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Abstract
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Titanium alloys find wide application in the medical implants industry, which includes areas of
orthopaedic and dental implants. The reason for the popularity of the material is high mechanical
strength, low density, and reported growth of bone onto the material, as well as corrosion
resistance. Despite the general success of titanium materials, a drawback is that it is vulnerable
to bacterial colonization, which can cause implant failure through inflammatory diseases. Peri-
implantitis is one such disease, which can lead to irreversible bone loss and subsequently implant
instability.

This thesis focuses on the use of copper (Cu) as an antibacterial element in titanium alloys,
where the purpose is designing inherently antibacterial materials.

With an understanding that copper can reduce bacterial populations by ion release of Cu into
solutions, as well as by direct contact of bacteria with Cu surfaces: studies on the effect of Cu
ions on bacteria and cells were conducted, in addition to studies on Ti-Cux alloys.

Varying Cu concentrations in solution were introduced to bacteria (Staphylococcus
epidermidis) and cells (MC3T3 murine calvarial osteoblasts), and it was found that the lethal
dosage for Cu ions was in the range from 9x10-5 to 9x10-6 g/ml, for bacteria and cells. The Cu
ions were also found to cause a stress response for this bacteria at concentrations between 9x10-6

to 9x10-7 g/ml, and recommended to be avoided for implant materials.
For Ti-Cux binary alloys, studies established that a 10wt%Cu alloy, which released 9x10-8 g/

ml, reduced the bacterial population by 27 % in 6 hours in a direct contact test. This alloy was
found to be composed of intermetallic (Ti Cu2 ) and hexagonal closed packed titanium (HCP-
Ti) crystals. A separate study on aged heat treated Ti-Cux alloys, showed that an additional
phase of Ti3Cu was present in lower volume fraction. The aged alloys of Ti-Cux showed higher
volume fraction of Ti2Cu but only a slightly higher antibacterial ability, compared to those
without ageing. The hardness of the Ti-Cux alloys was however detrimentally affected by ageing,
especially for the 10wt%Cu alloy.

Investigations on the alloying of Cu with an existing implant alloy, Ti-10wt%Ta-1.6wt
%Nb-1.7wt%Zr (TNTZ), was also performed and at higher wt%Cu alloys with three-phased
microstructures were present. Alloying of Cu in the TNTZ material increased hardness and with
further development of this novel alloy, a potential biomaterial for clinical applications could
be designed.

In conclusion, the results of this thesis demonstrate that the use of Cu in proximity to cells
and bacteria requires dose dependent consideration for material design, so that antibacterial
materials can be developed that do not harm tissue. The appropriate design of alloys can also be
performed so as to allow antibacterial ability to be achieved, along with ensuring appropriate
mechanical and corrosion properties. Furthermore, Cu as an antibacterial element can be alloyed
into various titanium alloy systems and with further development in this area; antibacterial alloys
could benefit the implant industry and patients alike.
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MC3T3 cells
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… d’ Artagnan …, satisfied with the way in which he had conducted himself 
at Meung, without remorse for past, confident in the present, and full of hope 

for the future, he retired to bed and slept the sleep of the brave.  
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BCC /β-Ti Body centred cubic titanium phase 
CP-Ti Commercially pure titanium 
EDX Energy dispersive X-ray spectroscopy 
GB Grain boundary 
HCP /α-Ti Hexagonal close packed titanium phase 
MIC Minimum inhibitory concentration 
MRSA Methicillin resistant Staphylococcus aureus 
PBS Phosphate buffer saline 
ROS Reactive oxygen species 
SA Staphylococcus aureus 
SE Staphylococcus epidermidis 
SEM Scanning electron microscopy 
STEM Scanning transmission electron microscopy 
Ti2Cu Intermetallic phase of titanium and copper 
Ti3Cu Intermetallic phase of titanium and copper 
TSB Tryptic soy broth 
Ti-6Al-4V Titanium alloy with composition Ti-6Al-4V (in wt.%) 
TKD Transmission Kikuchi diffraction 
TNTZ Titanium alloy with composition Ti-1.6Nb-10Ta-

1.7Zr (in wt.%) 
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Introduction 

Titanium is a light-weight material with excellent strength and corrosion 
resistance [1]. It is not surprising that the material is widely used in critical 
applications from aerospace to power generation and medical implants. 
Medical products that specifically make use of titanium are the load bearing 
orthopaedic implants and dental screws and abutments.  The alloys that are 
used in these medical products are Ti-6Al-4V and commercially pure titani-
um (CP-Ti), respectively. These alloys are popular within the implant indus-
try today. The reason that these alloys are popular is that surrounding bone 
tends to integrate with the material in vivo. This integration of bone around 
metal was first described by Brånemark et al. [2] who coined the phrase “os-
seointegration” to describe the growth of bone around titanium implants. 
Since this landmark work, which showcased the possibility of using com-
mercially pure titanium in an implant, several other titanium alloys have 
been suggested for implant surgery [3–5].  

To date, permanent load bearing implant materials such as these titanium 
alloys serve key functions in human locomotion and mastication. While they 
are vital to the present clinical treatments, these materials are not without 
their problems. The specific issues include but are not limited to, “stress-
shielding” due to high Young’s Modulus (in comparison with bone) as well 
as bacterial infections of the tissue surrounding the implant [6]. On the topic 
of bacteria, these materials as well as every surface in the clinical setting are 
vulnerable to some degree to bacterial contamination, especially the com-
mon Staphylococci type bacteria [7].  

While it is true that these types of bacteria are not always threatening, and 
are common environmental organisms found in the human body; the antibi-
otic resistant varieties of these bacteria are a serious concern that can result 
in death in some cases [7]. The specific strains involved include Staphylo-
coccus epidermidis (SE) and Staphylococcus aureus (SA). The antibiotic 
resistant strain of SA makes it a primary concern, but the virulence and gene 
mutations reported for SE could be an additional threat to healthcare in the 
near future [8]. Thus in the clinical setting these bacteria are undesirable and 
a burden on the healthcare system. This is because infections from bacteria 
of specific varieties can exacerbate existing medical conditions. Additional-
ly, in the case of medical implantation surgery, bacteria could contaminate 
otherwise sterile titanium implant surfaces. This has proven to be a major 
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contributing factor for the bacterial problem in implants surgery that has led 
to implant failures [6], as a result of a disease known as peri-implantitis [9].  

Once bacteria populate a surface and are implanted into the human body, 
a nutrient rich environment, they rapidly increase their population size. The 
rapid growth is one of the reasons bacteria are a primary concern in clinical 
environments, where they pose a risk to patients. While this risk relates to 
contaminated implant surfaces, on which bacteria rapidly grow in vivo after 
surgery, this is not the only reason for the bacterial burden. 

Besides the rapid colonization of surfaces, the bacterial burden is com-
pounded by the fact that these bacteria have specialized processes of muta-
tion that allows a developed resistance to antibiotics over time [8]. The result 
is a present state of healthcare where a bacterial infection may or may not be 
treated with routine antibiotics, and hence the constant requirement for new 
antibiotics. For these reasons there has been research interests into antibacte-
rial materials, working without antibiotic treatments, to solve the problem of 
bacterial burden. 

The interest in antibacterial materials is varied, but generally consists of 
inducing a bactericidal property into the implant material by among other 
methods: alloying titanium with silver [10] or copper [11], applying surface 
treatments to titanium surfaces [12] or applying thin film-coatings to materi-
als [13]. 

Within this thesis titanium was alloyed with copper to develop an intrinsic 
antibacterial material. While this work has been demonstrated before, in the 
form of the binary titanium-copper alloy system, much remains to be under-
stood regarding the mechanisms by which these materials achieve their bac-
tericidal effect.  

The primary contributor to the antibacterial effect was hypothesized to be 
copper ions. Therefore initial investigations were performed to quantify the 
relationship between copper ions in a fluid and the resultant toxicity and 
viability in bacteria and cells. This was reasoned to allow subsequent design 
of titanium-copper alloys, with appropriate properties for the intended appli-
cation. Since bacteria specifically contaminate implant surfaces, studies were 
focused on the direct-contact testing of bacteria on titanium-copper surfaces, 
to quantify the bactericidal effects in these materials. Further work focused 
on improvement of antibacterial properties and extended to the alloying of 
copper to other titanium alloys. The microstructural properties were specifi-
cally investigated to understand the relationships between heat treatments, 
crystal phases, antibacterial ability and resultant mechanical properties. The-
se investigations were envisioned to add to the developing body of 
knowledge in this area of study, to benefit future works and ultimately allow 
development of titanium containing copper alloys for dental implants. 

In this thesis, the Aims of the study are initially stated in full, and are fol-
lowed by a description of the role of Titanium alloys and the possibility of 
inherent antibacterial ability, to give an idea of the present state of titanium 
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alloys. The subsequent sections describe the bacterial burden in relation to 
peri-implantitis, followed by a section on Antibacterial strategies in im-
plants to highlight the present problems and the reasons for the studies. To 
introduce the topic of pro-inflammatory response, the section of Cu ions 
used by macrophages in inflammatory response is presented. The Methods 
used in this thesis are also explained and is followed by the Results and Dis-
cussion sections where the findings of the thesis are put into context.  Finally 
the thesis Conclusion is presented along with a section on the Future per-
spectives of the developed materials. 
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Aims of Thesis  

The work presented in this thesis was aimed at the development of titanium-
copper alloys, focusing on the material science perspective, with inherent 
antibacterial properties. The general objectives of the work were to design, 
characterise and optimise novel copper containing alloys, that can prevent 
bacterial colonization of dental implant surfaces and hence diminish the risk 
for patients to develop peri-implantitis, a growing problem with currently 
used alloys. 

With this general idea in view, Paper I aimed at understanding the toxici-
ty limit for copper ions in solution relative to cells (MC3T3-E1) and bacteria 
(Staphylococcus epidermidis). This information was hypothesized to be use-
ful for understanding the role of copper ions in dental applications, and al-
lows appropriate ion release to be designed into subsequent Ti-Cux alloys. 
Paper II on the other hand aimed at understanding the antibacterial effects, 
as a function of Cu ions and direct contact between bacteria and the copper-
containing surface. This was envisioned to give a holistic view of the anti-
bacterial interactions of a surface with bacteria. Paper III aimed at investi-
gating ageing heat treatment to increase the volume fraction of precipitates 
of the intermetallic phase (Ti2Cu) and the effect it had on the antibacterial 
ability. A further aim of this study was to attempt to determine the presence 
of the metastable crystal Ti3Cu in the Ti-Cux alloys, which was reported by 
Canale at al. [14], but was absent in the analysis by Kumar et al. [15]. Paper 
IV aimed to determine the microstructural changes in an existing alloy of Ti-
10wt%Ta-1.6wt%Nb-1.7wt%Zr, when alloyed with copper in varying con-
centrations. This novel material was studied as a first step toward develop-
ment of a biomaterial for future use. 
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Titanium alloys and the possibility of inherent 
antibacterial ability 

Commercially pure titanium (CP-Ti) contains two stable crystal structures 
that exist over different temperature ranges. These are the hexagonal close 
packed (HCP- α-Ti) and the body centred cubic (BCC β-Ti) titanium crystal 
structures (Figure 1). β-Ti only exists as a stable phase above the β-transus 
(Figure 3), and below this temperature intermetallic phases are stable (Fig-
ure 2). The BCC (β) phase has 12 slip systems and thus possibilities for slip 
during dislocation motion (Figure 1). The HCP (α) phase of titanium only 
has 3 such slip planes. Since the HCP has a slip path that is larger than for 
BCC (1alattice > 0.87alattice, where alattice is the lattice parameter), the BCC 
phase is more probable to undergo plastic deformation [16]. In contrast, the 
HCP /α-Ti in polycrystalline form is much more difficult to plastically de-
form [16].  

The transformation from β to α by cooling is also a key relationship that 
determines resultant material properties. When cooling occurs the {110}β 
planes transform to the basal planes of {0001}α and give orientations rela-
tionships of {110}β//{0001}α and <1120>α//<111>β. There are 12 such orien-
tation relationships, and when the α lamellar packets form, the limited num-
ber of orientations causes a repeated crystal structure described as “basket-
weave” [16]. This structure – and others such as lamellar, equiaxed and bi-
modal - are found in CP-Ti and Ti-6Al-4V alloys, which both are widely 
used as implant materials.  
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Figure 1. Unit cells and atoms for titanium phases: (a) hexagonal Ti (ICDD, 00-
044-1294) and (b) body-centred cubic Ti (ICDD, 01-074-7075). When Ta is dis-
solved in hexagonal Ti, the resultant crystal is hexagonal Ti - 3at.% Ta (ICDD, 03-
065-9616) with lattice parameters a=2.9502 Å, c=4.6873 Å. All crystals were ob-
tained from the ICDD [17]. Note: light-blue denotes Ti and black denotes Ta for the 
spheres plotted in VESTA [18]. 

 

 
Figure 2.  Unit cells and atoms for intermetallic phases: (a) orthorhombic Ti3Cu 
(ICDD, 00-055-0296) and (b) tetragonal Ti2Cu (ICDD, 04-003-1382). All crystals 
were obtained from the ICDD [17]. Note: light-blue denotes Ti and dark blue de-
notes Cu for the spheres plotted in VESTA [18]. 
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The widespread use and success of Ti-6Al-4V and CP-Ti as implant alloys is 
due to their corrosion resistance and osseointegration properties [2], however 
both have a Young’s Modulus that is higher than bone [19]. A lower 
Young’s modulus is desired since materials with a higher Young’s modulus 
tend to cause stress-shielding and subsequent bone resorption [3]. Kuroda et 
al. [20] sought to design novel alloys with the aim of lowering the Young’s 
Modulus for future implant materials, and found that the TiNbTaZr system 
was a suitable candidate. In this alloy, Nb and Ta are used a β-isomorphous 
stabilizers, which drive nucleation of the β-phase [16]. The Zr however is 
neutral in regards to phase stabilization [16]. Today this alloy system has 
several compositional variations proposed and has been actively studied for 
implantation purposes [21–23]. This material, like the Τi-6Al-4V alloy is an 
α+β alloy and some compositions have a lower Young’s Modulus, though 
still higher than cortical bone.  

