2Ɵ = 29.0. Ti2Cu had the high intensity peak at 2Ɵ = 45.5 

while Ti3Cu had the high intensity peak at 2Ɵ = 46 (Figure 4-12 and Figure 4-13). The 

experimental XRD results were similar for all the alloys showing initial Ti2Cu peaks at 2θ = 19 

which is in agreement with Mueller & Knott (1963). The high intensity peaks were at 2θ = 46.  

The phase diagram drawn using the Thermo-Calc software showed a congruent formation of 

Ti2Cu without Ti3Cu (Figure 4-1). Ansara et al. (2021) reported congruent formation of Ti2Cu 

without Ti3Cu, and a sparse (Ti) + Ti2Cu eutectic (from the position of the eutectic point). 

Dyal Ukabhai et al. (2022) determined the temperatures of the reactions by DSC and also 

reported the formation of Ti2Cu as congruent and also associated with L  (βTi) + Ti2Cu 

reaction. The position of the eutectic point was confirmed as being much closer to Ti2Cu than 

(βTi), which gave a sparse eutectic. Thus, this work agrees with Ansara et al. (2021) and Dyal 

Ukabhai et al. (2022), and not with Canale and Servant (2002) who reported Ti3Cu, nor with 

Murray (1987) who reported no Ti3Cu and a peritectic formation of Ti2Cu from (Ti), nor with 

Okomoto (2002) who reported Ti3Cu and peritectic formation of Ti2Cu. The Ti2Cu p\hase was 

identified rather than Ti3Cu because of the Cu/Ti ratio in the EDX analyses, and because of the 

2Ɵ = 19 peak of Ti2Cu was found. Ti3Cu is assumed to be metastable (Ansara et al., 2021). 

This work also does not agree with Zhan et al. (2012) who found Ti3Cu.  

Hardness 

The addition of copper into titanium increased the hardness of the alloys, while annealing the 

alloys at both temperatures decreased the hardness (Figure 5-1) because the microstructures 

coarsened. This was also observed by Liu, et al. (2014) and (Hayama, et al., 2014). The 

hardness reached a peak at Ti-25Cu. In titanium alloys, it is well known (Hayama, et al., 2014) 

that an increase in the content of the β stabilizing element causes hexagonal martensite to 

transform into orthorhombic martensite; however, the current XRD and metallography 
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results did not reveal this phenomenon. Further increase in copper content did not change 

the hardness significantly (almost remained constant), although a decrease was observed in 

the Ti-33Cu alloy. This decrease may have been due to inhomogeneity of the sample. 

 

Figure 5-1. Effect of Ti2Cu proportions on Vicker’s hardness bar graph based on the samples. 

With increasing copper content, the volume fractions of (αTi) and Ti2Cu phases changed. 

 The alloys annealed at 900°C had lower hardness compared to the alloys annealed at 750°C 

and the as-cast condition, Figure 4-63. Hardness tends to be higher when a finely dispersed 

intermetallic phase in a phase matrix is obtained (Hayama, et al., 2014). The hardness 

decrease of the annealed samples was due to the precipitates coarsening (Božić, et al., 2008). 

 

Corrosion Testing 

The corrosion potential (mV) is reported as a function of time in an open circuit. The alloys in 

the series with the most active (negative) potentials would tend to undergo more significant 

corrosion, while the other alloys (with positive potential values) would generally suffer less 

attack. The OCP is used as a criterion for the corrosion behaviour (Mareci, et al., 2009).  

Compared with the CP Ti, the addition of copper shifted the OCP towards the noble positions 

for all the alloys in all conditions, except for Ti-25Cu annealed at 900°C. This indicates that Ti-
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Cu alloys could suffer less corrosion compared to the CP Ti and this was also observed by 

Zhang et al. (2016). Annealing at 900°C shifted the potential towards the less noble positions, 

indicating that these alloys are expected to undergo more significant corrosion compared to 

the as-cast and alloys annealed at 750°C.  

As-cast Ti-15Cu, Ti-33Cu, Ti-40Cu, Ti-47Cu and Ti-50Cu including the alloys annealed at 750°C 

Ti-15Cu, Ti-25Cu, Ti-33Cu, Ti-40Cu and Ti-47Cu rapidly increased to reach a near steady state 

at the initial stage of immersion, which is typically attributed to the growth and stabilisation 

of the passive film (Bao, et al., 2018; Wang, et al., 2019). As-cast CP Ti, Ti-5Cu,Ti-25Cu and Ti-

33Cu, annealed at 750°C, CP Ti (as-cast and annealed), Ti-33Cu (as-cast and annealed) and Ti-

50Cu (as-cast and annealed), including all the alloys annealed at 900°C showed an initial 

decrease in OCP suggesting that the characteristics of passive film changed in this medium 

(PBS), leading to a reduced corrosion resistance (Mareci, et al., 2009). Figure 5-2 to Figure 5-4 

show the OCP of all the alloys. 

 

Figure 5-2.OCP of all the as-cast alloys. 
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Figure 5-3. OCP of all the alloys annealed at 750°C. 

 

Figure 5-4. OCP of all the alloys annealed at 900°C. 
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The corrosion behaviour of alloys is mainly controlled by galvanic corrosion between titanium 

matrix and a secondary phase in the matrix (Zhang, et al., 2021). From the electrochemical 

viewpoint, the titanium rich regions (αTi) are expected to be nobler regions compared to the 

copper rich regions. Depending on the compositions, the Ti–Cu phase diagram shows that 

precipitation of Ti2Cu intermetallic phase can occur in Ti–Cu alloys (Murray, 1987; Okamoto, 

2002; Canale & Servant, 2002; Ansara & Ivanchenko, 2002; Brice, Xu, et al., 2020; Ansara, et 

al., 2021). In terms of corrosion resistance, intermetallic phases are nobler when compared 

to the metallic matrix (Osório, et al., 2010; Zhang, et al., 2021).  

