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Abstract 

Titanium and its alloys are widely used in load bearing biomedical implants 

owing to their adequate mechanical properties, corrosion resistance and 

biocompatibility. However, some concerns remain such as poor tribocorrosion 

resistance (combined action of wear and corrosion) and lack of bioactivity. By 

adding hard ceramic reinforcement particles into a Ti matrix, by producing 

titanium matrix composites (TMCs), it is possible to improve the tribocorrosion 

behaviour of Ti through direct and indirect strengthening mechanisms. In order to 

enhance the bioactivity, simple techniques such as micro-arc oxidation (MAO) or 

thermal oxidation (TO) treatments can be used to biofunctionalize the Ti-based 

surfaces by forming thick TiO2 layers with improved biological properties.  

This PhD work aimed to produce biofunctionalized TMCs, to improve both 

the tribocorrosion and biological behaviour of Ti. The effect of distinct 

reinforcement phases (Al2O3, B4C, and in-situ TiB and TiC reinforcement phases) 

and processing methods and parameters on the corrosion and tribocorrosion 

behaviour of Ti were studied in physiological solutions at body temperature. 

TMCs were processed by conventional powder metallurgy or hot-pressing, 

followed by MAO or TO treatments on Ti-Al2O3, Ti-B4C, and Ti-TiB-TiC composite 

surfaces. Electrochemical characterization was performed by potentiodynamic 

polarization and electrochemical impedance spectroscopy tests. Tribocorrosion 

tests were carried out in tribometer with a reciprocating ball-on-plate configuration 

where open circuit potential or current evolution were monitored before, during 

and after sliding.  

Compared to unreinforced Ti, TMCs reinforced with a relatively low 

percentage of reinforcement phases (3 − 10 %vol.), presented considerably lower 

wear volume losses after tribocorrosion tests, also tended to show reduced 

tendency to corrosion as well as reduced corrosion kinetics during sliding action. 

Biofunctionalized composites presented improved corrosion and tribocorrosion 

behaviour compared to untreated composites. On the other hand, 

biofunctionalized TMCs also presented improved tribocorrosion behaviour under 

harsher conditions compared to biofunctionalized unreinforced Ti surfaces. 

In-situ Ti-TiB-TiC composites showed promising results regarding biological 
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behaviour, since reinforcement phases did not jeopardize the biocompatibility of 

Ti, where the results also hinted at improved bioactivity.  

Thus, within the limitations of this work, it can be concluded that 

biofunctionalized TMCs may have the potential for load bearing biomedical 

implants.  

 

Keywords: Titanium matrix composites, Corrosion, Tribocorrosion, 

Biofunctionalization 
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Resumo 

O titânio e as suas ligas são amplamente usados em implantes biomédicos, 

uma vez que possuem propriedades mecânicas adequadas, excelente 

resistência à corrosão e biocompatibilidade. No entanto, ainda existem algumas 

preocupações, tais como a baixa resistência à tribocorrosão (ação combinada 

entre desgaste e corrosão) e a baixa bioatividade. Através da introdução de 

partículas cerâmicas duras numa matriz de Ti, para produzir compósitos de 

matriz de titânio (CMT), é possível aumentar a resistência à tribocorrosão devido 

a mecanismos de reforço diretos e indiretos. De modo a melhorar a bioatividade, 

técnicas relativamente simples como a oxidação por micro-arco ou oxidação 

térmica podem ser usadas para biofuncionalizar superfícies de Ti, através da 

formação de camadas espessas de TiO2 com melhores propriedades biológicas.  

Esta tese de doutoramento teve como objetivo a produção de CMT com 

superfícies biofuncionalizadas com o intuito de melhorar a resistência à 

tribocorrosão e o comportamento biológico do Ti. O efeito da adição de fases de 

reforço distintas (Al2O3, B4C ou fases TiB e TiC formadas in-situ), assim como o 

método e parâmetros de processamento no comportamento à corrosão e à 

tribocorrosão do Ti foram estudados em soluções fisiológicas à temperatura 

corporal. Os compósitos foram processados ou por metalurgia dos pós 

convencional ou por hot-pressing, de seguida as superfícies dos compósitos 

foram biofuncionalizadas por oxidação por micro-arco ou por oxidação térmica. 

Os testes de corrosão consistiram em testes de polarização potenciodinâmica e 

espectroscopia de impedância eletroquímica, enquanto os testes de 

tribocorrosão foram realizados num tribómetro com uma configuração bola-placa 

com movimento recíproco, onde tanto o potencial de circuito aberto ou corrente 

foram monitorizados antes, durante e após o deslizamento.  