While all these titanium alloys are excellent candidates for implant mate-
rials none of them are able to reduce bacterial colonization after being con-
taminated. Thus, in the event of implantation of contaminated materials dur-
ing surgery or bacteria from the mouth populating an already installed dental 
implant, antibiotic treatments will be necessary, which might not be effective 
against antibiotic resistant bacterial strains. For this reason Ti-Cux binary 
alloys have become an active area of study with copper being alloyed to 
titanium to induce an inherent antibacterial effect [24]. The interest in this 
metal alloy has also spurned investigation into transformation kinetics for 
the Ti-Cu alloy system that has revealed how active β to α transformations 
occurs [25]. Other works have focused on optimization of the Ti-Cu alloys 
[26], while others have investigated the biocorrosion of the materials [1]. 
However, to date questions remain concerning the intermetallic compounds 
present, Ti3Cu and/or Ti2Cu (Figure 2), where metastable Ti3Cu is not re-
ported in certain studies [15]. Furthermore effects of Cu ions on antibacterial 
mechanisms have been proposed to be caused by reactive oxygen species 
[11] but specifics about toxic concentrations for Cu ions have remained un-
answered to date. Finally the alloying of Cu – which is a β-eutectoid stabi-
lizer [16] - to ternary titanium alloys [27–29] has been attempted recently, 
but more remains to be investigated to understand the effects of Cu in ter-
nary and higher-order alloys. For these reasons the present thesis seeks to 
investigate copper-containing titanium alloys to add to the body of 
knowledge in this area. 
 



 18 

 
Figure 3. Section of the binary Ti-Cu phase diagram calculated after the description 
by Kumar et al. [15] using ThermoCalc ®. Note: Phase diagram was calculated 
with database TCBIN. Ti3Cu is not considered in this description. 
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Peri-implantitis  

The advent of dental implants has not come without its problems. While 
implants give patients a better quality of life and substitute teeth, these im-
plants have given rise to bone loss, soft tissue inflammation and irreversible 
problems for patients (as a result of stress-shielding and bacterial coloniza-
tion). Bacteria caused implant failure is a disease known as “peri-
implantitis”, which remain without a definite cure to date [30]. The bacteria 
contributing to this disease include Tannerella forsythia, Treponema denti-
cola and Porphyromonas gingivalis [31], among others. These bacteria cause 
the loss of bone proximal to the implant, and can ultimately lead to implant 
failure. Initially the disease result in gingival inflammation followed by bone 
loss [32]; where diabetes, smoking and alcoholism were reported as deter-
mining factors in progression of peri-implantitis [33,34]. Efforts have been 
made to determine prevalence of peri-implantatis (>28% of the studied sub-
jects, and >12% of the studied implants show peri-implantitis [35] ), but 
discrepancies in data reporting and the sources of the data - university as 
opposed to clinics/hospitals – indicates that the disease is largely underesti-
mated in the scientific community [35]. This does not mean that thorough 
studies do not exist, where a work by Fransson et al. [36] found that 28% of 
662 patients had peri-implantitis, but these findings are generally considered 
as under-estimates [36,37]. Similar studies by Atieh et al. [38] determined 
peri-implantitis prevalence at the patient and implant level were 19% and 
10%, respectively, while Derks and Tomasi [39] reported a similar preva-
lence at the patient level (22%). Despite the similar findings in these studies, 
lack of consistent definitions for peri-implantitis for different investigations 
results in the inability to accurately determine peri-implantitis prevalence 
[34]. Lee et al. [34] have suggested that a standardized definition of peri-
implantitis would ensure consistent data across studies, and recommended 
that the change in bone level for patients be used as an assessment criteria 
[34].  

Furthermore, the most devastating outcomes are arguably not the cost, but 
the irreversible loss of bone that renders patient health permanently affected 
[40]. Future efforts could aim to address the inconsistencies between per-
formed studies on the disease, where larger patient groups from hospitals 
could be helpful. 

Finally, it is possible that there is no end in sight for the problem of peri-
implantitis, because the dental implant industry is projected to grow to USD 
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5.2 billion by 2024 [41]. To date peri-implantitis is an ongoing problem for 
the dental industry to address. What is certain is that bacterial infections that 
affect implants are here to stay, and strategies are needed to cope with this 
problem in clinical settings. 
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Antibacterial strategies for dental implants 

The antibiotic treatment of peri-implantitis is routine in clinical practice and 
has been since the disease was first detected. The problem with this treat-
ment is that antibiotic resistance have recently become a major healthcare 
concern, and continued prescription of ever more potent antibiotics is not 
feasible [42]. The prevention of peri-implantitis is therefore a key driver for 
the development of inherently antibacterial biomaterials. The strategies de-
veloped have to date varied widely, where some strategies focused on essen-
tial oils to treat bacterial colonization and displayed antibacterial ability in 
the food packaging industry [43,44] and also in the treatment of dental caries 
against Streptococcus mutans [45]. Still others investigated polymers of 
nitric oxide content [46] and pyridium containing polymers [47] that allowed 
effective bacterial reduction, where the former was more effective than the 
antibiotic Amoxicillin [46]. Surface treatment of materials has been a further 
strategy for antibacterial effects where the surface roughness was often var-
ied [48]. It has been found that a rougher surface tends to decrease bacterial 
adhesion for Staphylococcus epidermidis bacteria [48]. Cao et al. [12] also 
found that nanostructured surface features such as “spears” and “pockets” 
reduced bacterial populations on the surface for the same bacteria (Staphylo-
coccus epidermidis). Thin films for antibacterial surfaces have also shown 
antibacterial effects where silver (Ag) [13] in magnetron sputtered coatings 
have shown notable antibacterial ability, but problems with early ion release 
into surroundings and segregation of Ag in the thin films are yet to be under-
stood [13]. Silver has also been used in alloys for antibacterial materials 
[49]. The addition of zink (Zn) and copper (Cu) in a Si-Ox thin film was 
investigated and Cu was found to be superior to Zn at bacterial reduction 
[50]. This effective antibacterial ability was determined for Cu in Ti-Cu thin 
films as well, but osteoblastic toxicity was also recorded for these materials 
during the initial ion release [51]. The use of photochemical reactions to 
create reactive oxygen species (ROS) has also been used in synergy with the 
Ag-Ti antibacterial effect, but this dual antibacterial effect lead to UV in-
duced stress response in the bacteria [10]. While these strategies have shown 
merit in bactericidal ability, a final material solution to the bacterial problem 
has not been obtained to date.  

Therefore attempts at alloying of Cu to alloys in bulk materials has been 
investigated in recent times and proven to be effective at bacterial reduction 
[24,52], where it was purported that released Cu ions assist in this antibacte-
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rial effect. Further investigation resulted in the hypothesis that Cu ions par-
take in the Fenton reactions to create reactive oxygen species (ROS), which 
then prohibit replication of 16SrRNA in bacteria, resulting in bacteria death 
[11]. Besides the effects of Cu ions, the direct contact of bacteria with a Cu-
containing surface has also been proposed to lead to bacterial death [53]. Cu 
in titanium alloys has therefore seen an increase in research interest and has 
been suggested to be a useful material for future implants [26].  

With the promising aspects of alloying and the effectiveness of Cu over 
other elements to prohibit bacterial growth, it is proposed that further studies 
into the development of Ti-Cux alloys could be beneficial and lead to greater 
understanding in this area, so as to improve future management of the bacte-
rial burden associated with dental implants. The strategy of the present thesis 
therefore focused on inducing inherent antibacterial ability into titanium 
alloys with copper addition, and sought to understand the antibacterial effect 
that results when these materials interact with bacteria. 
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Cu ions used by macrophages in inflammatory 
response 

The use of Cu in cellular processes is common to cells and bacteria. The 
element plays a role in various enzymes for both, but also leads to toxicity in 
both at elevated concentrations. For cells in humans, excessive Cu leads to 
development of Wilson’s Disease [54,55], while deficiency of Cu leads to 
Menke’s Disease [56]. Bacteria differ in that most bacteria do not have Cu 
ions in the cytoplasm but instead it is selectively found in the periplasma- 
and plasma-membrane [57]. Furthermore, bacteria generally have few cu-
proproteins that use Cu [57]. Instead bacteria have several Cu regulators 
such as CopZ [53] and CopA [58]. Cells on the other hand have the CTR1 
transporter for Cu which is essential to embryonic development [59]. This 
transporter works with ATP7A to transport Cu from the cell to the invading 
bacteria such as Salmonella enterica and mycobacterium tuberculosis (TB) 
to reduce the bacterial burden (Figure 4). For this reason Cu is generally 
regarded as a pro-inflammatory agent and useful for humans [57]. Despite 
Cu being used by cells to eliminate bacteria as well as bacteria being vulner-
able to Cu, mycobacterium tuberculosis (TB) has shown to have defences 
such as the mycobacterial copper transport (mctB) B protein that continu-
ously pumps Cu out of the bacteria [60]. This protein has been a key factor 
behind the resistance and virulence of TB. Therefore Cu has complex inter-
actions within bacteria and cells. However, these interactions are also an 
opportunity to utilize Cu ions in the defence against bacterial infection. For 
these reasons investigations into Cu ion dosage were undertaken to deter-
mine Cu concentrations that lead to increased viability in cells, while bacte-
ria are reduced.  
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Figure 4. Cu ion transport by CTR1 and ATP7A to reduce bacteria in vivo (adapted 
from [57]). 
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Materials and Methods 

Calculation of Phase diagrams (CALPHAD) 
The calculations of phase diagrams using the CALPHAD approach is a 
common method employed to study multicomponent alloys [61–63]. The 
method uses known thermodynamic data as input to derive expressions for 
Gibb’s energy of a chosen alloy system, and the crystal phases of the chosen 
alloy. A full description of the method may be read in the work by Lukas et 
al. [64]. The modern implementation of the method is computationally per-
formed using software such as ThermoCalc ® (Thermo-Calc software AB, 
Solna, Sweden), which uses databases for thermodynamic modelling; and 
therefore the results of the calculations depend on the databases.  
In this thesis the CALPHAD method was used to determine the crystal phas-
es of titanium alloys with specific copper concentrations and phase diagrams 
were plotted accordingly. These calculations were used to guide the experi-
mental investigations of the alloys. In Paper II, the Ti-Cu phase diagram 
was calculated using the TCBIN database with the thermodynamic descrip-
tion given by Kumar et al. [15]. In Paper IV the TNTZ-Cux phase diagrams 
were calculated from the SSOL5 database, available from 
www.thermocalc.se. It should be noted that the Ta-Cu, the Ta-Nb-Cu and the 
Ti-Ta-Cu alloy systems have not been thermodynamically assessed at the 
time of the investigations. Therefore these predictions are to be regarded as a 
first step toward understanding the alloy systems herein. 
 

Arc Melting 
Arc melting in an inert atmosphere such as Argon is a common method for 
casting metals in a laboratory setting. The requirement for such alloying is 
the necessity for conduction of the current from the cathode terminal of the 
tungsten tip, to the conducting metal sample on a water-cooled copper cruci-
ble.  

Therefore the first step was to ensure a clean melting chamber in which 
the raw metals were cleaned in ethanol as well as the copper crucible of the 
chamber. Alloys masses were recorded, metals were placed inside the cham-
ber, and Ar used to flush the chamber. A sacrificial metal was burnt - such as 
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titanium (Ti) or zirconium (Zr) – and the respective alloys melted in turn. 
These steps were then repeated since the alloys were re-melted four to five 
times to ensure homogenization of the cast material. 
 

Homogenisation and heat treatments  
The alloys produced in arc melting furnaces were heat treated in a furnace, 
but since titanium alloys oxidize readily, all alloys were placed in vacuumed 
ampoules, prior to heating in a conventional furnace. The heating steps typi-
cally follow a solution heat treatment to further homogenize the material, 
followed by heating at or close to the β-transus. More information on this 
manufacturing and heat treatments can be read in Paper II, III and IV. 
Briefly, heat treatments of 900˚ C (for 18 hours) then at 798˚ C (for 24 
hours) were used in Paper II and III, with additional ageing of the alloys at 
400˚ C (for 6 hours) in Paper III, followed by rapid quenching.  The alloys 
of Paper IV were heat treated at 988˚ C (for 48 hours), then at 747˚ C (for 
18 hours), followed by a rapid quench. These heat treatments were per-
formed to manipulate microstructural features in the resultant materials. 
 

Microstructural investigation 

X-ray diffraction  
The study of the crystal structure of periodic materials is routinely performed 
using X-ray diffraction (XRD). The technique makes use of Bragg’s Law as 
applied to periodic structures, but can also be used to study amorphous or 
nano-particulate samples. Using a Cu Kα (λ = 1.54Å) source at 40V, with a 
Ni filter fitted, the diffraction peaks for the crystal planes of a material were 
studied in accordance with Bragg’s Law. Crystals were studied using the 
Bragg-Brentano experimental setup, and compared to known crystals in the 
databases of the ICSD [65] and ICDD [17]. Relevant standard crystals were 
used in the different publications. 

The preparation of the samples for diffraction was performed according to 
the procedure by Vander Voort [66], where a three-step polishing method is 
performed (Table 1). Diffraction studies were performed in Paper II, III and 
IV, where more information can be found on the settings and the standard 
crystal data that was used. 
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Light Optical Microscopy (LOM) 
Optical imaging in metallurgy is often performed due to the ease of the tech-
nique and the benefit of imaging materials inexpensively. The limitation of 
this technique is that there is no depth-of-field, meaning flat samples are 
required for imaging. Therefore an appropriate metallographic polishing is 
required for each material studied, where that for titanium alloys has been 
developed by Vander Voort [66]. This method follows a three-step process 
to ensure titanium materials are not damaged during preparations (Table 1).  
In this thesis Kroll’s etchant [67] was used on the polished surfaces, to re-
veal the grain boundaries (GBs) of the individual crystals for the studied 
materials. Images of this type can be found in Paper II.   
 