The microstructural characterization of Ti-5Cu as-cast and annealed hypo-eutectoid Ti–5Cu 

alloy revealed titanium phases, (αTi). The Ti2Cu intermetallic phase was nobler than both the 

titanium (αTi), resulting in the lamellar Ti2Cu (Figure 4-21 to Figure 4-23) surrounding and thus 

“enveloping” the titanium solid solution (less noble) thus providing corrosion protection, as 

shown in Figure 4-66 . Enveloping prevents the phase from being in contact with the corrosive 

liquid and thus giving the corrosion protection (Zhang, et al., 2021). Although Ti2Cu formed 

on the (βTi) phase after annealing at 900°C, it still enveloped the titanium solid solutions, as 

shown in Figure 4-23. Annealing at 750°C shifted the potential towards noble position (-382±6 

mV, Figure 4-66) indicating that it could suffer less corrosion attack compared to the as-cast 

(-679±10 mV, Figure 4-66) and the alloys annealed at 900°C (-755±9 mV, Figure 4-66). 

Therefore, the addition of 5 wt% copper (indicated by the green oval on Figure 5 5) resulted 

in low corrosion rates (average 0.00027±0.000000 mm/y as-cast, 0.00023±0.000038 mm/y at 

750°C and 0.00026±0.000019 mm/y at 900°C) compared to all the alloys except for as-cast Ti-

50Cu. This indicates that Ti-5Cu alloys had the highest corrosion resistance compared to all 

the other alloys. The long passivation stage in the Tafel curves observed for all the alloys 

(Figure 4-67) indicated good passivation on the surface, which showed that neither copper 

additions nor annealing reduced the passivation protection. Osório et al. (2010) indicated that 

with lower copper content, a more homogeneous and smoother oxide film formed which 

then resulted in low corrosion rates as observed in Ti-5Cu compared to the other alloys, as 

shown in Figure 4-67.  

Ti-15Cu, Ti-25Cu and Ti-33Cu were hyper-eutectoid alloys. The microstructures were similar 

and comprised dark dendrites (βTi) and Ti2Cu phases for the as-cast and annealed alloys. 



120 

 

Increased copper content resulted in increased fractions of Ti2Cu. Increasing the volumetric 

fraction Ti2Cu changes the cathode/anode ratio which then affects the electrochemical 

behaviour of the alloys, as shown in Figure 5-6. An unfavourable area ratio is a large cathode 

and small anode (Fontana & Greene, 1986). The as-cast and the alloys annealed at 750°C had 

OCP in the noble areas, while the alloys annealed at 900°C shifted the OCP towards less noble 

positions. This indicated that the samples annealed at 900°C would suffer more corrosion, 

followed by the samples annealed at 750°C and then the as-cast alloys would suffer less 

corrosion. The corrosion resistance decreased with increasing copper content in the as-cast 

and annealed conditions compared to CP Ti, which was attributed to more Ti2Cu, resulting in 

an increased galvanic corrosion effect, as shown in Figure 5-6. Osório et al. (2010), Pina et al. 

(2016) and Zhang et al. (2016) also reported increased current density with increased copper 

content in Ti-Cu alloys. Although the galvanic corrosion effect was increased for these alloys 

in the as-cast and annealed conditions, especially for Ti-33Cu (corrosion of average 

0.0050±0.000038 mm/y as-cast, 0.0117±0.000045 mm/y at 750°C and 0.0126±0.000000 

mm/y at 900°C), as shown in Table 4-31; Bao et al. (2018) reported that high copper content 

could promote the copper ion release, and result in strong antibacterial ability. The Ti-33Cu 

alloys had the highest corrosion rate (indicated by the red oval in Figure 5-5). This may have 

been because the sample tested had a high volume fraction of Ti2Cu and less (αTi), which may 

have created a large potential difference between the (αTi) matrix and the Ti2Cu phase. Given 

the process of melting used, the sample sectioned from the as-cast alloy may have not been 

homogeneous hence the volume fraction of Ti2Cu was higher.  

Ti-40Cu, Ti-47Cu and Ti-50Cu alloys showed improved corrosion resistance compared to alloys 

Ti-15Cu, Ti-25Cu and Ti-33Cu, but less corrosion resistance than Ti-5Cu. Annealing also did not 

improve the corrosion resistance, as shown in Figure 5-6. This was observed in the OCP where 

the as-cast and the alloys annealed at 750°C had OCP in the noble positions while the alloys 

annealed at 950°C shifted the OCP towards less noble positions, as shown in Figure 5-2 to 

Figure 5-4.  

The corrosion reaction consuming cathodic oxygen is according to Equation 5-1 (Xin, et al., 

2022). 
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    O2 + 2H2O + 4e-      4OH-     Equation 5-1 

The anodic degradation of Ti2Cu in SBF solution is a complex process and can be simplified as 

in Equation 5-2 (Xin, et al., 2022). 

Ti2Cu + 8OH-   2TiO2 + Cu2+ + 4H2O + 10e-   Equation 5-2 

The copper ions (Cu2+) released during corrosion/anodic reaction are required in liquid 

solution because they promote the antimicrobial activity (Li, et al., 2016; Fowler, et al., 2019; 

Jiao, et al., 2021). 

When titanium is in the fully passive condition, corrosion rates are typically less than 0.02 

mm/y and below the 0.13 mm/y maximum corrosion rate which is commonly accepted for 

biomaterial design and application (Bhola, et al., 2011). The potentiodynamic polarisation 

tests showed that corrosion rates obtained were very low, below 0.13 mm/y. The polarisation 

curves had the same shape and were typical of passive behaviour, which agreed with the 

immersion test results (Figure 4-80) which showed that all the alloys passivated. Thus, instead 

of mass-loss, the samples gained weight.  

 

Figure 5-5. Summary of the corrosion rates: the green oval shows the lowest corrosion rates 

of Ti-5Cu and the red oval shows the highest corrosion rates of Ti-33Cu.  
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Figure 5-6. Effect of Ti2Cu proportions on corrosion rates. 