Em comparação com o Ti não reforçado, compósitos reforçados com uma 

percentagem de reforço relativamente baixa (3 − 10 %vol.), apresentaram 

volumes de desgaste consideravelmente mais baixos. Para além disso, os CMT 

também tendiam a apresentar menor tendência e taxa de corrosão durante o 

deslizamento. Já os compósitos biofuncionalizados apresentaram uma 

resistência à corrosão e à tribocorrosão superiores aos compósitos não tratados, 

assim como um melhor comportamento à tribocorrosão em condições mais 
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extremas (cargas superiores) quando comparado com o Ti tratados nas mesmas 

condições. Os compósitos in-situ apresentaram resultados promissores no que 

toca ao comportamento biológico, para além da biocompatibilidade não ter sido 

comprometida, os resultados sugerem que os compósitos apresentam uma 

maior bioatividade em relação ao Ti não reforçado.  

Assim, e tendo em conta as limitações deste trabalho, é possível concluir 

que CMT com superfícies biofuncionalizadas apresentam potencial para a 

produção de implantes biomédicos.  

 

Palavras-Chave: Compósitos de matriz de titânio, Corrosão, Tribocorrosão, Bio-

funcionalização. 
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Structure of the Thesis 

For a better understanding of this thesis, a brief outline of the document will 

be given in this section. This document is divided in 10 different chapters, as 

briefly described below. 

In Chapter 1, the main motivation for the development of this work is given. 

A brief introduction about the total hip replacement (THR) market is provided, 

where a connection is made between this topic and the main objectives of this 

work.  

The state-of-art of the most relevant topics for this thesis is given in 

Chapter 2. These include a contextualization of THR surgery, the main 

characteristics of the materials used in the fabrication of hip implants, and the 

main challenges that these materials face in real conditions. Emphasis on 

corrosion and tribocorrosion properties of titanium matrix composites (TMCs), 

specifically Ti-B4C and Ti-Al2O3 composites, was given as they were one of the 

main focuses of this work. B4C and in-situ TiB and TiC reinforcement phases 

(obtained by reacting Ti and B4C powders) were chosen once it is reported that 

these phases are one of the best options to produce TMCs. On the other hand, 

Al2O3 was selected since it is a well-known material used in hip implants (femoral 

head) due to its high wear resistance and biocompatibility. In addition, specific 

emphasis was given to micro-arc oxidation (MAO) and thermal oxidation (TO) 

treatments as these were the surface treatments studied in this work.  

The main results and conclusions of this work will be given through chapters 

3 to 9 in the form of scientific papers (some published, and others submitted or 

to be submitted in peer-reviewed journals). The outline of these works can be 

seen in Figure 1. 

“Influence of Ti-Al intermetallic phases on the corrosion and 

tribocorrosion behaviour of Ti-Al2O3 composites” is presented in Chapter 3. 

The overall corrosion and tribocorrosion behaviour of TMCs is heavily influenced 

by the interface between the reinforcement phases and metal matrix. The role of 

Ti-Al intermetallic phases formed due to Ti + Al2O3 reaction on the corrosion and 

tribocorrosion behaviour of Ti-Al2O3 composites was studied. On the 

tribocorrosion behaviour, the effect of parameters such as contact pressure, 

frequency and sliding time was also evaluated. 



 xx 

In Chapter 4 the “Corrosion and tribocorrosion behaviour of Ti-B4C 

composites processed by conventional sintering and hot-pressing 

technique” is given. In order to obtain TMCs with the desired properties, it is 

essential to choose an adequate processing technique. At the same time, other 

factors such as the overall complexity and cost of the selected processing method 

should also be considered. This chapter compares the overall properties of 

Ti-B4C composites processed by a relatively simple technique (conventional 

sintering) and a more advanced processing technique (hot-pressing). The 

influence of both processing methods on the corrosion and tribocorrosion 

behaviour of TMCs was studied. Additionally, unreinforced titanium processed 

under the same conditions was used as control groups in order to understand the 

role of B4C reinforcement phases.  