Table 1. The 3-step metallographic preparation for titanium alloys as described by 
Vander Voort [66]. 
 

Steps 1 - Grind 2 - Rough Polish 3 - Final Polish  
Surface 
 

SiC – 
120P 

MD- Dur Cloth MD- Floc cloth  

Abrasive 
 
 
Lubricant 

- 
 
 
Water 

6 μm diamond suspension  
 
 
DP Lubricant Red 
 

OP-S Si-Colloids and 
H2O2 (5:1) solution 
 

- 

 

Scanning Electron Microscopy (SEM)  
The SEM technique is widely used to image materials. Due to the use of 
electrons instead of light as in the LOM, the technique is capable of higher 
resolution and does not suffer from the absence of depth of field, as does 
LOM. In this technique the electrons from the beam are focused on the mate-
rial and interact with the sample. The result is that inelastic scattering can 
occur between the beam and the atoms of a sample, so that K-shell electrons 
can be knocked out of the sample. This inelastic interaction may take place 
near the surface, resulting in detection of secondary electrons that give topo-
graphical information, where these are named SE1 (Figure 5). The beam 
may also interact with atoms deeper in the sample via elastic scattering, and 
result in backscattered electrons (BSE) emerging from the sample. Due to 
the depth from which these electrons originate, they provide information of 
elemental compositions within the material (Figure 5). The BSE may knock 
out electrons from atoms as it exits the material, resulting in secondary elec-
trons of type 2 (SE2). 
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SEM allows analysis of conducting samples or samples that have been 
coated with a conducting material (generally gold or palladium). This tech-
nique was used for characterization in Paper II, III, and IV to study the 
microstructure and in some cases the bacteria on a sample surface (Paper 
II). Throughout the thesis Zeiss microscopes (Leo and Merlin) as well as a 
Jeol microscope were used to image the samples. The experimental settings 
used for each of the studied samples may be read in the respective publica-
tions. 
 

 
Figure 5.  An image of the interaction volume after the beam hits the sample, show-
ing the SE1, SE2 and BSE, the detectors and the electron column. 

Focused Ion Beam (FIB)  
The focused ion beam is an instrument equipped with an ion source (galli-
um). The gallium beam is often used to mill samples, and herein the instru-
ment was used for production of transmission electron microscopy lamellas. 
The purpose of producing such lamella samples is the site-specific selection 
of a sample area for study. The samples are produced with thicknesses in the 
range from 10 nm to 100 nm. All samples studied herein were protected with 
an amorphous carbon layer over the sample site, to protect the lamella from 
the heavy gallium ions. The reason for the specific use of the gallium ions is 
that lighter elements in a sample can easily be removed with heavy energetic 
gallium ions, to allow fast material preparation. The experimental settings 
may be found in Paper IV. 
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Energy Dispersive X-ray Spectroscopy (EDX) 
The principle of EDX is performed on an SEM or a TEM using silicon-
lithium or germanium detectors specially designed for EDX. The electron 
beam hits the sample and when the thickness is greater than 1 μm there will 
be an interaction volume (as in SEM) and if thinner than 100 nm then there 
will be no interaction volume (as in TEM). Regardless of thickness there will 
be atoms with core electrons that are energized into states above their ground 
state. Upon return of these electrons to their ground state a photon of light is 
emitted that is the exact energy between the excited state and the ground 
state. These photons are called characteristic Χ-rays and occur in a series 
that is unique for each element of the periodic table. These characteristic Χ-
rays allow identification of elements in a material in the path of the electron 
beam (Figure 6). 
 
 

  
Figure 6. The silicon-lithium detector showing layers and pulse output signal  
(adapted from [68]). 

When these characteristic Χ-rays are directed at a silicon-lithium (Si-Li) 
detector, electron-hole pairs are created in the Si-Li crystal (Figure 6). Since 
the Si-Li crystal is sandwiched between two terminals with gold coatings 
over the p- and n-junctions, the electrons travel to the positive terminal of 
the detector, while the holes travels to the negative terminal. This creates a 
pulse in the detector, where many pulses in a small energy range are record-
ed in a single channel. When the pulses are recorded for a sample over des-
ignated time, these characteristic Χ-rays for a specific series of an atom will 
be recorded and these will identify the atoms present in the material relative 
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to a known standard [68]. A full description of this technique may be viewed 
in Goldstein et al. [68]. This technique was used to study the elemental dis-
tributions of the materials in Paper II, III and IV. Throughout the thesis the 
acquisition system for all EDX studies was the INCA Aztec energy disper-
sive X-ray spectroscopy system, regardless of the microscope. The experi-
mental parameters used within this thesis are material specific and are re-
ported in the respective publications. 

Transmission Kikuchi diffraction (TKD) 
Electron backscatter diffraction (EBSD) is a technique that uses the interac-
tion volume of an electron beam with a solid sample to generate backscatter 
electrons (BSE) and use these to study the crystal structure of a sample. The 
principle of the method uses the Kossel cone concept, wherein an electron 
beam impinges on a sample to generate cones of waves that propagate out-
ward from the site of interaction. With a CCD camera placed close to the site 
of interaction, it is possible to record the Kossel cones on the detector, which 
are the characteristic Kikuchi diffraction lines (these lines create a diffrac-
tion pattern in turn). Such a diffraction pattern can then be compared to a 
known standard crystal structure, so that the specific lattice planes in the 
unknown sample can be indexed. 

The transmission version of EBSD is Kikuchi diffraction (TKD) wherein 
the sample is electron transparent but the sample is studied in a conventional 
SEM. Forward scatter is primarily important for TKD, since the transmitted 
electrons are used in the analysis of the diffraction data. Since TKD takes 
place in an SEM, the EDX system can still acquire information of spectro-
scopic lines, despite transmission mode being used.  The experimental set up 
sees the EDX detector positioned above the lamella, while the EBSD detec-
tor is positioned below the lamella. This allows simultaneous acquisition of 
diffraction and spectroscopic data. In Paper IV, the technique was used to 
study samples of 5wt%Cu and 3wt%Cu, to compare the crystal phases pre-
sent and to study the chemical species in these phases for the alloys. The 
details of the experimental settings can be found in Paper IV. 

Scanning transmission electron microscopy (STEM)  
The STEM instrument is a versatile tool for acquisition of image and spec-
troscopic data with quick succession, in addition to allowing diffraction data 
to be studied. The use of this instrument requires thin specimens (10 nm to 
100 nm) wherein electrons from a primary source traverse a sample and by 
elastic and inelastic interactions, the electrons undergo a change in momen-
tum, which can be studied. The electrons, which travel off-axis of the prima-
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ry beam after interaction, are used for dark field images and provide mass 
contrast images for various atomic species in a material. The electrons on the 
primary beam path are collected into a bright field detector and provide in-
formation about strain or dislocations in the material [69]. A thorough de-
scription of the technique and instrumentation may be viewed in the work of 
Williams and Carter [69]. The off-axis electrons were used in this thesis to 
form dark field images of the lamella samples in Paper IV to study the 
chemical phases within the alloys. These dark field images of the 5wt%Cu 
and 3wt%Cu samples allowed analysis at the GBs between the separate 
phases in the alloys. In the present thesis the photons travelling opposite to 
the primary beam (after the electron-specimen interaction) were used in 
EDX to study the atomic species in the material. The detector and experi-
mental set up for EDX is similar to that in the SEM (see above). The exper-
imental details are further expanded in Paper IV. 

Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES) 
The study of ions in a particular solution is routinely performed in an ICP 
system, where OES is a technique with the ability to determine concentra-
tions of 0.4 μg/l for Cu in a solution. With this detection limit the study of 
ions released from a token containing Cu is possible. A solution for ion re-
lease may be chosen for a specific application, but ideally the test is per-
formed according to ISO standards such as 10993-12:2002 and 10993-
15:2000 [70,71]. The technique requires standards to be available for each 
element to be studied, where the medium for the standard solutions is 2% 
HNO3.  

The principle of operation relies on the creation of plasma in the instru-
ment in an argon atmosphere. The studied solutions were introduced to the 
plasma, where the ions in the solution were atomized by the high-energy 
plasma source. The ions to be studied in the solutions interacted with parti-
cles in the plasma, causing transitions in the shell electrons of the studied 
atoms. Therefore by comparison of a standard solution and an unknown so-
lution containing the same elements, the unknown may be quantitatively 
studied. This technique allows routine measurement of ions in a solution and 
was used in Paper I to study the Cu ion concentrations released from a 
10wt%Cu and a 99wt%Cu sample in a 24-hour period. Further details on the 
experimental settings may be viewed in the respective paper. 
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Biological studies 

Cell viability assay 
Cell studies (of the in vitro variety) are a routine first step toward under-
standing biomaterial interactions with tissue. Ideally the chosen cell type 
should reflect the envisaged use of the biomaterial after implantation, e.g. 
bone tissue cells for a bone replacement implant. Within this thesis MC3T3-
E1 murine calvarial osteoblast cells were used to evaluate toxicity. These 
pre-osteoblast cells differentiate into bone, and were chosen because the 
intended application was dental implants, which are in direct contact with 
bone tissue. During the study (Paper I) the cells were exposed to Cu ions 
and control samples for a 5-hour and a 24-hour period to determine the via-
bility of the cells at a specific dosage of Cu ions. The results of these tests 
revealed the toxicity limit.  

Briefly, the test involved culturing cells in flasks, until they reached 8x105 
cells/ml. This was performed in appropriate cell media at 37° C and in a 5% 
CO2 atmosphere. The cells were detached from the flask using an appropri-
ate enzyme, and then plated into 96-well plates with 8000 cells/well in 
growth media, and left to grow overnight. The Cu ion samples were then 
added to each well, for an exposure of 5-hours, after which fluorescence 
testing was performed to determine the viability of the cells relative to the 
Cu ions samples. Following this test, the cells were washed and exposed to 
the same Cu ion samples for a total exposure time of 24-hours. The fluores-
cence test was repeated allowing comparisons to be made, regarding toxicity 
effects of the Cu ion solutions for MC3T3 cells as a function of time. 

The quantification of the viability/toxicity was done using fluorescence 
measurements with standard testing protocols [72]. Specific details of the 
testing protocol and growth media may be read in Paper I, where the sur-
vival of MC3T3-E1 was investigated. 
 

Bacteria viability tests 
The bacteria tests in this thesis used a luminescent strain of (XEN43) 
Staphylococcus epidermidis that allowed quantitative measurements of the 
antibacterial effect of the samples in the different studies. This bacterial 
strain is a luminescent type of Staphylococcus epidermidis, with the luxA-
BCDE gene bio-engineered into the genome to allow bioluminescence from 
living bacteria [73,74]. 
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All tests started with growth of the bacteria from frozen stock in media of 
tryptic soy broth (TSB) at 37˚ C, and left overnight to grow. Using sterile 
toothpicks or pipette tips the streak method was used to streak bacteria onto 
agar mixed with TSB, and left overnight to grow. Then a single colony-
forming unit (CFU) of bacteria was selected and grown in TSB. The next 
steps were to calibrate the bacterial inoculum to an OD of 1.0 at 600 nm 
wavelength using a UV spectrophotometer. Following this, the prepared 
bacteria were exposed to Cu ion solutions or Ti-Cux alloy surfaces in white 
96-well plates, which are recommended for luminescent tests. All tests were 
performed under sterile conditions. 
 
Direct contact testing of titanium alloys with XEN43 (Paper II and III): 

 
The direct contact test started with 10 μl of the calibrated inoculum (bac-

terial solution) being pipetted onto sterile Ti-Cux alloy samples, in replicates 
of 3 that were placed into sterile 96-well plates. These were left in an oven at 
37˚ C for 40 min to allow the bacteria to attach to the surface. Then 170 μl of 
TSB was carefully added to the wells, and the test was started with hourly 
measurements. 

 
Cu ions tests with XEN43 (Paper I): 

 
The Cu ions test started with 120 μl of TSB being added to 96-well plates, 

followed by 30 μl of bacterial inoculum. Then 50 μl of Cu ion solutions or 
control samples were plated into the wells in replicates of 4. The hourly lu-
minescence measurements were taken for the duration of the test. 

 
Antibacterial rate determination in direct contact and Cu ion tests (Paper I, 
II, III): 

 
For both direct contact and Cu ions luminescence test, the bacteria lumi-

nescence was averaged and used to calculate the antibacterial rate according 
to Equation 1.  The Ncontrol is the luminescence of the negative control, while 
the Nsample is that of the Ti-Cux alloys or Cu ion solutions, in the respective 
studies. 

 
   (1) 

 
 
CFU tests for Cu ions using XEN43 (Paper I): 
 

 
The planktonic tests to determine the CFU used the XEN43, but did not 

make use of the luminescent properties. Instead the CFU counting test was 
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adapted from standard protocols to compare with the luminescent studies on 
the same bacteria [75]. 

The test proceeded exactly as for the Cu ion tests using luminescence, ex-
cept that the bacteria were exposed to the sample for 5 or 24 hours without 
hourly readings. Following the exposure, 100 μl of the bacteria with Cu ion 
solutions was neutralized in neutralizing broth for 5 mins. Then the samples 
were diluted into 900 μl of peptone water in sterile Eppendorf tubes. 800 μl 
of the peptone water with bacteria were then plated using the pour plate 
method, into bacteriological agar mixed with TSB. The bacteria were al-
lowed to grow overnight and then counted for colony-forming units (CFU). 
The CFU was calculated according to Equation 2. 
 