The highest antibacterial rate of 12.2% (Figure 4-85) was observed on the as-cast Ti-5Cu alloy 

after 6 hours indicating that it had exhibited strong antibacterial activity compared to all the 

other alloys. Tests performed by Zhang (2016) showed antibacterial rates of 90%; this is due 

to differences in the bacteria testing protocol which included: longer testing periods (18 h 

rather than 6 h), the use of S. Aureus instead of S. Epidermidis, and the difference in bacteria 

counting method used). However, while longer testing periods allow for longer exposures, 

the drawback of such tests is that the repeated addition of the growth medium (which 

ensures that the bacteria have sufficient food throughout the test) to the well plates could 

interfere with bacteria contact to the sample surface, in addition to interrupting the 

experiment. It is clear that more studies are required on all the alloys in the as-cast and 

annealed conditions to ascertain the influence of Ti2Cu on antibacterial rate, and even Fowler 

et al. (2019), with their more extensive study came to this conclusion. 
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Chapter 6: CONCLUSIONS AND RECOMMENDATIONS 

Both as-cast and annealed CP Ti samples comprised basket-weave acicular (Ti) 

microstructures. The (βTi) was not retained because the samples annealed at 900°C could not 

be quenched fast enough. As-cast and annealed Ti-5Cu samples comprised  lamellar  (αTi) and 

Ti2Cu. Similar to Ti-5Cu, the microstructures of Ti-15Cu, Ti-25Cu and Ti-33Cu alloys comprised 

dark dendrites (αTi) and Ti2Cu phases for the as-cast and annealed alloys. In Ti-40Cu and Ti-

47Cu, the titanium oxide dendrites solidified first and then Ti2Cu nucleated on them and grew 

as dendrites surrounded by the sparse Ti2Cu + TiCu eutectic. In Ti-50Cu, TiCu was the true 

primary phase, growing as needles and was surrounded by the Ti2Cu + TiCu eutectic. During 

casting great care was taken in melting to eliminate oxygen but the alloys showed that oxygen 

still remained. No Ti3Cu phase was observed and the XRD peak at 2 = 19 showed that Ti2Cu 

was present, not Ti3Cu. The Ti2Cu solidified congruently, thus this work agreed with the phase 

diagram by Ansara et al. (2021). The addition of copper into titanium increased the hardness 

of the alloys, while annealing the alloys decreased the hardness.  

Increasing the volume fraction of Ti2Cu changed the cathode/anode ratio and affected the 

electrochemical behaviour of the alloys. The higher volume fraction of Ti2Cu decreased the 

corrosion resistance, especially for Ti-33Cu, as shown in Figure 5-6. The potentiodynamic 

polarisation tests showed that the corrosion rates obtained were very low, below 0.13mm/y, 

which is an acceptable corrosion rate for biomaterial applications. This was indicated by the 

shape of the potentiodynamic scans and mass-loss testing which showed passivation of all 

the alloys. However, since copper ions in liquid solution promote antimicrobial activity, some 

corrosion is necessary to allow the copper ions to be available. Ti-5Cu showed excellent 

corrosion resistance compared to the other alloys, and Ti-33Cu showed lower corrosion 

resistance.  

The Ti-Cu alloys of 5, 15, 25, 33, 40, 47 and 50 wt% copper were successfully cast and annealed 

followed by quenching. The quenching rate was insufficient, since the (βTi) phase was not 

retained after annealing at 900°C for the alloys up to ~40 wt% Cu. The following phases were 

obtained: (αTi), Ti2Cu, Ti2Cu and TiCu. Different microstructures with increased volume 

fractions of Ti2Cu were obtained, which resulted in an increase in hardness. Alloy Ti-33Cu 
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showed the lowest hardness and highest corrosion, indicating that this alloy may have not 

been homogeneous after casting. The corrosion resistance derived by electrochemical testing 

showed acceptable corrosion resistance for all the alloys, while the immersion test showed 

that all alloys were passive when exposed to PBS solution at 37°C. 

Future work  

The analysis of Ti2Cu phase proportions should be performed using image analysis or TEM to 

possibly improve the accuracy. The corrosion rates for the Ti-33Cu alloy needs to be 

investigated since they were unusually high for all heat treatments. A higher antibacterial rate 

and higher corrosion resistance was observed for the Ti-5Cu sample which makes this alloy 

the best alloy to consider for biomedical application but it is recommended that more bacteria 

tests be performed for longer time (18 hours) to obtain more reliable results. 

  



125 

 

REFERENCES 

Adams, F. (2013). National Council of Provinces Committee Economic and Business 

Development. Accessed November 10, 2018, from https://pmg.org.za/committee-

meeting/15437.  

Adya, N., Alam, M., Ravindranath, T., Mubeen, A., Saluja, B. (2017). Corrosion in titanium 

dental implants:Literature review. The Journal of Indian Prosthodontic Society, 5(3), pp. 126-

131. 

Ananth, H., Kundapur, V., Mohammed, HS., Anand, M., Amarnath, GS., Mankar, S. (2015). A 

review on biomaterials in dental implantology. International Journal of Biomedical Science, 

11(3), pp. 113-120. 

Andrews, J. (2001). Determination of minimum inhibitory concentrations. Journal of 

Antimicrobial Chemotherapy, 48 (1), pp. 5-16. 

Ansara, I., Ivanchenko ,V., Cornish, L., Ukabhai Dyal, K., Nape, K. (2021). Cu-Ti Binary Phase 

Diagram Evaluation, in MSI Eureka, Watson, A. (Ed.), MSI, Materials Science International 

Services GmbH, Stuttgart, Document ID: 20.11457.2.4. 

ASTM NACE TM0169/G31—12a (2012). Standard Guide for Laboratory Immersion Corrosion 

Testing of Metals. Philadelphia: ASTM International. http://dx.doi.org/10.1520/G0031-12A 

ASTMG5. (2013). Standard Reference Test Method for Making Potentiodynamic Anodic 

Polarization Measurements, available from ASTM Headquarters Order PCN 12-700050-00. 