 “Preliminary tribo-electrochemical and biological responses of the 

Ti-TiB-TiCx in-situ composites intended for load-bearing biomedical 

implants” is presented in Chapter 5. In-situ TiB and TiC reinforcements have 

been considered one of the best options to produce TMCs, mainly due to the 

strong interfacial bonding of the reinforcement phases with the Ti matrix. Over 

the years, several studies reported the mechanical properties of Ti-TiB-TiC 

composites. However very few studies have reported their corrosion and 

tribocorrosion behaviour. In this work, in-situ Ti-TiB-TiC composites were 

produced by reactive hot-pressing. The reinforcement phases were constituted 

by clusters of small grains of TiB and TiCx phases. The corrosion and 

tribocorrosion response of this system was evaluated together with a preliminary 

approach on its biological response. 

Anodic treatment, more specifically MAO treatment, was first studied in 

Chapter 6, “Tribocorrosion behaviour of bio-functionalized porous Ti 

surfaces obtained by two-step anodic treatment”. A bio-functionalized porous 

surface was obtained on CP (commercially pure) Ti by a two-step anodic 

treatment. While the first-step provided macro-porosity, the second-step, a bio-

functionalization process by MAO, led to micro-pores and bio-active surface. The 

corrosion and tribocorrosion behaviour of bio-functionalized hierarchical porous 

surfaces were evaluated in this chapter. 
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The effect of MAO treatment on Ti-Al2O3 composite surfaces was studied in 

Chapter 7, “Tribocorrosion-resistant biofunctionalized Ti-Al2O3 

composites”. The main goal was to investigate the influence of this treatment 

on these composite surfaces. Firstly, Ti-Al2O3 composites were processed under 

two different processing temperatures in order to obtain distinct amounts of Ti-Al 

intermetallic phases, followed by MAO treatment. The influence of the extension 

of the reaction zone formed due to Ti and Al2O3 reaction on corrosion and 

tribocorrosion behaviour of the as processed composites was described together 

with the influence of MAO treatment on Ti-Al2O3 composites.  

In Chapter 8, the “Effect of Micro-arc oxidation and thermal oxidation 

treatments on Ti-B4C composite surfaces intended for biomedical 

applications” was studied. Due to the different nature of the reinforcement 

phases, the mechanisms of oxide layer growth and the final structures were quite 

different depending on the surface treatment. The roles of the MAO and TO layers 

on the corrosion and tribocorrosion behaviour were also accessed. 

The final study is presented in Chapter 9: “Micro-arc and thermal 

oxidation treated in-situ Ti composites intended for load-bearing 

biomedical implants”. The objective of this study was to investigate the 

influence of both MAO and TO treatments on in-situ composites developed in 

chapter 5. The effect of both treatments on corrosion and tribocorrosion 

behaviour of in-situ Ti-TiB-TiCx composites was described.  

Finally, in Chapter 10, a general discussion and link of all results, from 

Chapter 3 to Chapter 9, is given. The main and most relevant conclusions of this 

work are also presented in this chapter. As a final point, some future works that 

could be of interest for further development of biofunctionalized composites for 

biomedical applications are suggested. 
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Introduction, motivation, and objectives 

Global life expectancy has been improving each year. In the last two 

decades alone, life expectancy increased by more than 6 years [1]. By 2030, 

persons with or older than 60 years old are projected to account for one in six 

people worldwide [1,2]. However, with age, there are also increasing incidences 

of chronic diseases including cardiovascular, osteoporosis, and osteoarthritis 

(OA) related problems, among many others. OA is one of the most common 

diseases and it is expected to rise in the following years. Clinically, this disease 

is mainly characterized by joint pain, stiffness and limitation of motion [3].  

Since there is no known cure for OA, medical implants such as 

hip-replacements are considered as one of the best options for end-stage OA. 

Increased awareness of the benefits of hip-replacement surgery, technological 

development, improved healthcare infrastructures, and increased global 

acceptance of medical implants are also responsible for the orthopaedic implant 

market growth [4]. From 2018 alone, revenue from the sale of orthopaedic 

implants was estimated as 46 billion euros [5].  

Hip replacements are used when the hip joint of the patient is damaged or 

diseased to restore the strength and motion of the hip and to relieve pain [6]. Total 

hip replacement (THR) is considered as one of the most successful orthopaedic 

surgery, with around 90% survivorship at 15 years follow-up [7], and considered 

by some as the “orthopaedic operation of the century” [8]. However, these 

implants do not last indefinitely, and given enough time in-situ, they will eventually 

fail due to numerous reasons including problems related to corrosion, wear, lack 

of bonding between the implant and the bone, inflammations, among others [9]. 

It was estimated that a hip implant would last 25 years in 58% of the patients [10]. 
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Naturally, the lifespan of such an implant will also depend on several factors such 

as the design of the implant, surgeon expertise and factors related to the patient 

itself, including age, weight, level of activity, and the overall health.  