  (2) 
 
 
The bacteria studies conducted herein were used to characterize the antibac-
terial ability of Cu containing materials. Ti-Cux surfaces, as well as Cu ions 
in solution, were used to determine the antibacterial effect for each sample, 
relative to appropriate control samples. Two types of bacterial exposure tests 
were used during this thesis: the first was a direct contact test for bacteria on 
a metal surface (Paper II and III) and the second was toxicity studies on 
planktonic bacteria (Paper I), to determine minimum inhibitory concentra-
tions (MIC).  
 
All tests allowed quantitative assessment and comparison of the bactericidal 
effect of the materials used in this thesis.  
 

Corrosion studies 

Sample preparation 
The corrosion studies (Paper III) commenced with preparation of CP-Ti and 
Ti–Cux samples with approximate surface areas of 1 cm2. Sample surfaces 
were polished to grit 120P using silicon carbide (SiC) paper. The samples 
were cleaned in de-mineralized water and acetone, prior to the corrosion 
testing. Samples were mounted in non-conductive epoxy resin and a copper 
wire was connected to the sample to ensure conduction during the study.  
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Electrochemical testing 
Electrochemical testing (Paper III) was performed using a computer-
operated Potentiostat (AutoTafel, ACM Instruments). The setup consisted of 
two graphite rods that were used as counter-electrodes with a Haber-Luggin 
capillary with a saturated calomel reference (SCE) being used to make the 
junction. Throughout the test, an anaerobic environment was maintained by 
passing nitrogen gas through the system to expel the oxygen at the corrosion 
interface. The electrolyte used during the study was phosphate buffered sa-
line (PBS). 

With the sample placed inside the PBS solution, the graphical curve for 
open circuit potential (OCP) versus time was recorded for a 4-hour period to 
determine the open circuit potential (OCP). After stabilization of the poten-
tial, within the 4-hour period, a cyclic polarization scan was recorded from -
250 mV to 1500 mV. This cyclic polarization was recorded versus the corro-
sion potential at a scanning speed of 10 mV/min, where the scan direction 
was not reversed. Note that all the potential values were recorded with re-
spect to the SCE. 
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Results 

Paper I: 
The use of copper as an antibacterial agent is inherent in the inflammatory 
response, as it is used by macrophages against bacterial infections. Since 
some bacteria are vulnerable to copper, it can be hypothesised that copper 
could be used throughout the body against bacteria, if tissue toxicity can be 
avoided. Paper I investigated this hypothesis, and copper ions solutions in 
the range from 9x10-2 to 9x10-12 g/ml, were introduced to MC3T3 cells and 
Staphylococcus epidermidis bacteria (in vitro). Briefly the MC3T3 viability 
was studied using cell culture techniques and fluorescence assays at 5 hours 
and 24 hours, to determine the MC3T3 viability. The Staphylococcus epi-
dermidis was studied using luminescence to determine the bacterial viability 
over a 7-hour period and in plate counting at 5 and 24 hours.  

The bacteria luminescence tests revealed that the concentrations of 9x10-3 
to 9x10-5 g/ml reduced the luminescence counts over the 7-hour period (Fig-
ure 7). Furthermore, it was found that within 1 hour the 11% ethanol control, 
killed bacteria, but the 9x10-3 and 9x10-4 g/ml samples killed bacteria even 
faster. These concentrations were considered to be toxic to the bacteria. The 
bacteria was also studied in plate counting of colony forming units (CFU) at 
5 hours and showed a large variation for the samples, but it was clear that 
9x10-3 to 9x10-5 g/ml solutions were toxic to the bacteria at this time point.  

The luminescence test further revealed that between solutions 9x10-5 and 
9x10-6 g/ml, the bacterial survival dramatically increased with the largest 
difference occurring at 5 hours (Figure 7). This time point was studied fur-
ther to understand the rise in viability and it was determined that lumines-
cence for the 9x10-5 g/ml sample was significantly different to samples 9x10-

3 and 9x10-4 g/ml, but still with an antibacterial rate >50%. The 9x10-6 g/ml 
sample was non-significantly different to all samples from 9x10-8 to 9x10-12 
g/ml, while 9x10-7 g/ml had the highest luminescence counts (Figure 8). 

The studies on the MC3T3 cells were performed after 5 hour (Figure 9) 
and 24 hour (Figure 10) exposure to determine the viability at the various Cu 
ion concentrations. Comparing the same cells in the same Cu ion solutions, 
at 5 hours and at 24 hours, the variance in the samples after 24 hour expo-
sure (Figure 10) is lower and it is clear that the samples 9x10-3 to 9x10-5 
g/ml are more toxic than the positive control of 2.5% DMSO to the cells (~ 
41% viability). The samples from 9x10-6 to 9x10-12 g/ml and the negative 
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control of MilliQ water had viability >80% and were significantly different 
to the toxic samples. This shows that the toxic limit for MC3T3 cells is be-
tween 9x10-5 and 9x10-6 g/ml and this range should ideally be avoided for all 
Cu-containing materials that might release ions if implanted. These results 
showed that toxicity for the bacteria and cells was in the same range of Cu 
ions (9x10-5 to 9x10-6 g/ml). Cells and bacteria therefore have similar lethal 
doses to Cu ions.  

The bacteria also show an increased growth for samples from 9x10-6 to 
9x10-12 g/ml, relative to the negative control (MilliQ water). This is possibly 
a stress response by the bacteria in which these grow rapidly due to stimula-
tion by Cu ions in concentrations lower than the minimum inhibitory con-
centration (MIC) [76]. The CFU count studies confirmed this observation 
where bacteria CFU was higher at 9x10-6 to 9x10-7 g/ml. Therefore Cu ion 
concentration release from biomaterials should also avoid the range of 9x10-6 
to 9x10-7 g/ml, or bacterial populations of Staphylococcus epidermidis could 
grow rapidly. The Cu ion release of 10wt%Cu (heat treated at 798˚ C) was 
7x10-8 g/ml in 24 hours, but this alloy was determined to be antibacterial in 
other works [77] hence there could be other contributors to the bactericidal 
effect, such as direct contact, since this Cu ion concentration was lower than 
the MIC [53]. 
 

  
Figure 7. Luminescence measurements (mean±SD) for Staphylococcus epidermidis 
(XEN43) in TSB solution with various Cu ion concentrations. 
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Figure 8. The luminescence counts (mean±SD) for XEN43 bacteria after exposure to 
Cu ions solutions and negative (MilliQ) and positive (11% ethanol) controls for 5 
hours. The corresponding antibacterial rate for the study is shown as well. The 
samples indicated with “A” are non-significantly different (p>0.05) to those marked 
“A”. Likewise for “B”, “D”, “E” and “F”. Samples marked “CE” are non-
significantly different to C and E. Likewise for “CD”. Samples with differing letters 
(e.g. “A” compared to “B”) denote significantly different (p<0.05) 
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Figure 9. MC3T3 cell viability (mean±SD) investigation after exposure to Cu ions 
solutions, negative (MilliQ) and positive (2.5% DMSO) controls for 5 hours. The 
samples indicated with “A” are non-significantly different (p>0.05) to those marked 
“A”. Likewise for “B”, “C”and “D”. Samples marked “AD” are non-significantly 
different to “A” and “D”. Likewise for “BC” and “BD”. Samples indicated with 
“ACD” denotes non-significantly different to samples indicated with “A”, “C” and 
“D”. Samples with differing letters (e.g. “A” compared to “B”) denote significantly 
different (p<0.05). 
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Figure 10. MC3T3 cell viability (mean±SD) investigation after exposure to Cu ions 
solutions, negative (MilliQ) and positive (2.5% DMSO) controls for 24 hours. The 
samples indicated with “A” are non-significantly different (p>0.05) to those marked 
“A”. Likewise for samples marked “B”. Samples with differing letters (e.g. “A” 
compared to “B”) denote significantly different results (p<0.05). 
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Paper II: 
The desire to induce an inherent antibacterial effect into titanium alloys 
started with focusing on the additions of copper in the range from 0 to 
10wt%Cu in titanium. The purpose of alloying was to investigate the result-
ant microstructure for the Ti-Cux alloys as a function of varying copper con-
centrations in the materials. The samples were produced by arc melting, and 
studied in direct-contact antibacterial tests, electron microscopy and X-ray 
diffraction. 

The investigated materials included a commercially pure titanium (CP-Ti) 
sample and Ti-Cux alloys (1wt%Cu, 2.5wt%Cu, 3wt%Cu and 10wt%Cu). 
The alloys from 0 to 2.5wt%Cu were single phased alloys of α-Ti. The alloy 
with 10wt%Cu was two-phased, consisting of α-Ti and the intermetallic 
Ti2Cu. The 3wt%Cu (Figure 11) alloy had small precipitates of a Cu-rich 
phase (given by EDX), however the volume fraction was not large enough to 
be indexed by X-ray diffraction. Relating to the 3- and 10wt%Cu additions 
and the publication by Zhang et al. [26] it is most likely the Ti2Cu phase. 
However, an ambiguity exists in the binary Ti-Cu phase diagram where Ku-
mar et al. [15] state that the first intermetallic phase to form is Ti2Cu, which 
is in agreement with observations in other studies [26]. Canale et al. [14], 
however propose that the Ti3Cu is the first intermetallic phase to form. In 
this thesis Ti2Cu was observed along with possible traces of Ti3Cu, indicat-
ing that more research is needed to understand the precipitation of interme-
tallic phases in the Ti-Cu alloy system.
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Figure 11. The intermetallic crystals of Ti2Cu in 3wt%Cu alloy (Ti-Cux alloy): (a) 
lower magnification and (b) higher magnification. Note: the bright phase is Ti2Cu, 
while the darker phase is α-Ti. 

 
The testing of the antibacterial effect was done with luminescent bacteria 

of type Staphylococcus epidermidis. The antibacterial test was a direct con-
tact test and thus bacteria killing could occur due to Cu ions released from 
the alloys as well as through direct contact with the Ti-Cu alloy surface. 
After a 2-hour period of exposure to the copper containing surfaces, no sig-
nificant difference in the bactericidal effect was determined for all the stud-
ied materials. After 6 hours, the 10wt%Cu alloy had a statistically significant 
antibacterial rate of 27% (relative to the negative control of CP-Ti) while the 
3wt%Cu (R = 16%) had a lower antibacterial rate. After the antibacterial 
luminescence exposure tests, the bacteria were fixated on the surface of the 
alloys and imaged in SEM. The results were qualitative, but showed that the 
10wt%Cu and 3wt%Cu had less bacteria on the surface than the other stud-
ied alloys. It was therefore deduced that the addition of copper leads to a 
reduction of bacteria on the surface of the Ti-Cux alloys. Furthermore, the 
increase in wt%Cu caused more Ti2Cu to precipitate, which some authors 
have proposed to be the key contributor to the antibacterial effect [26]. How-
ever, in this study it was considered too early to assume that the intermetallic 
phase was the key driver behind the bacterial reduction observed. 
  

a b
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Paper III: 
The synergistic killing of bacteria by copper containing alloys is said to be a 
result of direct surface contact as well as Cu ion release [12,26,78]. In pur-
suit of understanding more about the direct contact of bacteria to copper 
surfaces, the investigation into aged Ti-Cux alloys was performed (Paper 
III). Based on literature [1,79,80] and previous works [81], the investigated 
Cu alloys were in the range from 0 to 10wt%Cu. The aim of the study was to 
determine the antibacterial, microstructural and corrosion effects of ageing 
Ti-Cux alloys. Therefore alloys were heat treated for ageing at 400˚ C, and 
compared to alloys that were rapidly quenched from elevated temperatures 
(798˚ C). 

The microscopy and X-ray diffraction studies on the materials determined 
that the materials below 3wt%Cu were single phased while those above this 
composition were two-phased, with α-Ti and Ti2Cu present.  

 Results showed that ageing of Ti-Cux alloys (0 to 10wt%Cu) gave more 
Ti2Cu (Figure 12), which is the Cu-rich phase of ~33 atomic %Cu. Howev-
er, when studying the 5wt%Cu (un-aged) alloy, separate Cu rich precipitates 
with ~25 atomic %Cu were observed, which could be evidence that the met-
astable Ti3Cu was present in the material as described by Canale et al. [14]. 
The Ti3Cu phase was low in volume fraction, but peaks at 2θ angles of 20.9˚ 
and 23.4˚ were observed in the 5wt%Cu (un-aged alloy), though not in the 
10wt%Cu alloys.  

Considering the bacterial tests, after 6 hours of exposure to the Ti-Cux al-
loys, the antibacterial rate for the 10wt%Cu alloy was 45% and 42%, for the 
aged (aged at 400˚ C) and un-aged (quenched from 798˚ C) alloys, respec-
tively (Figure 13). Therefore an increase in the wt%Cu did result in greater 
bactericidal effect after 6 hours, but ageing also contributed, though not sig-
nificantly (only a 3% increase). Zhang et al. [26] stated that Ti2Cu is the 
antibacterial phase and found that ageing (at 400˚C) Ti-Cux alloys gave an 
increase in the antibacterial rate, concluding that the increase in Ti2Cu phase 
was proportional to an increase in antibacterial rate [26]. In the present in-
vestigation, the role of Ti2Cu in the antibacterial effect has not been fully 
determined, neither has it been fully elucidated in similar works on the topic 
[26]. Therefore more investigations are required to determine what effect is 
produced by the increase in the Ti2Cu versus other factors that could con-
tribute to the bactericidal effect. 

The ageing should however be used with careful consideration for the 
hardness of the alloy, since Vickers hardness was reduced from 346 Hv to 
182 Hv for the 10wt%Cu alloys. The corrosion in phosphate buffer saline 
(PBS) for the alloys also found that the ageing of the Ti-Cux alloys caused 
faster passivation of the materials (Figure 14). These findings were in 
agreement with other works where it was proposed that ageing and increased 
wt%Cu addition to Ti increased the passivation and corrosion protection 
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[26]. While the present study did not perform analyses in electrochemical 
impedance spectroscopy (EIS) to determine passivation, it is possible that 
the same would be confirmed for the present alloys in PBS. Therefore the 
ageing of the Ti-Cux alloys may be used to induce corrosion protection, but 
mechanical and antibacterial properties should be carefully considered be-
forehand. 