Baker, J., Sitthisa, S., Sengupta, M., Johnson, M., Jayaswal; R.K., Morrissey, J.A. (2010). Copper 

Stress Induces a Global Stress Response in Staphylococcus aureus and Represses sae and agr 

Expression and Biofilm Formation. American Society for Microbiology, 76(1), p. 150-160. 

Bao, M., Liu, Y., Wang, X., Yang, L., Li, S., Ren, J. (2018). Optimization of mechanical properties, 

biocorrosion properties and antibacterial properties of wrought Ti-3Cu alloy by heat 

treatment. Bioactive Materials, 3(1), pp. 28-38. 

https://pmg.org.za/committee-meeting/15437
https://pmg.org.za/committee-meeting/15437
http://dx.doi.org/10.1520/G0031-12A


126 

 

Bhola, R., Bhola, S., Mishra, B., Olson, D. (2011). Corrosion in titanium dental 

implants/prostheses - A review. Trends Biomater and artificial organs, 25(1), pp. 34-46. 

Bhola, S., Mishra, B. (2013). Effect of pH on the Electrochemical Properties of Oxides formed 

over β – Ti-15Mo and Mixed Ti-6Al-4V Alloys. International Journal of Electrochemical Science, 

8, pp. 7075-7087. 

Bowen, W., Burne, R., Wu, H., Koo, H. (2018). Oral Biofilms: Pathogens, matrix and 

polymicrobial interactions in microenvironments. Trends in Microbiology, 26(3), pp. 229-242. 

Božić, D., Dimčić, O., Cvijović, I., Rajković, V. (2008). The combination of precipitation and 

dispersion hardening in powder metallurgy produced Cu–Ti–Si alloy. Materials 

Characterisation, 59(8), pp. 1222-1126. 

Brice, D. (2015). An assessment of uncommon titanium binary systems: Ti-Zn, Ti-Cu and Ti-Sb, 

University of North Texas. 

Bruellhoff, K., Fiedler, J., Möller, M., Groll, J., Brenner, R.E. (2010). Surface coating strategies 

to prevent biofilm formation on implant surfaces. The International Journal of Artificial 

Organs, 33(9), pp. 646-53. 

Canale, P., Servant, C. (2002). Thermodynamic assessment of the Cu-Ti system taking into 

account the new stable phase CuTi3. Zeitschrift für Metallkunde, 93, pp. 273-76. 

Chaturvedi, T. (2009). An overview of the corrosion aspect of dental implants (Titanium and 

its alloys). Indian Journal of Dental Research, 20(1), pp. 91-98. 

Codita, I., Caplan, D., Dragulescu, E.C., Lixandru, E.B., Coldea, L., Dragomirescu, C., Surdu-Bob, 

C., Badulescu, M. (2010). Antimicrobial activity of copper and silver Nano films on nosocomial 

bacterial species. Roumanian Archives of Microbiology and Immunology, 69, pp. 204-212. 

Corrêa, J., Mori, M., Sanches, H.L., da Cruz, A.D., Poiate Jr,E., Poiate, I.A.V.P. (2015). Silver 

Nanoparticles in Dental Biomaterials. International Journal of Biomaterials, 2015, Article No. 

485275. 



127 

 

Costa,R.C., Abdo, V.L., Mendes, P.H.C., Mota-Veloso, I., Bertolini, M., Mathew, M., Barão, V., 

Souza, J.G. (2021). Microbial Corrosion in Titanium-Based Dental Implants: How Tiny Bacteria 

Can Create a Big Problem? Journal of Bio- and Tribo-Corrosion, 7(4), Article No. 155. 

Dyal Ukabhai, K., Curle, U.A., Masia, N.D.E., Smit, M., Mwamba, I.A., Norgren, S., Öhman-

Mägi, C., Hashe, Cornish, L.A. (2022). Formation of Ti2Cu in Ti-Cu Alloys. Journal of Phase 

Equilibria and Diffusion. 43, pp. 332-344. 

Elias, C., Fernandes, D., Resende, C., Roestel, J. (2015). Mechanical properties, surface 

morphology and stability of a modified commercially pure high strength titanium alloy for 

dental implants. Dental Materials, 31(2), pp. eI-eI3. 

Eliaz, N. (2019). Corrosion of Metallic Biomaterials: A Review. Materials, 12(3), 407. 

Fais, L.M.G., Fernandes-Filho,R.B., Pereira-da-Silva, M.A., Vaz, L.G., Adabo, G.L. (2012). 

Titanium surface topography after brushing with fluoride and fluoride-free toothpaste 

simulating 10 years of use. Journal of Dentistry, 40(4), pp. 265-275. 

Fischer, T.H., Almlof, J. (1992). General methods for geometry and wave function 

optimization. Journal of Physical Chemistry, 96(24), pp. 9768-9774. 

Fontana, M., Greene, N.D. (1986). Corrosion Engineering. 3rd edn. Ohio: McGraw-Hill Book 

Company. 

Fowler, L., Engqvist, H.,  Öhman-Mägi, C. (2019). Effect of Copper Ion Concentration on 

Bacteria and Cells. Materials, 12(22), Article No. 3798. 

Francolini, I., Donelli, G. (2010). Prevention and control of biofilm‐based medical‐device‐

related infections. FEMS Immunology and Medical Microbiology, 59(3), pp. 227-238. 

Geetha, M., Singh, A., Asokamani, R., Gogia, A. (2009). Ti based biomaterials, the ultimate 

choice for orthopaedic implants - A review. FEMS Immunology & Medical Microbiology, 58(3), 

pp. 397-425. 



128 

 

Gemelli, E., Camargo, N. (2007). Oxidation kinetics of commercially pure titanium. Revista 

Matéria, 12(3), pp. 525-531. 

Gialanella, S., Malandruccolo, A. (2020). Titanium and Titanium Alloys. In: Aerospace Alloys. 