Once implant failure occurs, a revision surgery is needed, which not only is 

an expensive surgery, but its success rate is also less when compared with the 

first implementation [11]. As it would be expected, if the patient received THR at 

a young age, the chance for revision surgery is higher. For example, the 

probability for revision surgery is about 5% for patients with age above 70 years 

old. However, if they are between 50 to 54 years old, this probability increases to 

around 29% [12]. If younger patients are considered, this chance will be even 

higher. Considering the economic impact and more importantly, the patient 

wellbeing, the chance for revision surgery should be reduced. Postponing this 

surgery as much as possible is an option, however, until there, the quality of life 

of the patient will also be severely reduced. In this way, efforts must be made to 

achieve more lasting implants.  

Two critical aspects of implant success reside on the tribocorrosion 

resistance (combined action of wear and corrosion) and bioactivity needed to 

achieve a good fixation with the adjacent bone. In hip implants, the femoral 

component (stem) and the bone are fixed to each other. However, it is known that 

micromotions (small amplitude displacement or vibrations) occur at the interface, 

leading to a particular form of tribocorrosion known as fretting corrosion. Small 

amplitude oscillations also occur at the interface between different components 

of the implant such as the interface between the femoral head and femoral 

stem [13]. The consequences of tribocorrosion can be devastating since they can 

lead to implant loosening and its adverse biological response from wear debris 

and metallic ion release, including allergies, inflammations and even 

carcinomas [14–16].  

Regarding the fixation of the implant, there are two options: cemented or 

cementless fixation. Cemented fixation, where cement is used to fix the implant 

to the adjacent bone, is usually used in older patients and less active people [17]. 

This method has the advantage of providing rapid fixation after implementation, 

providing a better short-term clinical outcome. However,  it is not satisfactory in 

the long run, especially for a young and active person [18]. Due to poor 

mechanical properties, the cement is considered a weak point in a cemented 
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implant, as eventually the cement will also wear out and revision surgery will be 

needed [17]. To achieve better long-term properties, cementless fixation was 

developed. In this method, the prosthesis is directly fixated to the bone by 

osteointegration. Bone ingrowth at the bone/implant interface is obtained with 

porous and bioactive surfaces [16,17,19]. 

Ti and its alloys found their use in biomedical implants in 1940, in virtue of 

its outstanding properties such as high corrosion resistance, high strength, low 

density, relatively low Young´s modulus, and high biocompatibility [16,20,21]. 

When compared to their main competitors as stainless steel and cobalt-chromium 

alloys, Ti and its alloys have the advantage of possessing overall lower Young’s 

modulus (110 to 55 GPa for Ti alloys), against 210 GPa and 240 GPa for stainless 

steel (316L) and cobalt-chromium alloys, respectively. Young’s modulus is one 

of the key properties for these kinds of implants, as Young’s modulus closer to 

the bone (between 15 and 30 GPa) are preferred to avoid stress shielding 

problems. While titanium has strength very close to cobalt alloys and stainless 

steels, it possesses lower density and thus higher strength to density ratio [9,16]. 

Despite being frequently used in hip implants, low tribocorrosion resistance and 

lack of bioactivity are still concerns regarding Ti-based hip implants.  

Regarding tribocorrosion resistance, it is well known that the addition of hard 

ceramic particles into a metallic matrix can significantly improve the wear 

resistance of the base material [22]. For that reason, metal matrix composites 

(MMCs) have found many applications in the automotive and aerospace sectors.  

However, they are yet to be considered for load bearing biomedical implants in 

the biomedical implant market. 

Al2O3 could be an interesting choice to produce titanium matrix composites 

(TMCs), as it is already used in this type of implants. In the last years, femoral 

heads made of alumina composites have been increasing due to higher wear 

resistance and very low risk of osteolysis in the long term. The risk of ceramic 

composite femoral head failure was found to be very low in the last years, and 

are often related to displacements, geometric mismatch between the femoral 

head and the acetabular cup and/or severe traumatic conditions but not to the 

mechanical failure of the material itself [23–25]. 

On the other hand, boron carbide (B4C) or reaction products due to reaction 

with Ti, being TiC and TiB phases, could also be potential reinforcement 
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candidates to produce TMCs for biomedical applications. Nowadays, TiB and TiC 

reinforcements are considered one of the best options to produce TMCs. They 

possess several advantages such as high hardness, high wear resistance, good 

biocompatibility, good corrosion resistance, and similar density and thermal 

expansion coefficients to titanium [26–30]. Furthermore, in-situ TMCs reinforced 

with TiC and TiB can be easily processed by combining Ti and B4C powders. 