 
Figure 12. Electron images of 10wt%Cu after (A) rapid quenching from 798˚ C, and 
(B) after ageing at 400˚ C. 
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Figure 13. Luminescence counts (mean±SD) for the XEN43 bacteria on Ti-Cux 
alloys after 6 hours of exposure (aged alloys on the right and un-aged alloys on the 
left). The samples indicated with “A” are non-significantly different (p>0.05) to 
those marked “A”. Likewise for “B”, “C” and “D”. Samples with differing letters 
(e.g. “A” compared to “B”) denote significantly different results (p < 0.05). 

 

 
Figure 14. The corrosion plot for the aged (400˚ C) and un-aged (798˚ C) samples 
of CP-Ti, 3wt%Cu and 5wt%Cu. 
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Paper IV: 
The use of Cu as an element in novel inherently antibacterial alloys has been 
investigated recently, and shown success for potential biomaterials 
[26,82,83]. This has been done in binary and recently quaternary alloys of 
titanium [27]. However, alloying the novel TNTZ studied by Niinomi et al. 
[22] that also has been investigated in rats models [23], with Cu has not been 
investigated before. With the aim of developing a copper containing novel 
alloy, Paper IV sought to vary the Cu concentrations to determine the effect 
on microstructural properties when the Ti-10wt%Ta-1.6wt%Nb-1.7wt%Zr 
material was alloyed with Cu. Briefly, the study included modelling using 
the CALPHAD method, electron microscopy, X-ray diffraction, and hard-
ness testing to characterize the materials.  

The CALPHAD studies predicted the β-transus to be at 746˚ C for the 
10wt%Cu alloy in TNTZ-Cux. Differential scanning calorimetry studies de-
termined that the β-transus was at 744˚ C for this alloy, which was reasona-
bly close to the prediction. The X-ray diffraction studies on the material 
found that Ti2Cu was present in the alloys above 3wt%Cu, and below this 
concentration the Cu was proposed to be in solid solution. The Ti2Cu could 
not be seen in the 3wt%Cu alloy with X-ray diffraction, but was observed in 
the alloy when viewed in SEM (Figure 15). In addition to the Ti2Cu phase, a 
Ta-rich phase was observed and the α-Ti phase was also observed, in addi-
tion to what could be the α-Ti-Ta crystal phase, which was proposed to be 
the “bright phase” in the electron images. The bright phase had a nano-
crystalline structure and due to the large number of grain boundaries (GBs) 
observed in the transmission Kikuchi diffraction (TKD) mapped areas (band 
contrast and phase mapping analyses were performed): the bright phase 
could not be indexed using TKD (Figure 16). Furthermore a known crystal-
lographic phase could not be assigned to the bright phase crystals (Figure 
16). It was observed that no β-Ti phase was present in the materials regard-
less of the rapid quenching performed from 747˚ C. This was reasoned to be 
a result of the β to α transformation being driven by active eutectoid trans-
formations and enhanced by Cu addition [25].  

The EDX maps confirmed that the 5wt%Cu contained thin crystals of the 
bright phase enriched in Ta and surrounded by the Ti-rich, α-Ti matrix.  The 
3wt%Cu contained enriched Cu crystals with Ta surrounding the crystals. It 
was therefore proposed that the Cu rich crystals in the 3wt%Cu alloy were 
the Ti2Cu phase surrounded by the Ta rich bright phase. 

The hardness of the alloys (from 0 to 3wt%Cu) significantly increased 
with the addition of Cu, but Cu additions greater than 3wt%Cu did not fur-
ther increase the hardness. This could be due to the Cu rich phases forming 
coarse globular structures in the alloys with higher Cu concentrations. The 
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resultant properties from alloying Cu into TNTZ indicate that, this can lead 
to development of an alloy with good hardness properties and interesting 
microstructural features. The further development of this alloy could focus 
on better understanding of the crystal structure of the bright phase in the 
alloys, as well as the crystal relationships between the different phases that 
form during quenching. Future studies could focus on testing and optimizing 
the antibacterial effect, along with the corrosion properties for the alloys. 

 
Figure 15. Electron images of the TNTZ-Cux alloys of (A) 3wt%Cu and (B) 
5wt%Cu. The phases are shown in the images.  
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Figure 16. TKD and EDX study on 3wt.%Cu alloy in TNTZ-Cux. The TKD study (a) 
displays the band contrast map, (b) phase map and (c) inverse pole figure (IPF) Z 
map with (d) associated pole figures. (e) An electron image of the studied area using 
both techniques. (f-h) EDX mapping of: (f) Cu K series (with X indicating Ti2Cu), 
(g) Ti K series and (h) Ta M series. 
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Discussion 

The study of Cu ions in solution (Paper I) revealed that there are nuanced 
interactions of Cu ions with bacteria and cells. The minimum inhibitory con-
centrations (MIC) was found between 9x10-5 to 9x10-6 g/ml for both bacteria 
and cells, despite that Staphylococcus epidermidis has a cell wall and pro-
teins of CopA and mco to aid its survival when exposed to copper [84]. This 
displays both the toxicity and bactericidal ability of Cu ions. This range of 
toxicity and bactericidal ability is a useful finding for titanium alloys con-
taining Cu, since it allows comparison between different studies and allows 
metallurgists to design materials that avoid toxicity. An example of this is 
the 10wt%Cu alloy that released 7x10-8 g/ml of Cu ions (Paper I), which 
was lower than the MIC. This 10wt%Cu material was also found to have a 
good bone compatibility in rabbit femurs [82], strong antibacterial effect 
after surface treatments [77], and good corrosion properties in various solu-
tions [1]. The fact that despite this material having a low Cu ion release, it 
had antibacterial ability, which alludes to there being additional mechanisms 
that lead to the antibacterial effect of Ti-Cux alloys. This is in-line with find-
ings by Mathews et al. [53] who determined that bacteria were killed by 
contact with a Cu-containing surface. 

Furthermore, Paper I established that a stress response occurred at Cu ion 
concentrations below the MIC, as also determined elsewhere [76]. This im-
plies that an alloy with low Cu ion release and low bacteria-to-surface con-
tact killing could stimulate undesired growth in the bacteria proximal to the 
material, due to stress response. This effect is possibly the reason why in 
Paper III, after 6 hours of exposure (Figure 13), the 1wt%Cu and 3wt%Cu 
(aged and un-aged) had higher luminescence counts than the CP-Ti, 5wt%Cu 
and 10wt%Cu alloys. Therefore alloys of Ti-Cux must be designed to 
achieve appropriate Cu ion release while the surfaces of the alloys must have 
a good antibacterial ability. In search of good antibacterial surfaces, studies 
have focused on surface treatments [12], but herein the approach was to 
adopt heat treatments to alter the microstructures. To this end Paper II and 
Paper III studied varying wt%Cu in alloys of titanium to understand the 
effect of the microstructure on the antibacterial effect. In Paper II, the addi-
tion of 3wt%Cu seemed to have resulted in nano-precipitates of Cu-rich 
phases in the alloy. This was the case in Paper III as well, and in both stud-
ies the small precipitates of the Cu rich phase, after the rapid quenching, 
were not detectable in X-ray diffraction. The ageing at 400˚ C of the 
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3wt%Cu alloy (Paper III) however indicated that the Cu rich phase can be 
precipitated, although the low wt%Cu limits the volume fraction of Cu rich 
phase obtained. This result is in line with the findings of Zhang et al. [26] 
where a 3wt%Cu alloy was determined to have the intermetallic Ti2Cu phase 
present after an ageing heat treatment. The 3wt%Cu alloy did not have a 
notable antibacterial effect in this thesis (Paper II and Paper III), though 
images of the 3wt%Cu after fixation of the bacteria on the surface showed a 
lower bacterial adherence to the surface. 3wt%Cu alloys in similar studies 
were however antibacterial [26]. This discrepancy could be a result of the 
difference in test methods used and durations of exposure between the dif-
ferent studies. The aged and un-aged 5wt%Cu and 10wt%Cu (in Paper III) 
alloys had the two-phase structure with α-Ti and Ti2Cu present, as was found 
in Paper II and other studies on Ti-Cux alloys [25,26,85]. In this thesis how-
ever investigations determined that some Cu rich crystals had ~25% atomic 
% Cu while the majority had ~33 atomic % Cu. This could be evidence of 
the Ti3Cu phase that was described by Canale et al [14], which is metastable 
and likely formed during rapid quenching. More studies are however re-
quired to know if the Ti3Cu phase is present in the alloys, since it was not 
observed in the 10wt%Cu alloys despite the higher Cu concentrations. In 
contrast to Ti3Cu, the Ti2Cu was observed in X-ray diffraction, throughout 
the alloys above 3wt%Cu (Paper II and III). In the 10wt%Cu alloy, nano-
precipitates were observed (Paper III), which was ascribed to the rapid 
quench. The alloys of Paper IV also included the Ti2Cu phase at concentra-
tions above 3wt%Cu, here as well Ti2Cu was not observed for the 3wt%Cu 
alloy in X-ray diffraction. This absence of the phase in diffraction is likely a 
limitation imposed by the instrument. 

The study of the 3wt%Cu alloy in TNTZ-Cux (Paper IV) using electron 
imaging did however show that the Ti2Cu was present at the grain bounda-
ries (GBs), where these were further studied in TKD. The further study of 
the 3wt%Cu and 5wt%Cu found that an additional phase was present in the 
TNTZ-Cux system, and suggested to possibly be the α-Ti-Ta phase. The 
TNTZ-Cux (Paper IV), along with all the studied materials (Paper II and 
III) show that β-Ti cannot be retained at room temperature since copper in 
titanium is an active eutectoid alloy system [25]. The rapid transformation of 
β to α is thus a characteristic of these alloys, and determines the resultant 
phases. While stable phases for these alloys are determined by transfor-
mation kinetics, ageing can be used to alter volume fraction of phases, and 
ultimately the material properties.  

The aged 10wt%Cu alloy (Paper III) demonstrated the most extreme ex-
ample of ageing effects for these materials, where the larger Ti2Cu precipi-
tates in the alloy resulted in a hardness decrease due to over-aging. This al-
loy however had the strongest antibacterial effect of all studied alloys in this 
thesis (R = 45% at 6 hours), but only 3% higher than the un-aged 10wt%Cu 
alloy in the same study. Therefore the un-aged alloy could be more suitable 
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as an inherently antibacterial alloy, since it had high hardness and antibacte-
rial effect. However, some authors [26] recommend that the 3wt%Cu in Ti-
Cux is the ideal Cu concentration, since corrosion protection, antibacterial 
effect and strength are achieved in this material without risk of toxicity ef-
fects. Therefore this alloy could be developed further to achieve a biomateri-
al with suitable properties in respect of mechanical, antibacterial and corro-
sion performance. In Paper III, corrosion for the Ti-Cux alloys was also 
investigated, and found that the alloys aged at 400˚ C experienced faster 
passivation than the un-aged alloys (quenched from 798˚ C). This implied 
that the ageing increased the corrosion protection for the Ti-Cux alloys. This 
was in agreement with the results of Ti-Cux corrosion studies in other works 
[26].  

The development of titanium alloys, with copper added, thus shows that a 
complex mix of properties may be attained. Hence careful consideration 
needs to be made regarding copper ion release, toxicity of copper, stress 
response resulting from copper ions, bacteria-to-metal contacting interfaces, 
chosen heat treatments and hardness.  

Based on the findings from all the titanium-copper alloys developed in 
this thesis, this material system shows promise for future applications, and 
thus this study is a step toward achieving an inherent antibacterial effect for 
implantable materials. 
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Conclusions 

The increase in prevalence of peri-implantitis in recent times, has created a 
burden to the healthcare system. Cost and health risks resulting from this 
disease put the healthcare industry and patients at a disadvantage. With the 
aim of reducing dental implant related infections, bone loss and implant loss, 
studies in this area have focused on using copper (Cu) to induce an antibac-
terial effect in novel biomaterials. This thesis in particular focused on study-
ing Cu ions and Cu-containing titanium alloys to contribute to research on 
inherently antibacterial materials. 

The motivation behind the use of Cu is that it is an essential metal ion in 
co-factors and has known bactericidal properties, which have recently gained 
interest for implant materials. The pro-inflammatory response resulting from 
Cu ions and the creation of reactive oxygen species (ROS) by Cu ions is 
envisioned to aid the defence against bacteria in dental applications. For this 
reason the present thesis focused on Cu and its interactions with cells and 
bacteria, as well as its influence on the properties of titanium alloys. 

In the study on Cu ions (Paper I) their toxicity was investigated and 
found to kill bacteria (Staphylococcus epidermidis) and cells (MC3T3) in the 
same concentration range (10x10-3 to 10x10-5 g/ml). The recommendation 
was also made to avoid Cu ion concentrations in the range from 10x10-6 to 
10x10-7 g/ml due to stress response from bacteria.  

The study of Ti-Cux (Paper II) investigated the addition of Cu to Ti in the 
range from 0 to 10wt%Cu, concluding that α-Ti and Ti2Cu in the 10wt%Cu 
alloy achieved the highest antibacterial rate in a 6-hour period. Further stud-
ies on Ti-Cux alloys (Paper III) also determined that an increase in the vol-
ume fraction of Ti2Cu as a result of ageing a 10wt%Cu alloy, results in a 
small increase (3%) in the antibacterial rate relative to an un-aged sample of 
the same concentration. This implies that the Ti2Cu can have an antibacterial 
effect, but that alloys with low volume fraction of Ti2Cu can also have desir-
able antibacterial effect if the wt%Cu is sufficiently high. The ageing how-
ever also caused the 10wt%Cu to have a lower Vickers hardness than the un-
aged counterpart. Conversely, the ageing improved the corrosion resistance 
of the Ti-Cux alloys. Therefore a careful balancing of desired properties 
should be the objective prior to ageing, so that detrimental material proper-
ties can be avoided for these alloys. 