Topics in Mining, Metallurgy and Materials Engineering. Springer, Cham. 

Gosavi, S., Gosavi, S.,  Alla, R. (2013). Titanium: A Miracle Metal in Dentistry. Trends 

Biomaterial Artificial Organs, 27(1), pp. 42-46. 

Han, G., Lu, X; Xia, Q., Lei, B., Yan, Y., Shang, C.J. (2018). Face-centered-cubic titanium - A new 

crystal structure of Ti in a Ti-8Mo-6Fe alloy. Journal of Alloys and Compounds, 748, pp. 943-

952. 

Hansen, D. (2008). Metal Corrosion in the Human Body: The Ultimate Bio-Corrosion Scenario. 

The Electrochemical Society Interface, 17(2), pp. 31-34. 

Hayama, A.O.F., Andrade, P.N., Cremasco, A., Contieri, R.J., Afonso, C.R.M., Caram, R. (2014). 

Effects of composition and heat treatment on the mechanical behaviour of Ti-Cu alloys. 

Materials and Design, 55, pp. 1006-1013. 

Hohenberg, P., Kohn, W.(1964). Inhomogeneous Electron Gas. Physical Review Journals 

Archives, 1964, 136(3B), pp. B864-B871. 

Hryniewicz, T., Rokicki, R., Rokosz, K. (2011). Magnetoelectropolished Titanium Biomaterial. 

In: Biomaterials Science and Engineering. USA: InTech, pp. 227-248. 

Janus, A., Haagensen, I., Verotta, D., Huang, L., Spormann, A., Yang, K. (2015). New In Vitro 

Model To Study the Effect of Human Simulated Antibiotic Concentrations on Bacterial 

Biofilms. Antimicrobial Agents and Chemotherapy, 59(7), pp. 4074-4081. 

Jiang, Y., He, Y., Liu, C. (2018). Review of porous intermetallic compounds by reactive synthesis 

of elemental powders. Intermetallics, 93, pp. 217-226. 



129 

 

Jiao, J., Zhang, S., Qu, X., Yue, B. (2021). Recent advances in research on antibacterial metals 

and alloys as implant materials. Frontiers in Cellular and Infection Microbiology, 11:693939 

https://doi.org/10.3389/fcimb.2021.693939 

Jorge, J,. Barão, V., Delben, J., Faverani, L., Queiroz, T., Assunção, W. (2012). Titanium in 

dentistry: Historical development, State of the art. Indian Prosthodontic Society, 13(2), pp. 71-

77. 

Karlsson, N. (1951). An X-Ray study of the phases in the Copper-Titanium system. Journal of 

the Institute of Metals, 79, pp. 391-405. 

Khorasani, A., Goldberg, M., Doeven, E., Littlefair, G. (2015). Titanium in biomedical 

applications - Properties and fabrication: A review. Journal of Biomaterials and Tissue, 5(8), 

pp. 593-619. 

Khoshnaw, F., Gubner, R. (2022). Part 1: General aspect of corrosion control, and corrosion 

prevention. Corrosion Atlas Case Studies, 2021 Edition, pp. xxv-xlii 

Kikuchi, M., Takada, T., Kiyosoue, S., Yoda, M., Woldu, M., Cai, Z., Okuno, O., Okabe, T. (2003). 

Mechanical properties and microstructures of Ti-Cu alloys. Dental Materials, 19(3), pp. 174-

181. 

Kohn, W., Sham, L. (1964) Self-Consistent Equations Including Exchange and Correlation 

Effects. Journal of Physics Review; 140: A:1133. 

Kumari, R., Sahai, A., Goswami, N. (2015). Effect of nitrogen doping on structural and optical 

properties of ZnO nanoparticles. Progress in Natural Science: Materials International, 25(4), 

pp. 300-309. 

Li, M., Ma, Z., Zhu, Y., Xia, H., Yao, M., Chu, X., Wang, X., Yang, K., Yang, M., Zhang, Y., Mao, C. 

(2016). Towards a Molecular Understanding of the Antibacterial Mechanism of Copper-

bearing Titanium Alloys against Staphylococcus aureus. Advanced Healthcare Materials, 5(5), 

pp. 557-566. 



130 

 

Liu, Y., Yang, C., Zhao, H., Qu, S., Li, X., Li, Y. (2014). Effect of Cu content on the antibacterial 

activity of titanium–copper sintered alloys. Materials Science and Engineering, 1(35), pp. 392-

400. 

Liu, R., Memarzadeh, K., Chang, B., Zhang, Y., Ma, Z., Allaker, R.P., Rn, L., Yang, K. (2016). 

Antibacterial effect of copper-bearing titanium alloy (Ti-Cu) against Streptococcus mutans 

and Porphyromonas gingivalis. Scientific Report, 6, Article No. 29985. 

Liu, X., Chen, S., Tsoi, J., Matinlinna, J., (2017). Binary titanium alloys as dental implant 

materials—A review. Regenerative Biomaterials, 4(5), pp. 315-323. 

Li, Y., Chen, N., Cui, H., Wang, F. (2017). Fabrication and characterization of porous Ti-10Cu 

alloy for biomedical application. Journal of Alloys and Compounds, 723, pp. 967-973. 

Li, Y., Yang, C., Zhao, H., Qu, S., Li, X., Li, Y. (2014). New Developments of Ti-Based Alloys for 

Biomedical Applications. Materials, 4 March, 7(3), pp. 1709-1800. 

Llor, C., Bjerrum, L. (2014). Antimicrobial resistance: risk associated with antibiotic overuse 

and initiatives to reduce the problem. Therapeutic Advances in Drug Safety, 5(6), pp. 229-241. 

Manam, N.S., Harun, W.S.W., Shri, D.N.A., Ghani, S.A.C., Kurniawan, T., Ismail, M.H. (2017). 

Study of corrosion in biocompatible metals for implants: A review. Journal of Alloys and 

Compounds, 701, pp. 698-715. 