In order to improve the integration of the implanted material with the 

surrounding bone and tissue, a range of surface modification techniques can be 

used. Commercially used techniques such as arc deposition, plasma spray, and 

sintered metal beads are used to improve the osteointegration of hip-implants by 

the formation of a porous surface to induce bone ingrowth and thus mechanical 

interlocking of the implant. In addition, hydroxyapatite (HA) coatings are often 

combined with porous structures to improve osteointegration further. Despite 

being relatively successful in improving osteointegration, these techniques do not 

provide adequate wear resistance [31–34].  

Micro-arc oxidation (MAO) is a type of anodic treatment (AT), where several 

hundreds of volts are applied to the desired surface to produce a porous, 

crystalline, and thick titanium oxide layer that is recognized for having good 

osteointegration capabilities [35,36]. It has been widely reported that these 

structures can improve the bioactivity of titanium [37–39]. Besides increasing 

bioactivity, this type of layers also presents other advantages that are of extreme 

importance for biomedical devices, such as high corrosion and wear 

resistance [40–42]. 

On the other hand, thermal oxidation (TO) is also a simple and cost-effective 

technique that can be used to improve the bioactivity of Ti. This technique takes 

advantage of the high reactivity of Ti with air and/or water, to promote the growth 

of the native TiO2 passive layer and alter its properties, such as crystal structure, 

topography, and chemical composition in a way to improve bioactivity [43–46]. 

Considering these problems associated with hip implant failure, this PhD 

work hypothesized that TMCs with biofunctionalized surfaces can improve both 

tribocorrosion resistance and bioactivity of titanium. Thus, this PhD work aimed 

to develop tribocorrosion-resistant, bio-functionalized MMCs for hip implants. The 

objective was to produce distinct TMCs, being ex-situ Ti-Al2O3 composites, 
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ex-situ Ti-B4C composites and in-situ Ti-TiB-TiC composites and then to 

biofunctionalize the composite surfaces through MAO and TO treatments. 

The main innovative objectives are given below: 

• To process, characterize and study the effect of reinforcement particles 

and in-situ phases on the corrosion and tribocorrosion behaviour of 

three distinct TMCs: Ti-Al2O3, Ti-B4C and Ti-TiB-TiC composites; 

• to biofunctionalize the composite surfaces by MAO (with incorporation 

of bioactive elements such as Ca and P) and/or by TO; 

• to study the effect of MAO and TO treatments on the corrosion and 

tribocorrosion behaviour of composites; 

• to assess the bioactivity of the composite surfaces by understanding 

the in vitro biological phenomena and mechanisms that regulate cell 

adhesion and proliferation. 
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2.1. Total Hip Replacement (THR) 

The natural hip joint can be considered one of the most weight bearing joints 

in the human body, playing a major role in the static and dynamic physiology of 

the locomotor system. The synovial hip joint is mainly consisted of two distinct 

parts: the femoral head, sitting on the top of the femur, and the acetabulum, a 

cup-like depression present in the pelvis. The femoral head has a hemispherical 

shape and is fitted completely in the concavity of the acetabulum. In addition, 

both are covered by cartilage, which is thicker at the places of weight bearing. 

Due to several factors such as diseases like rheumatoid arthritis and 

osteoarthritis, fractures, dislocations and accidents, the hip joint can be 

permanently damaged [1–4]. 

THR or total hip arthroplasty (THA) is a medical procedure where the 

diseased cartilage, the femoral head and the acetabulum are surgically replaced 

with artificial materials (hip implant). When the hip joint of the patient is severely 

damaged or diseased, THR may be considered the best option to relieve pain 

and restore the strength and motion of the hip [4–6].  

There are various types of hip implants on the market, which can be divided 

in five major categories: metal on metal (MoM), metal on polyethylene (MoP), 

ceramic on metal (CoM), ceramic on ceramic (CoC) and ceramic on polyethylene 

(CoP) [7]. Traditional hip implants are composed of four distinct parts: the stem, 

the femoral head, the acetabular cup and the liner, as shown in Fig. 2.1 [8,9]. The 

stem (femoral component) is the part of the implant inserted on the medullary 

canal of the femur. Its purpose is it to fix the femoral side of the hip prosthesis to 
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the femoral bone and ensure a uniform load transfer from the prosthesis to the 

lower limb [9]. The highest mechanical stresses are observed in this component, 

thus high mechanical strength and fatigue resistance are required. The fixation 

of the stem to the bone can be done by two different ways: cemented or 

cementless fixation. Each method has its advantages and disadvantages and 

nowadays there is still controversy about the best approach [10,11]. In general, 

cemented fixation is clinically better in the short-term and it can be used when 

the bone has a poor quality for a cementless fixation [10,12]. However, it can 

present problems in long-term once the cement can wear out, leading to implant 

loosening and/or adverse biological reactions from wear debris [12]. 