The study of TNTZ-Cux alloys (Paper IV) demonstrated that Cu alloyed 
into established titanium alloys, was possible and achieved hardening prop-
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erties for the materials. With further studies on this alloy it could be a poten-
tial biomaterial in future, where antibacterial testing and cell studies are rec-
ommended. 

The present thesis therefore found that Cu is a potential antibacterial ele-
ment for use in biomaterials, provided alloys are carefully designed for op-
timal Cu dosage. Toxicity of Cu can be avoided by adherence to recom-
mended dosage levels, and alloys can be developed that offer antibacterial 
properties alongside appropriate hardness and corrosion properties. 
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Future Perspectives 

The use of the investigated alloys in future biomaterials could be possible 
with further development. This is the final aim of the alloys, despite that 
these are novel and much remains to be understood. Further work can be 
focused on the Cu ions in the range from 9x10-5 to 9x10-6 g/ml, as there 
could be a concentration at which cells are viable and bacteria are removed. 
The Cu range of 9x10-6 to 9x10-7 g/ml should also be investigated to under-
stand why bacteria are stimulated to increase their population. The quantita-
tive polymerase chain reaction (qPCR) technique could prove useful for 
understanding the genetic response of bacteria when exposed to Cu ions in 
this range of concentrations. While this study focused on Staphylococcus 
epidermidis, the use of different types of bacteria could determine whether 
Cu is also antibacterial against other bacteria. This applies to cells as well, 
where other cells besides osteoblasts could be tested with the Cu ions to 
determine their respective lethal dosages. Biocompatibility and osseointegra-
tion are key parameters for biomaterials and thus all the alloys can benefit 
from these studies, both in vitro and eventually in vivo. 

The aged Ti-Cux alloys could also be optimized further to achieve optimal 
hardness and antibacterial properties, by adapting the heat treatment temper-
ature and duration of ageing. Future studies on the Ti-Cux alloys could also 
focus on improving hardness, as well as tensile and compressive properties 
through work hardening processes. The corrosion properties are also a possi-
ble area of development for the Ti-Cux alloys. The TNTZ-Cux alloys show 
promise, but these require studies with bacteria to optimize antibacterial 
ability and can be further developed to achieve superior mechanical proper-
ties through careful thermal treatments. Following these investigations, the 
TNTZ-Cux alloys could be optimized in future for corrosion, strength, and 
antibacterial effect.  
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Svensk sammanfattning 

Bakterier är vanligt förekommande organismer som också finns i den 
mänskliga kroppen. De har en viktig roll bland annat i tarmfloran hos männi-
skor, men kan även orsaka infektioner. När patienter historiskt sätt har drab-
bats av bakteriella infektioner så har den adekvata behandlingen varit att 
läkare föreskrivit antibiotika. Med den ökade förskrivningen av antibiotika 
har dock antibiotikaresistens blivit ett alltmer aktuellt problem i Sverige och 
i världen. Antibiotikaresistens innebär att bakterier utvecklar motståndskraft 
mot antibiotika. Exempel på baktieriestammar som har utvecklat antibiotika-
resistens är Staphylococcus aureus och Staphylococcus epidermidis.  
 

Bakterier av denna typ har också förmågan att fästa på ytor, så som im-
plantatytor. Deras överlevnadsstrategi bygger då på att kunna kolonisera 
implantatytan eller omgivande vävnad eller ben. Detta kan leda till infekt-
ioner i vävnaderna runt implantaten, dvs både tandkött och käkben. Så länge 
infektionen bara har drabbat tandköttet runt implantaten är infektionen rever-
sibel och lätt att behandla. Om infektionen tillåts gå djupare drabbas ben-
vävnaden omkring implantatet och det kallas då periimplatit. Om peri-
implantit inte behandlas finns risk för att benvävnad runt implantatet resor-
beras vilken kan leda till att implantatet lossnar. Var femte patient med tan-
dimplantat beräknas få komplikationen periimplantit inom tio år. Vilket är 
ett växande problem då allt fler har implantat och allt fler blir äldre. 

Den förväntade ökningen av periimplantit tillsammans med den allt större 
utmaningen med antibiotikaresistens gör att det behövs nya strategier för att 
bekämpa bakterier kring tandimplantat.  

Tandimplantat är vanligtvis tillverkade i titan (Ti) eller en titanlegering. 
Anledningen till detta är titans goda mekaniska egenskaper, låga densitet, 
höga korrosionsmotstånd och att det inte bara är biokompatibelt utan växer 
ihop direkt med benet genom osseointegration. Titanimplantat har dock inget 
försvar med bakterier som lätt fäster på dess yta och kan orsaka inflammat-
ion och i slutändan periimplantit.  

Huvudsyftet med den här avhandlingen var därför att utveckla nya titan-
legeringar med antibakteriella egenskaper. Koppar (Cu) är ett nödvändigt 
mineralämne för människokroppen, samtidigt som det är dokumenterat anti-
bakteriellt. Strategin för denna avhandling var därför att legera titan med 
koppar och på så sätt tillverka en antibakteriell legering som i framtiden 
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skulle kunna användas till tandimplantat och därmed minska förskrivningen 
av antibiotika.  

 
Det första steget i utvecklingen av Ti-Cu legeringarna var att undersöka 

kopparjoners antibakteriella egenskaper. Ett tandimplantat kommer i mun-
nens miljö att avge en viss mängd metalljoner, även om materialet har ett 
högt korrosionsmotstånd. Den inledande studien fokuserade därför på att 
finna en koncentration kopparjoner som kunde döda bakterier men ändock 
tillät celler att växa nära materialet. Det visade sig att både bakterier och 
celler var känsliga för ungefär samma koncentrationer kopparjoner. Trots 
detta har tidigare studier visat att en legering med 10 vikt% koppar har goda 
antibakteriella egenskaper samtidigt som den också är biokompatibel, vilket 
tyder på att fler mekanismer än frisättningen av kopparjoner ligger bakom 
bakterier och cellers beteende. 

Med detta i åtanke tillverkades Ti-Cu legeringar med 0 till 10 vikt% kop-
par. Studien undersökte både mikrostrukturen hos legeringarna och dess 
antibakteriella egenskaper. Det visade sig att legeringarna blev mer antibak-
teriella med ökad vikt% koppar, vilket var väntat. Vid en kopparhalt på 3 
vikt% eller mer återfanns Ti2Cu, en intermetallisk förening. Ti2Cu har i tidi-
gare studier hypotiserats vara ansvarig för Ti-Cu legeringars antibakteriella 
egenskaper.  

För att vidare undersöka detta jämfördes Ti-Cu legeringar (0-10 vikt% 
Cu) som hade åldrats (en värmebehandling för att utskilja en större mängd 
Ti2Cu) med samma legeringar som istället hade släkts (kylts ner snabbt). Det 
visade sig att åldring ökade legeringarnas korrosionsmotstånd medan deras 
hårdhet sjönk, däremot hade det inte någon nämnvärd effekt på legeringarnas 
antibakteriella förmåga. Det verkar därför som om mängden Ti2Cu inte di-
rekt kan kopplas till legeringarnas antibakteriella förmåga. Vidare studier 
behövs därför för att bättre förstå hur koppar dödar bakterier. Emellertid 
visade studien att man genom att variera kopparhalten och valet av värmebe-
handlingar kan optimera de mekaniska egenskaperna och korrosionsmot-
ståndet, båda viktiga för implantatmaterial, hos Ti-Cu legeringar.      
 

Slutligen undersöktes möjligheten att legera koppar med en titanlegering 
framtagen för biomedicinska tillämpningar, som utöver titan består av tantal 
och små mängder niobium och zirkonium. Tillsatsen av koppar påverkade 
materialets mikrostruktur och ökade även dess hårdhet. Fortsatta studier bör 
titta på legeringens antibakteriella egenskaper och möjligheten att optimera 
dessa tillsammans med de mekaniska egenskaperna och korrosionsmotstån-
det. 
 

Sammanfattningsvis, alla legeringar som har undersökts i den här avhand-
lingen visar lovande egenskaper för antibakteriella biomaterial. Det återstår 
dock att vidare optimera dessa material innan de kan användas kliniskt. 



 57 

Acknowledgements 

Firstly, I would like to thank my main supervisor Caroline for all her hard 
work, effort, guidance, feedback and lessons on writing and the academic 
methods. Thank you for supporting me these four years and for the oppor-
tunity to work in Uppsala toward my PhD. Without your input there would 
not be a PhD thesis or papers, and for that I am truly grateful. I would also 
like to thank Susanne who has had to lead me by the hand in metallurgy, and 
helped me fill my knowledge gaps in this area. I have learned a lot from you 
and without your efforts there would not be a PhD to defend. You always 
say I’m a brave person, and that is true, but you are also brave to work on 
many projects and contribute throughout, regardless of the situation. Håkan, 
I would like to thank you for the opportunity to join your lab, your feedback 
when asked, your guidance and helpful discussions. I learned a great deal 
about the PhD process, the bigger picture and you helped me realise that this 
is but the start of new things. Without your help, I would also have been lost 
and I am grateful for your input, especially near the end. I believe I would 
not have made it here without the help of my supervisors and I hope I could 
make you proud.  
In addition to the supervisors, I would like to thank Cecilia, Maryam and 
Wei, who have helped me with questions I had, and problems that needed a 
different perspective. Another key person has been Ingrid R., who with ad-
ministrative issues has been a huge help to me, thank you. Bagge, you’re 
brilliant, and thanks for the help with the computer issues that needed your 
assistance. Sara R., thanks so much for all the help with the administrative 
parts of the PhD. 
To all the MIM members, it’s been a great pleasure of this PhD to take the 
journey with you all. Many have departed for greener pastures, but I will 
mention as many as I can remember. I would like to thank Luimar who is a 
great office mate, Ingrid A., my previous office mate. Both of you gave me 
insights into the PhD process and what needed consideration besides the 
alloys I was working on. Shuili and Michael, I appreciate you guys; Camilla 
and Amina, you guys are great, and it’s been a pleasure to work with you. 
Anna E., thank you for your guidance when asked, and Victoria who has 
given me help with pushing the limits of the SEM instruments. Celine, Dan, 
Le Fu, Song, Torbjörn, Oscar, Susanne L., Charlotte, Sara (from Italy), Da-
vid, Henry, and all the others, thank you for your contributions. Alejandro, 
thank you for being a great lab manager in the MIM group. If I forget any-



 58 

one please excuse me and allow me to put your name here_______. I appre-
ciate everything that you have given me even if just a simple “hello” - it’s 
been a pleasure. 
Federico, Gabriel, Sara, Gemma, Sean, Anna-Maria and others from MST, 
you guys are great. Hasan, Omar, YuanYuan, and others from the ELMIN 
group, thanks for all the help. Lisa, Carl-Johan, Anders, Petra, and others 
from Tribo, thank you for all the help. Hanna, Jenny, and others from Poly-
mer Chemistry, thanks so much for the help in the lab. The guys in Inorganic 
chemistry: Martin, Cesar, Girma, Dennis, Pedro, Ulf, and others, thank you 
for all the discussions and help. From Physics, Dibya, you’re the coolest guy 
from Chicago, thanks for the help and encouragement. Lars, Fredrik, Amit 
and all the others in the cleanroom, it’s been brilliant to work with you all. 
To my collaborators in South Africa: Arno, Johan, William, Greta, Lesley 
Cornish, Lesley Chown, Dayanda, Sive and others, thank you all for your 
efforts. The list goes on, and it is a testimony that a PhD has one name on it, 
but many in contribution. 
 
To my Uppsala friends: Anders, Karl, Jonas, Richard, Fredrik, Kat, every-
one at UppX, Alireza, Mats and others, thank you for your help and support, 
laughs and fun times. To my friends in Spain: Maria, Marilina, Manu, 
Clara, Elena, Maribel, and others, thank you so much for everything you 
have done for me. You’re the best ever. 
To my Cape Town friends: Wendy and Roscoe, I appreciate you both so 
much and I wish I could share this with you guys. To the South Africans in 
Uppsala: Tegan, Funeka, Fiona, Po and Timmy, thank you for your support. 
To the Vestman family - Sirpa, Veikko, Denise and Dong - thank you for all 
your support and affection, it’s been so nice to spend time with you, and get 
to know you all. To Josefin, you have been one of my biggest supporters 
during the final parts of my PhD. I really appreciate you, the efforts you 
make and happiness you add daily. You mean a lot to me and I’m glad I can 
share this with you “Vesti”. 
Finally to my family in Cape Town: it’s been a road to get here, and I am 
grateful to every one of you. Mom, dad, Tes, Aunt V, Gino, and everyone 
else, you’re the best. Jodi, my biggest competitor, and oldest friend, I know 
that you will do your PhD too, you’re the toughest person I know, and I want 
to offer this PhD to you. I hope you will never give up and never let anyone 
stand in your way. Remember, the obstacle becomes the way (by Marcus-
Aurelius, so they don’t say I took his words)!  
  



 59 

References 

[1] C. Liu, E. Zhang, Biocorrosion properties of antibacterial Ti–10Cu sintered 
alloy in several simulated biological solutions, J. Mater. Sci. Mater. Med. 26 
(2015). https://doi.org/10.1007/s10856-015-5459-6. 

[2] P.-I. Brånemark, U. Breine, R. Adell, B.O. Hansson, J. Lindström, Å. 
Ohlsson, Intra-Osseous Anchorage of Dental Prostheses: I. Experimental 
Studies, Scand. J. Plast. Reconstr. Surg. 3 (1969) 81–100. 
https://doi.org/10.3109/02844316909036699. 

[3] M. Niinomi, Y. Liu, M. Nakai, H. Liu, H. Li, Biomedical titanium alloys with 
Young’s moduli close to that of cortical bone, Regen. Biomater. 3 (2016) 
173–185. https://doi.org/10.1093/rb/rbw016. 