Maphango, L. (2012). Overview of South Africa’s titanium industry and global market review,  

Pretoria: Directorate : Mineral Economics. 

Mareci, D., Chelariu, R., Gordin, D., Ungureanu, G., Gloriant, T. (2009). Comparative corrosion 

study of Ti–Ta alloys for dental applications. Acta Biomaterialia, 5(9), pp. 3625-3639. 

Massalski, T.B., Okamoto, H., Subramanian, P.R., Kacprzak, L. (1991). ASM International, 

Materials Park, Ohio, USA, December, 3, pp. 628-629. 

Materia, T., (2009). Total Materia. Accessed 6 June 2019, from 

https://www.totalmateria.com/page.aspx?ID=CheckArticle&site=ktn&NM=221 

https://www.totalmateria.com/page.aspx?ID=CheckArticle&site=ktn&NM=221


131 

 

Mishler, O.P., Shiau, H.J. (2014). Management of peri-implant desease-A current appraisal. 

Journal of Evidence-Based Dental Practice, 14, Supplement, pp. 53-59. 

Monkhorst, H.J., Pack, J.D. (1976). Special points for Brillouin-zone integrations. Physical 

Review B, 13(12), pp. 5188-5192. 

Monsees, T.K. (2016). Biocompatibility and Anti-Microbiological Activity Characterization of 

Novel Coatings for Dental Implants: A Primer for Non-Biologists. Frontiers in Materials, 3, 

Article No. 40. 

Mouritz, A.P. ( 2012). Corrosion of aerospace metals. Introduction to Aerospace Materials. 

Woodhead Publishing, pp. 498-520 

Mueller, M., Knott, H. (1963). The Crystal Structures of Ti2Cu, Ti2Ni, Ti4Ni2O, and Ti4Cu2O. 

Transactions of the Metallurgical Society of AIME, 227, pp. 674-678. 

Murray, J. (1987). The Cu-Ti (Copper-Titanium) system. Bulletin of Alloy Phase Diagrams, 4(1), 

pp. 81-95. 

Naseem, M., Dubey, A.P., Mishra, T.K. (2020). Effect of Rehydration With Normal Saline 

Versus Ringer Lactate on Serum Sodium Level of Children With Acute Diarrhea and Severe 

Dehydration: A Randomized Controlled Trial. Indian Pediatrics, 57, pp. 519-522  

Niinomi, M., Liu, Y., Nakai, M., Liu, H., Li, H. (2016). Biomedical titanium alloys with Young’s 

moduli close to that of cortical bone. Regenerative Biomaterials, 3(3), pp. 173-185. 

Noumbissi, S., Scarano, A., Gupta, S. (2019). A Literature Review Study on Atomic Ions 

Dissolution of Titanium and Its Alloys in Implant Dentistry. Materials, 12(3), Article No. 368. 

Okamoto, H. (2002). Cu-Ti (Copper-Titanium). Journal of Phase Equilibra, 26(3), pp. 549-550. 

Okazaki, Y., Gotoh, E. (2005). Comparison of metal release from various metallic biomaterials 

in vitro. Biomaterials, 26, pp. 11-21. 

Oldani, C., Dominguez, A. (2012). Titanium as a Biomaterial for Implants. InTech, pp. 149-162. 



132 

 

Olsson, N. (2008). Mechanical properties, phases and structures of titanium alloys, Master of 

Science Thesis, Lund University, Stockholm, Sweden. 

Osorio, R., Freire, M., Caram, C., Garcia, A. (2012). The role of Cu-based intermetallics on the 

pitting corrosion behavior of Sn–Cu, Ti–Cu and Al–Cu alloys. Electrochimica  Acta, 77, pp. 189-

197. 

Osorio, R., Freire, M., Caram, C., Garcia, A. (2010). Electrochemical behavior of centrifuged 

cast and heat treated Ti–Cu alloys for medical applications. Electrochimica Acta 55, 55(10), 

pp. 759-770. 

Özcan, M., Hämmerle, C. (2012). Titanium as a reconstruction and implant material in 

dentistry: Advantages and pitfalls. Materials, 5(9), pp. 1528-1545. 

Perdew, J.P., Wang, Y. (1992). Accurate and simple analytic representation of the electron-

gas correlation energy. Physical Review, B45(23), pp. 13244-13249. 

Pina, V., Amigó, V., Mũnoz, A. (2016). Microstructural, electrochemical and tribo-

electrochemical characterisation of titanium-copper biomedical alloys. Corrosion Science, 

109, pp. 115-125. 

Porenczuk, A., Górski, B. (2021). Peri-implantitis: A Serious Problem of Dental Implantology. 

In: Chaughule, R.S., Dashaputra, R. (eds) Advances in Dental Implantology using 

Nanomaterials and Allied Technology Applications. Springer, Cham. 

https://doi.org/10.1007/978-3-030-52207-0_9 

Prasad, S., Ehrensberger, M., Gibson, M.P., Kim, H., Monaco Jr, E.A. (2015). Biomaterial 

properties of titanium in dentistry. Journal of Oral Biosciences, 57, pp. 192-199. 

Prathapachandra, J., Suresh, N. (2012). Management of peri-implantitis. Dental Research 

Journal, 9(5), pp. 516-521. 

Refiloe, M. (2008). An overview of South Africa's titanium mineral concentrate industry, 

Pretoria: The Director: Mineral Economics, Mineralia Centre. 



133 

 

Rodrigues, D.C., Valderrama, T., Wilson, G., Palmer, K., Thomas, K., Sridhar, S., Adapalli, A., 

Burbano, M., Wadhwani, C. (2013). Titanium corrosion mechanisms in the oral environment: 

A retrieval study. Materials, 6(11), pp. 5258-5274. 

Romanò, C.L., Scarponi, S., Gallazzi, E., Romanò, D., Drago, L. (2015). Antibacterial coating of 

implants in orthopaedics and trauma: a classification proposal in an evolving panorama. 

Journal of Orthopaedic Surgery and Research, 10, Article No. 157. 

Roux, R., Van der Lingen, E., Botha, E., Botes, A. (2020). The fragmented nature of the titanium 

metal value chain. The Journal of the Southern African Institute of Mining and Metallurgy, 

120(11), pp. 633-640. 

Ryan, C.S., Kleinberg, I. (1995). Bacteria in human mouths involved in the production and 

utilization of hydrogen peroxide. Archives of Oral Biology, 40(8), pp. 753-763. 

Schmidt, C., Anita, I., Claes, L. (2001). Proliferation and differentiation parameters of human 

osteoblasts on titanium and steel surfaces. Journal of Biomedical Materials Research, 54(2), 

pp. 209-215. 

Schminke, B., Orde, F., Gruber, R., Schliephake, H. (2015). The pathology of bone tissue. 

Journal of Dental Research, 94(2), pp. 354-361. 

Segall, M.D., Lindan P.L.D., Probert M.J., Pickard, C.J., Hasnip, P.J., Clark, S.J. (2002). First-

principles simulation: ideas, illustrations and the CASTEP code. Journal of Physics: Condensed 

Matter, 14 (11), pp. 2717-2744. 

Shirai, T., Tsuchiya, H., Shimizu, T., Ohtani, K., Zen, Y., Tomita, K. (2009). Prevention of pin 

tract infection with titanium-copper alloys. Journal of Biomedical Matereials, 91(1), pp. 373-

380. 

Smeets, E.W.F., Kroes, G. (2021). Performance of Made Simple Meta-GGA Functionals with 

rVV10 Nonlocal Correlation for H2 + Cu(111), D2 + Ag(111), H2 + Au(111), and D2 + Pt(111). 

Journal of Physical Chemistry C, 125(17), pp. 8993-9010. 



134 

 

Stopler, M.C. NORMAL SALINE (sodium chloride injection) drug. Accessed September 20, 

2022, from https://www.rxlist.com/normal-saline-drug.htm#description. 

Subramani, K., Jung, R., Molenberg, A., Hammerle, C. (2009). Biofilm on dental implants: a 

review of the literature. International Journal of Oral Maxillofac Implants, 24(4), pp. 616-626. 

Swetha, B., Mathew, S., Murthy, B.V., Shruthi, N., Bhandi, S.H. (2015). Determination of 

biocompatibility: A review. International Dental and Medical Journal of Advanced Research, 

1, pp. 1-6. 

Takada, Y., Nakajima, H., Okuno, O., Okabe, T. (2001). Microstructure and corrosion behavior 

of binary titanium alloys with beta-stabilizing elements. Dental Materials Journal, 20(1), pp. 

34-52. 

Uhlmann, E., Schweitzer, L., Cunha, A., Polte, J., Huth-Herms, K., Kieburg, H., Hesse, B. (2019). 

Application of laser surface nanotexturing for the reduction of peri-implantitis on biomedical 

grade 5 Ti-6Al-4V dental abutments. Proc. SPIE 10908, Frontiers in Ultrafast Optics: 

Biomedical, Scientific, and Industrial Applications XIX, 109080A; 

https://doi.org/10.1117/12.2509701 

Unosson, E., Tsekoura, E.K., Engqvist, H., Welch, K. (2013). Synergetic inactivation of 

Staphylococcus epidermidis and Streptococcus mutans in a TiO2/H2O2/UV system. 

Biomatterials, 3(4), Article no. e26727. 

Vanderbilt, D. (1990). Soft self-consistent pseudopotentials in a generalized eigenvalue 

formalism.  Physical Review B, 41(11), pp. 7892-7895. 

Vander Voort, G. (1999). Metallography, Principles and Practice. New York: Mc Graw-Hill.  

Veritas, H., n.d. Biocompatibility Definition. Accessed 10 October 2018, from 

https://www.asminternational.org/documents/10192/1849770/06785G_Sample.pdf. 

Wang, J., Zhang, S., Sun, Z., Wang, H., Ren, L., Yang, K. (2019). Optimization of mechanical 

property, antibacterial property and corrosion resistance of Ti-Cu alloy for dental implant. 

Journal of Materials Science & Technology, 35, pp. 2336-2344. 

https://doi.org/10.1117/12.2509701


135 

 

Weiss, E., Shalhav, M., Fuss, Z., (1996). Assessment of antibacterial activity of endodontic 

sealers by a direct contact test. Endodontics & Dental Traumatology, 12, pp. 179-184. 

Wiria, F., Sing, S., Yeong, W.Y. (2017). Selective laser melting of novel titanium-tantalum alloy 

as orthopedic biomaterial. Texas, Proceedings of the 28th Annual International Solid Freeform 

Fabrication Symposium – An Additive Manufacturing Conference, pp. 2389-2397. 

Xin, C., Wang, N., Chen, Y., He, B., Zhao, Q., Chen, L., Tang, Y. (2022). Biological corrosion 

behaviour and antibacterial properties of Ti-Cu alloy with different Ti2Cu morphologies for 

dental applications. Biological Design, 215, Article No. 110540. 

Xu, Y., Jiang, J., Yang, Z., Zhao, Q., Chen, Y., Zhao, Y. (2020). The effect of copper content on 

the mechanical and tribological properties of hypo-, hyper- and eutectoid Ti-Cu Alloys. 

Materials, 13, Article No. 3411. 

Yang, Y., (2005). Investigation of the martensitic transformation and the deformation 

mechanisms occurring in the superelastic Ti-24Nb-4Zr-8Sn alloy. Material Chemistry. INSA de 

Rennes, 2015. English. NNT : 2015ISAR0002. 

Zhang, E., Wang, X., Chen, M., Hou, B. (2016). Optimization of mechanical properties, 

biocorrosion properties and antibacterial properties of as-cast Ti–Cu alloys. Biomedical 

Materials, 11, Article No. 065001. 

Zhang, E., Wang, X., Chen, M., Hou, B. (2016). Effect of the existing form of Cu element on the 

mechanical properties, bio-corrosion and antibacterial properties of Ti-Cu alloys for 

biomedical application. Materials Science and Engineering, 69, pp. 1210-1221. 