[4] J. Stráský, P. Harcuba, K. Václavová, K. Horváth, M. Landa, O. Srba, M. 
Janeček, Increasing strength of a biomedical Ti-Nb-Ta-Zr alloy by alloying 
with Fe, Si and O, J. Mech. Behav. Biomed. Mater. 71 (2017) 329–336. 
https://doi.org/10.1016/j.jmbbm.2017.03.026. 

[5] L. Zhang, K. Wang, L. Xu, S. Xiao, Y. Chen, Effect of Nb addition on micro-
structure, mechanical properties and castability of β-type Ti–Mo alloys, Trans. 
Nonferrous Met. Soc. China. 25 (2015) 2214–2220. 
https://doi.org/10.1016/S1003-6326(15)63834-1. 

[6] J. Kärrholm, H. Lindahl, H. Malchau, M. Mohaddes, S. Nemes, C. Rogmark, 
O. Rolfson, Swedish Hip Arthroplasty Register Annual Report 2016, Sweden, 
2016. https://registercentrum.blob.core.windows.net/shpr/r/Annual-Report-
2016-B1eWEH-mHM.pdf (accessed July 26, 2018). 

[7] R.M. Klevens, M.A. Morrison, J. Nadle, S. Petit, K. Gershman, S. Ray, L.H. 
Harrison, R. Lynfield, G. Dumyati, J.M. Townes, A.S. Craig, E.R. Zell, G.E. 
Fosheim, L.K. McDougal, R.B. Carey, S.K. Fridkin, Active Bacterial Core 
surveillance (ABCs) MRSA Investigators, Invasive methicillin-resistant 
Staphylococcus aureus infections in the United States, JAMA. 298 (2007) 
1763–1771. https://doi.org/10.1001/jama.298.15.1763. 

[8] S.R. Gill, D.E. Fouts, G.L. Archer, E.F. Mongodin, R.T. Deboy, J. Ravel, I.T. 
Paulsen, J.F. Kolonay, L. Brinkac, M. Beanan, R.J. Dodson, S.C. Daugherty, 
R. Madupu, S.V. Angiuoli, A.S. Durkin, D.H. Haft, J. Vamathevan, H. 
Khouri, T. Utterback, C. Lee, G. Dimitrov, L. Jiang, H. Qin, J. Weidman, K. 
Tran, K. Kang, I.R. Hance, K.E. Nelson, C.M. Fraser, Insights on evolution of 
virulence and resistance from the complete genome analysis of an early 
methicillin-resistant Staphylococcus aureus strain and a biofilm-producing 
methicillin-resistant Staphylococcus epidermidis strain, J. Bacteriol. 187 
(2005) 2426–2438. https://doi.org/10.1128/JB.187.7.2426-2438.2005. 

[9] S. Sakka, P. Coulthard, Implant failure: Etiology and complications, Med. 
Oral Patol. Oral Cirugia Bucal. (2011) e42–e44. 
https://doi.org/10.4317/medoral.16.e42. 



 60 

[10] E. Unosson, M. Morgenstern, H. Engqvist, K. Welch, In vitro antibacterial 
properties and UV induced response from Staphylococcus epidermidis on 
Ag/Ti oxide thin films, J. Mater. Sci. Mater. Med. 27 (2016). 
https://doi.org/10.1007/s10856-015-5662-5. 

[11] M. Li, Z. Ma, Y. Zhu, H. Xia, M. Yao, X. Chu, X. Wang, K. Yang, M. Yang, 
Y. Zhang, C. Mao, Toward a Molecular Understanding of the Antibacterial 
Mechanism of Copper-Bearing Titanium Alloys against Staphylococcus aure-
us, Adv. Healthc. Mater. 5 (2016) 557–566. 
https://doi.org/10.1002/adhm.201500712. 

[12] Y. Cao, B. Su, S. Chinnaraj, S. Jana, L. Bowen, S. Charlton, P. Duan, N.S. 
Jakubovics, J. Chen, Nanostructured titanium surfaces exhibit recalcitrance 
towards Staphylococcus epidermidis biofilm formation, Sci. Rep. 8 (2018). 
https://doi.org/10.1038/s41598-018-19484-x. 

[13] S. Calderon Velasco, A. Cavaleiro, S. Carvalho, Functional properties of ce-
ramic-Ag nanocomposite coatings produced by magnetron sputtering, Prog. 
Mater. Sci. 84 (2016) 158–191. https://doi.org/10.1016/j.pmatsci.2016.09.005. 

[14] P. Canale, C. Servant, Thermodynamic Assessment of the Cu–Ti System 
Taking into Account the New Stable Phase CuTi3, Z. Für Met. 93 (2002) 
273–276. https://doi.org/10.3139/146.020273. 

[15] K.C.H. Kumar, I. Ansara, P. Wollants, L. Delaey, Thermodynamic optimisa-
tion of the Cu-Ti system, Z. Für Met. 87 (1996) 666–672. 

[16] C. Leyens, M. Peters, eds., Titanium and Titanium Alloys: Fundamentals and 
Applications, 1st ed., Wiley, 2003. https://doi.org/10.1002/3527602119. 

[17] PDF-4+ 2019, ICDD. (n.d.). http://www.icdd.com/index.php/pdf-4/ (accessed 
May 10, 2019). 

[18] K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, 
volumetric and morphology data, J. Appl. Crystallogr. 44 (2011) 1272–1276. 
https://doi.org/10.1107/S0021889811038970. 

[19] M. Niinomi, Low-Modulus Ti Alloys Suitable for Rods in Spinal Fixation 
Devices, in: K. Sasaki, O. Suzuki, N. Takahashi (Eds.), Interface Oral Health 
Sci. 2016, Springer Singapore, 2017: pp. 3–21. 

[20] D. Kuroda, M. Niinomi, M. Morinaga, Y. Kato, T. Yashiro, Design and me-
chanical properties of new β type titanium alloys for implant materials, Mater. 
Sci. Eng. A. 243 (1998) 244–249. https://doi.org/10.1016/S0921-
5093(97)00808-3. 

[21] R. Banerjee, S. Nag, J. Stechschulte, H.L. Fraser, Strengthening mechanisms 
in Ti–Nb–Zr–Ta and Ti–Mo–Zr–Fe orthopaedic alloys, Biomaterials. 25 
(2004) 3413–3419. https://doi.org/10.1016/j.biomaterials.2003.10.041. 

[22] M. Niinomi, T. Hattori, K. Morikawa, T. Kasuga, A. Suzuki, H. Fukui, S. 
Niwa, Development of Low Rigidity &beta;-type Titanium Alloy for Biomed-
ical Applications, Mater. Trans. 43 (2002) 2970–2977. 
https://doi.org/10.2320/matertrans.43.2970. 

[23] P. Stenlund, O. Omar, U. Brohede, S. Norgren, B. Norlindh, A. Johansson, J. 
Lausmaa, P. Thomsen, A. Palmquist, Bone response to a novel Ti–Ta–Nb–Zr 
alloy, Acta Biomater. 20 (2015) 165–175. 
https://doi.org/10.1016/j.actbio.2015.03.038. 

[24] J. Liu, X. Zhang, H. Wang, F. Li, M. Li, K. Yang, E. Zhang, The antibacterial 
properties and biocompatibility of a Ti–Cu sintered alloy for biomedical ap-



 61 

plication, Biomed. Mater. 9 (2014) 025013. https://doi.org/10.1088/1748-
6041/9/2/025013. 

[25] H. Donthula, B. Vishwanadh, T. Alam, T. Borkar, R.J. Contieri, R. Caram, R. 
Banerjee, R. Tewari, G.K. Dey, S. Banerjee, Morphological evolution of 
transformation products and eutectoid transformation(s) in a hyper-eutectoid 
Ti-12 at% Cu alloy, Acta Mater. 168 (2019) 63–75. 
https://doi.org/10.1016/j.actamat.2019.01.044. 

[26] E. Zhang, J. Ren, S. Li, L. Yang, G. Qin, Optimization of mechanical proper-
ties, biocorrosion properties and antibacterial properties of as-cast Ti–Cu al-
loys, Biomed. Mater. 11 (2016) 065001. https://doi.org/10.1088/1748-
6041/11/6/065001. 

[27] Z. Ke, C. Yi, L. Zhang, Z. He, J. Tan, Y. Jiang, Characterization of a new Ti-
13Nb-13Zr-10Cu alloy with enhanced antibacterial activity for biomedical 
applications, Mater. Lett. 253 (2019) 335–338. 
https://doi.org/10.1016/j.matlet.2019.07.008. 

[28] Z. Ma, L. Ren, R. Liu, K. Yang, Y. Zhang, Z. Liao, W. Liu, M. Qi, R.D.K. 
Misra, Effect of Heat Treatment on Cu Distribution, Antibacterial Perfor-
mance and Cytotoxicity of Ti-6Al-4V-5Cu Alloy, J. Mater. Sci. Technol. 31 
(2015) 723–732. https://doi.org/10.1016/j.jmst.2015.04.002. 

[29] Z. Ma, M. Yao, R. Liu, K. Yang, L. Ren, Y. Zhang, Z. Liao, W. Liu, M. Qi, 
Study on antibacterial activity and cytocompatibility of Ti-6Al-4V-5Cu alloy, 
Mater. Technol. 30 (2015) B80–B85. 
https://doi.org/10.1179/1753555714Y.0000000237. 

[30] M. Al-Sabbagh, L.M. Shaddox, Is Peri-Implantitis Curable?, Dent. Clin. 
North Am. 63 (2019) 547–566. https://doi.org/10.1016/j.cden.2019.02.003. 

[31] A. Mazel, S. Belkacemi, P. Tavitian, G. Stéphan, D. Tardivo, J.H. Catherine, 
G. Aboudharam, Peri-implantitis risk factors: A prospective evaluation, J. In-
vestig. Clin. Dent. 10 (2019) e12398. https://doi.org/10.1111/jicd.12398. 

[32] M. Hultin, A. Gustafson, H. Hallström, L.-Å. Johansson, A. Ekfeldt, B. 
Klinge, Microbiological findings and host response in patients with peri
implantitis, Clin Oral Impl Res. 13 (2002) 349–358. 

[33] K. Deepak, K. Avineet, S. Sachdeva, S. Bikramdeep, M. Kamra, Assessment 
of factors leading to peri- implantitis - A clinical study, J. Adv. Med. Dent. 
Sci. Res. 7 (2019) 59–61. https://doi.org/DOI:10.21276/jamdsr. 

[34] C.-T. Lee, Y.-W. Huang, L. Zhu, R. Weltman, Prevalences of peri-implantitis 
and peri-implant mucositis: systematic review and meta-analysis, J. Dent. 62 
(2017) 1–12. https://doi.org/10.1016/j.jdent.2017.04.011. 

[35] N.U. Zitzmann, T. Berglundh, Definition and prevalence of peri-implant dis-
eases, J. Clin. Periodontol. 35 (2008) 286–291. https://doi.org/10.1111/j.1600-
051X.2008.01274.x. 

[36] C. Fransson, U. Lekholm, T. Jemt, T. Berglundh, Prevalence of subjects with 
progressive bone loss at implants, Clin. Oral Implants Res. 16 (2005) 440–
446. https://doi.org/10.1111/j.1600-0501.2005.01137.x. 

[37] A. Alani, M. Kelleher, K. Bishop, Peri-implantitis. Part 1: Scope of the prob-
lem, Br. Dent. J. 217 (2014) 281–287. https://doi.org/10.1038/sj.bdj.2014.808. 

[38] M.A. Atieh, N.H.M. Alsabeeha, C.M. Faggion, W.J. Duncan, The frequency 
of peri-implant diseases: a systematic review and meta-analysis, J. Periodon-
tol. 84 (2013) 1586–1598. https://doi.org/10.1902/jop.2012.120592. 



 62 

[39] J. Derks, C. Tomasi, Peri-implant health and disease. A systematic review of 
current epidemiology, J. Clin. Periodontol. 42 Suppl 16 (2015) S158-171. 
https://doi.org/10.1111/jcpe.12334. 

[40] C. Fransson, J. Wennström, C. Tomasi, T. Berglundh, Extent of peri-
implantitis-associated bone loss, J. Clin. Periodontol. 36 (2009) 357–363. 
https://doi.org/10.1111/j.1600-051X.2009.01375.x. 

[41] MarketWatch, Dental Implants Market secure 5.0% growth to overtake $5.2 
billion by 2024, Mark. Inc. (2019). https://www.marketwatch.com/press-
release/dental-implants-market-secure-50-growth-to-overtake-52-billion-by-
2024-2019-02-28 (accessed August 25, 2019). 

[42] P.M. Hawkey, The growing burden of antimicrobial resistance, J. Antimicrob. 
Chemother. 62 (2008) i1–i9. https://doi.org/10.1093/jac/dkn241. 

[43] S. Burt, Essential oils: their antibacterial properties and potential applications 
in foods—a review, Int. J. Food Microbiol. 94 (2004) 223–253. 
https://doi.org/10.1016/j.ijfoodmicro.2004.03.022. 

[44] M. Ramos, A. Jiménez, M. Peltzer, M.C. Garrigós, Characterization and anti-
microbial activity studies of polypropylene films with carvacrol and thymol 
for active packaging, J. Food Eng. 109 (2012) 513–519. 
https://doi.org/10.1016/j.jfoodeng.2011.10.031. 

[45] S.T. Khan, M. Khan, J. Ahmad, R. Wahab, O.H. Abd-Elkader, J. Musarrat, 
H.Z. Alkhathlan, A.A. Al-Kedhairy, Thymol and carvacrol induce autolysis, 
stress, growth inhibition and reduce the biofilm formation by Streptococcus 
mutans, AMB Express. 7 (2017). https://doi.org/10.1186/s13568-017-0344-y. 