Zhang, E., Zhao, X., Hu, J., Wang, R., Fu, S., Qin, G. (2021). Antibacterial metals and alloys for 

potential biomedical implants. Bioactive Materials, 6(8), pp. 2569-2612. 

Zhang, E., Zheng, L., Liu, J., Bai, B., Liu, C. (2014). Influence of Cu content on the cell 

biocompatibility of Ti–Cu sintered alloys. Materials Science and Engineering, 46, pp. 148-157. 



136 

 

Zhang, E-L., Fu, S., Wang, R.X., Li, H-X., Liu, Y., Ma, Z-Q., Liu, G-K., Zhu, C-S., Qin, G-W., Chen, 

D.F. (2019). Role of Cu element in biomedical metal alloy design. Rare Metals, 38, pp. 476-

494.  

Zhan, Y., Peng, D., She, J. (2012). Phase Equilibria of the Cu-Ti-Er System at 773 K (500 C) and 

Stability of the CuTi3 Phase. Metallurgical and Materials Transactions , 43A, pp. 2012-4015. 

Zohdi, H., Emami, M., Shahverdi, H. (2012). Galvanic corrosion behavior of dental alloys. In: 

Environmental and Industrial Corrosion - Practical and Theoretical Aspects. Iran: IntechOpen, 

pp. 157-168. 

  



137 

 

APPENDIX A: Individual hardness measurements 

Alloy 
Hardness (HV10) 

Individual Average 

CP Ti 

As-cast 252 255 252 243 248 250±5 

750°C 195 210 231 154 211 200±29 

900°C 192 185 172 172 180 180±9 

Ti-5Cu 

As-Cast 268 303 322 316 326 307±24 

750°C 339 269 269 289 266 286±31 

900°C 200 216 241 199 195 210±19 

Ti-15Cu 

As-Cast 382 378 378 389 398 385±9 

750°C 354 370 382 305 385 359±32 

900°C 299 219 319 359 306 300±51 

Ti-25Cu 

As-Cast 445 450 457 452 450 450±4 

750°C 301 321 306 351 306 317±20 

900°C 321 333 315 314 218 300±46 

Ti-33Cu 

As-Cast 359 357 338 350 362 353±10 

750°C 293 313 322 304 307 308±11 

900°C 291 289 307 300 265 290±16 

Ti-40Cu 

As-Cast 359 357 338 350 362 353±20 

750°C 282 258 313 269 309 286±24 

900°C 312 274 253 283 279 280±21 

Ti-47Cu 

As-Cast 359 357 338 350 362 353±19 

750°C 271 306 321 271 266 287±24 

900°C 234 276 260 298 272 268±23 

Ti-50Cu 

As-Cast 458 445 424 415 410 430±5 

750°C 283 274 298 293 285 287±9 

900°C 300 215 248 279 310 270±39 
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APPENDIX B: Corrosion scans (two per condition) 

  

Figure B-0-1. OCP and potentiodynamic polarisation curves of CP Ti, as-cast in PBS. 

  

Figure B-0-2. OCP and potentiodynamic polarisation curves of Ti-5Cu, as-cast in PBS. 

  

Figure B-0-3. OCP and potentiodynamic polarisation curves of Ti-15Cu, as-cast in PBS. 
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Figure B-0-4. OCP and potentiodynamic polarisation curves of Ti-25Cu, as-cast in PBS. 

  

Figure B-0-5. OCP and potentiodynamic polarisation curves of Ti-33Cu, as-cast in PBS. 

  

Figure B-0-6. OCP and potentiodynamic polarisation curves of Ti-40Cu, as-cast in PBS. 
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Figure B-0-7. OCP and potentiodynamic polarisation curves of Ti-47Cu, as-cast in PBS. 

  

Figure B-0-8. OCP and potentiodynamic polarisation curves of Ti-50Cu, as-cast in PBS. 

  

Figure B-0-9. OCP and potentiodynamic polarisation curves of CP Ti HT at 750°C in PBS. 
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Figure B-0-10. OCP and potentiodynamic polarisation curves of Ti-5Cu HT at 750°C in PBS. 

  

Figure B-0-11. OCP and potentiodynamic polarisation curves of Ti-15Cu HT at 750°C in PBS. 

  

Figure B-0-12. OCP and potentiodynamic polarisation curves of Ti-25Cu HT at 750°C in PBS. 
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Figure B-0-13. OCP and potentiodynamic polarisation curves of Ti-33Cu HT at 750°C in PBS. 

  

Figure B-0-14. OCP and potentiodynamic polarisation curves of Ti-40Cu HT at 750°C in PBS. 

  

Figure B-0-15. OCP and potentiodynamic polarisation curves of Ti-47Cu HT at 750°C in PBS. 
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Figure B-0-16. OCP and potentiodynamic polarisation curves of Ti-50Cu HT at 750°C in PBS. 

  

Figure B-0-17. OCP and potentiodynamic polarisation curves of CP Ti HT at 900°C in PBS. 

  

Figure B-0-18. OCP and potentiodynamic polarisation curves of Ti-5Cu HT at 900°C in PBS. 
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Figure B-0-19. OCP and potentiodynamic polarisation curves of Ti-15Cu HT at 900°C in PBS. 

  

Figure B-0-20. OCP and potentiodynamic polarisation curves of Ti-25Cu HT at 900°C in PBS. 

  

Figure B-0-21. OCP and potentiodynamic polarisation curves of Ti-33Cu HT at 900°C in PBS. 
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Figure B-0-22. OCP and potentiodynamic polarisation curves of Ti-40Cu HT at 900°C in PBS. 

  

Figure B-0-23. OCP and potentiodynamic polarisation curves of Ti-47Cu HT at 900°C in PBS. 

  

Figure B-0-24. OCP and potentiodynamic polarisation curves of Ti-50Cu HT at 900°C in PBS. 
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