[46] L. Yang, L. Jing, Y. Jiao, L. Wang, J.T. Marchesan, S. Offenbacher, M.H. 
Schoenfisch, In Vivo Antibacterial Efficacy of Nitric Oxide-Releasing Hyper-
branched Polymers against Porphyromonas gingivalis, Mol. Pharm. (2019). 
https://doi.org/10.1021/acs.molpharmaceut.9b00671. 

[47] N. Kawabata, M. Nishiguchi, Antibacterial activity of soluble pyridinium-type 
polymers., Appl. Environ. Microbiol. 54 (1988) 2532–2535. 

[48] I. Yoda, H. Koseki, M. Tomita, T. Shida, H. Horiuchi, H. Sakoda, M. Osaki, 
Effect of surface roughness of biomaterials on Staphylococcus epidermidis 
adhesion, BMC Microbiol. 14 (2014) 234. https://doi.org/10.1186/s12866-
014-0234-2. 

[49] Y.F. Zheng, B.B. Zhang, B.L. Wang, Y.B. Wang, L. Li, Q.B. Yang, L.S. Cui, 
Introduction of antibacterial function into biomedical TiNi shape memory al-
loy by the addition of element Ag, Acta Biomater. 7 (2011) 2758–2767. 
https://doi.org/10.1016/j.actbio.2011.02.010. 

[50] E. Jäger, J. Schmidt, A. Pfuch, S. Spange, O. Beier, N. Jäger, O. Jantschner, 
R. Daniel, C. Mitterer, Antibacterial Silicon Oxide Thin Films Doped with 
Zinc and Copper Grown by Atmospheric Pressure Plasma Chemical Vapor 
Deposition, Nanomaterials. 9 (2019) 255. 
https://doi.org/10.3390/nano9020255. 

[51] V. Stranak, H. Wulff, H. Rebl, C. Zietz, K. Arndt, R. Bogdanowicz, B. Nebe, 
R. Bader, A. Podbielski, Z. Hubicka, R. Hippler, Deposition of thin titanium–
copper films with antimicrobial effect by advanced magnetron sputtering 
methods, Mater. Sci. Eng. C. 31 (2011) 1512–1519. 
https://doi.org/10.1016/j.msec.2011.06.009. 

[52] L. Ren, J. Chong, A. Loya, Q. Kang2, J.L. Stair, L. Nan, G. Ren, Determina-
tion of Cu 2+ ions release rate from antimicrobial copper bearing stainless steel 



 63 

by joint analysis using ICP-OES and XPS, Mater. Technol. 30 (2015) B86–
B89. https://doi.org/10.1179/1753555714Y.0000000264. 

[53] S. Mathews, M. Hans, F. Mücklich, M. Solioz, Contact Killing of Bacteria on 
Copper Is Suppressed if Bacterial-Metal Contact Is Prevented and is Induced 
on Iron by Copper Ions, Appl. Environ. Microbiol. 79 (2013) 2605–2611. 
https://doi.org/10.1128/AEM.03608-12. 

[54] Wilson Disease | NIDDK, Natl. Inst. Diabetes Dig. Kidney Dis. (n.d.). 
https://www.niddk.nih.gov/health-information/liver-disease/wilson-disease 
(accessed October 1, 2019). 

[55] P.C. Bull, G.R. Thomas, J.M. Rommens, J.R. Forbes, D.W. Cox, The Wilson 
disease gene is a putative copper transporting P–type ATPase similar to the 
Menkes gene, Nat. Genet. 5 (1993) 327–337. https://doi.org/10.1038/ng1293-
327. 

[56] D.M. Danks, P.E. Campbell, J. Walker-Smith, B.J. Stevens, J.M. Gillespie, J. 
Blomfield, B. Turner, MENKES’ KINKY-HAIR SYNDROME, The Lancet. 
299 (1972) 1100–1103. https://doi.org/10.1016/S0140-6736(72)91433-X. 

[57] L. Pontel, S. Checa, F. Soncini, Bacterial Copper Resistance and Virulence, 
in: Bact.-Met. Interact., Springer International Publishing, Cham, 2015: pp. 
14–61. https://doi.org/10.1007/978-3-319-18570-5. 

[58] C. Rensing, B. Fan, R. Sharma, B. Mitra, B.P. Rosen, CopA: An Escherichia 
coli Cu(I)-translocating P-type ATPase, Proc. Natl. Acad. Sci. U. S. A. 97 
(2000) 652–656. https://doi.org/10.1073/pnas.97.2.652. 

[59] Y.-M. Kuo, B. Zhou, D. Cosco, J. Gitschier, The copper transporter CTR1 
provides an essential function in  mammalian embryonic development, Proc. 
Natl. Acad. Sci. U. S. A. 98 (2001) 6836–6841. 
https://doi.org/10.1073/pnas.111057298. 

[60] F. Wolschendorf, D. Ackart, T.B. Shrestha, L. Hascall-Dove, S. Nolan, G. 
Lamichhane, Y. Wang, S.H. Bossmann, R.J. Basaraba, M. Niederweis, Cop-
per resistance is essential for virulence of Mycobacterium tuberculosis, Proc. 
Natl. Acad. Sci. 108 (2011) 1621–1626. 
https://doi.org/10.1073/pnas.1009261108. 

[61] X. Lu, Theoretical modeling of molar volume and thermal expansion, Com-
prehensive Summary, KTH Royal Institute of Technology, 2005. 
http://kth.diva-portal.org/smash/get/diva2:8131/FULLTEXT01.pdf (accessed 
October 23, 2019). 

[62] G. Lindwall, Multicomponent Diffusional Reactions in Tool Steels: Experi-
ment and Theory, Comprehensive Summary, KTH Royal Institute of Tech-
nology, 2012. http://kth.diva-
portal.org/smash/get/diva2:559785/FULLTEXT01.pdf. 

[63] S.N. Gunasekara, Phase Equilibrium-aided Design of Phase Change Materials 
from Blends: For Thermal Energy Storage, Comprehensive Summary, KTH 
Royal Institute of Technology, 2017. http://kth.diva-
portal.org/smash/get/diva2:1135830/FULLTEXT01.pdf. 

[64] H.L. Lukas, S.G. Fries, B. Sundman, Computational thermodynamics: the 
CALPHAD method, Cambridge University Press, Cambridge ; New York, 
2007. 

[65] FIZ Karlsruhe ICSD, (2017). https://icsd.fiz-
karls-



 64 

ruhe.de/search/basic.xhtml;jsessionid=C0628A8B31AF7DEF1BD1AAE0D3
E6FBDA (accessed June 12, 2017). 

[66] G. Vander Voort, Materials Characterization & Testing: Microstructure of 
Titanium and its Alloys, Ind. Heat. 73 (2006) 77–80, 82–84. 

[67] L. Nadai, B. Katona, A. Terdik, E. Bognar, Chemical etching of titanium 
samples, Period. Polytech. Mech. Eng. 57 (2013) 57–57. 
https://doi.org/10.3311/PPme.7046. 

[68] J. Goldstein, D.E. Newbury, D.C. Joy, C.E. Lyman, P. Echlin, E. Lifshin, L. 
Sawyer, J.R. Michael, Scanning Electron Microscopy and X-Ray Microanaly-
sis: Third Edition, 3rd ed., Springer US, 2003. 
https://www.springer.com/gp/book/9780306472923 (accessed October 1, 
2019). 

[69] D.B. Williams, C.B. Carter, Transmission Electron Microscopy: A Textbook 
for Materials Science, 2nd ed., Springer US, 2009. 
https://www.springer.com/gp/book/9780387765006 (accessed October 1, 
2019). 

[70] ISO 10993-12:2002 - Biological evaluation of medical devices, ISO 10993-
12:2002 - Biological evaluation of medical devices -- Part 12: Sample prepa-
ration and reference materials, n.d. https://www.iso.org/standard/35331.html 
(accessed July 30, 2018). 

[71] ISO 10993-15:2000(en), Biological evaluation of medical devices, 
ISO 10993-15:2000(en), Biological evaluation of medical devices — Part 15: 
Identification and quantification of degradation products from metals and al-
loys, n.d. https://www.iso.org/obp/ui/#iso:std:iso:10993:-15:ed-1:v2:en (ac-
cessed July 30, 2018). 

[72] M. Pujari-Palmer, S. Pujari-Palmer, X. Lu, T. Lind, H. Melhus, T. Engstrand, 
M. Karlsson-Ott, H. Engqvist, Pyrophosphate Stimulates Differentiation, Ma-
trix Gene Expression and Alkaline Phosphatase Activity in Osteoblasts, PLoS 
ONE. 11 (2016). https://doi.org/10.1371/journal.pone.0163530. 

[73] C. Vuong, S. Kocianova, J. Yu, J.L. Kadurugamuwa, M. Otto, Development 
of Real Time In Vivo Imaging of Device Related Staphylococcus epidermidis 
Infection in Mice and Influence of Animal Immune Status on Susceptibility to 
Infection, J. Infect. Dis. 198 (2008) 258–261. https://doi.org/10.1086/589307. 

[74] D. Wiedmer, F.C. Petersen, J. Lönn-Stensrud, H. Tiainen, Antibacterial effect 
of hydrogen peroxide-titanium dioxide suspensions in the decontamination of 
rough titanium surfaces, Biofouling. 33 (2017) 451–459. 
https://doi.org/10.1080/08927014.2017.1322585. 

[75] EUCAST: MIC determination of non-fastidious and fastidious organisms, 
Eur. Comm. Antibact. Susceptibility Test. EUCAST. (2019). 
http://www.eucast.org/ast_of_bacteria/mic_determination/?no_cache=1 (ac-
cessed April 16, 2019). 

[76] J. Baker, S. Sitthisak, M. Sengupta, M. Johnson, R.K. Jayaswal, J.A. Morris-
sey, Copper Stress Induces a Global Stress Response in Staphylococcus aure-
us and Represses sae and agr Expression and Biofilm Formation, Appl. Envi-
ron. Microbiol. 76 (2010) 150–160. https://doi.org/10.1128/AEM.02268-09. 

[77] E. Zhang, C. Liu, Effect of surface treatments on the surface morphology, 
corrosion property, and antibacterial property of Ti–10Cu sintered alloy, Bio-
med. Mater. 10 (2015) 045009. https://doi.org/10.1088/1748-
6041/10/4/045009. 



 65 

[78] J. Jenkins, A.H. Nobbs, P. Verkade, B. Su, Characterisation of bactericidal 
titanium surfaces using electron microscopy, (2018) 17. 

[79] Z. Ma, M. Li, R. Liu, L. Ren, Y. Zhang, H. Pan, Y. Zhao, K. Yang, In vitro 
study on an antibacterial Ti-5Cu alloy for medical application, J. Mater. Sci.-
Mater. Med. 27 (2016) 91. https://doi.org/10.1007/s10856-016-5698-1. 

[80] E. Zhang, F. Li, H. Wang, J. Liu, C. Wang, M. Li, K. Yang, A new antibacte-
rial titanium–copper sintered alloy: Preparation and antibacterial property, 
Mater. Sci. Eng. C. 33 (2013) 4280–4287. 
https://doi.org/10.1016/j.msec.2013.06.016. 

[81] L. Fowler, O. Janson, H. Engqvist, S. Norgren, C. Öhman-Mägi, Antibacterial 
investigation of titanium-copper alloys using luminescent Staphylococcus ep-
idermidis in a direct contact test, Mater. Sci. Eng. C. 97 (2019) 707–714. 
https://doi.org/10.1016/j.msec.2018.12.050. 

[82] B. Bai, E. Zhang, H. Dong, J. Liu, Biocompatibility of antibacterial Ti–Cu 
sintered alloy: in vivo bone response, J. Mater. Sci. Mater. Med. 26 (2015). 
https://doi.org/10.1007/s10856-015-5600-6. 

[83] E.-L. Zhang, S. Fu, R.-X. Wang, H.-X. Li, Y. Liu, Z.-Q. Ma, G.-K. Liu, C.-S. 
Zhu, G.-W. Qin, D.-F. Chen, Role of Cu element in biomedical metal alloy 
design, Rare Met. 38 (2019) 476–494. https://doi.org/10.1007/s12598-019-
01245-y. 

[84] K. Poole, At the Nexus of Antibiotics and Metals: The Impact of Cu and Zn 
on Antibiotic Activity and Resistance, Trends Microbiol. 25 (2017) 820–832. 
https://doi.org/10.1016/j.tim.2017.04.010. 

[85] F.F. Cardoso, A. Cremasco, R.J. Contieri, E.S.N. Lopes, C.R.M. Afonso, R. 
Caram, Hexagonal martensite decomposition and phase precipitation in Ti–Cu 
alloys, Mater. Des. 32 (2011) 4608–4613. 
https://doi.org/10.1016/j.matdes.2011.03.040. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1868

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-395303

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2019


	Abstract
	List of Papers
	Author’s contributions
	Contents
	Abbreviations
	Introduction
	Aims of Thesis
	Titanium alloys and the possibility of inherent antibacterial ability
	Peri-implantitis
	Antibacterial strategies for dental implants
	Cu ions used by macrophages in inflammatory response
	Materials and Methods
	Calculation of Phase diagrams (CALPHAD)
	Arc Melting
	Homogenisation and heat treatments
	Microstructural investigation
	X-ray diffraction
	Light Optical Microscopy (LOM)
	Scanning Electron Microscopy (SEM)
	Focused Ion Beam (FIB)
	Energy Dispersive X-ray Spectroscopy (EDX)
	Transmission Kikuchi diffraction (TKD)
	Scanning transmission electron microscopy (STEM)
	Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
	Biological studies
	Cell viability assay
	Bacteria viability tests
	Corrosion studies
	Sample preparation
	Electrochemical testing

	Results
	Paper I:
	Paper II:
	Paper III:
	Paper IV:

	Discussion
	Conclusions
	Future Perspectives
	Svensk sammanfattning
	Acknowledgements
	References