In order to avoid these problems cementless fixation was developed. In this 

method, the prosthesis is directly fixated to the bone by osteointegration. Bone 

ingrowth at the bone–implant interface is obtained with porous and bioactive 

surfaces [8,11,12]. This fixation method has the advantage of providing better 

long-term fixation. However, it is hard to achieve a good initial fixation which can 

result in implant loosening and pain [13].  

The femoral head is responsible for articular coupling between the stem and 

the acetabular cup. This component is attached to the stem’s neck by a taper 

junction and to the inner part of the acetabular cup. The critical parameters for 

this component include the mechanical resistance of the material, roughness, 

and diameter. The surface roughness must be as low as possible to reduce 

friction and wear rates. The diameter plays an important role in determining the 

full range of motion achievable by the prosthesis. Higher diameters allows higher 

range of motion and improved stability, however, higher diameters also result in 

higher wear rates [14]. 

The liner or insert fits into the acetabular cup and its purpose is to allow the 

femoral head to move smoothly in the acetabular socket. This component can be 

made of polymeric, metallic or ceramic materials, each with advantages and 

disadvantages. The material choice depends on the minimum thickness of the 

acetabular cup to ensure mechanical stability, which differs on the size of the iliac 

bone present in the pelvis, where the acetabular cup is inserted [9].  

The acetabular cup is fixed to the pelvis and its purpose is to provide 

mechanical stability for the liner. Similar to the stem, the acetabular cup can be 

either fixed by cemented or cementless fixation. In addition, screws can also be 
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used to improve the fixation. In the case of cementless fixations, the external 

surface of the acetabular cup must provide adequate osteointegration, which is 

usually achieved by porous structures and/or hydroxyapatite (HA) coatings. In 

MoM pairs, the acetabular cup can also act as a liner, however, this configuration 

presents a major disadvantage. If the inner part of the acetabular cup is worn-out 

and revision surgery is needed, replacing the whole acetabular cup, even if it 

shows good osteointegration is necessary. Therefore, the modularity 

liner/acetabular cup is usually preferred [9].  

 

Figure 2.1. Main components of a traditional hip implant (adapted from [9]). 

2.1.1. Biomaterials for hip implants 

Materials used in orthopaedic implants, especially in load bearing 

applications, should possess an adequate combination of properties to achieve 

a long-lasting implant. These include mechanical properties such as strength and 

Young’s modulus, biocompatibility, corrosion and tribocorrosion resistance, and 

bioactivity in the case of cementless implants [8,15]. The supporting components 

of the implant (stem and acetabular cup) are usually made of stainless steel, 

cobalt-chromium (CoCr) alloys or Ti alloys, mainly due to their biocompatibility, 

adequate mechanical properties and high corrosion resistance, owing to the 

spontaneous formation of a protective passive film on the surface when in contact 

with the body environment [16]. Naturally, it is expected that these materials will 

not cause any adverse biological reactions after implantation. In general terms, a 

material can be considered biocompatible if it does not cause any harm to 

surround tissues in the long-term.[17]. 

Adequate mechanical properties including tensile strength, hardness, 

fatigue strength and Young’s modulus also make these materials suitable for 

these applications. Young’s modulus is particularly important since a mismatch 
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in Young’s modulus between the implant and the surrounding bone can lead to 

stress-shielding effect. If insufficient stress is transferred to the bone, its mineral 

density will decrease leading to bone resorption and eventually to implant 

loosening after some years. Bone structures (cortical bone) usually present 

Young’s modulus between 10 and 30 GPa. Since the implant is subjected to 

repeated cyclic loads during its life cycle, fatigue strength is also of high 

importance. 

Corrosion and tribocorrosion resistance are also important, since wear 

debris and/or metallic ions released to the surrounding tissue can lead to adverse 

local tissue reactions (ALTRs). In addition, mechanical failure and implant 

loosening can also be a consequence of corrosion and wear. For cementless 

implants, materials should also possess good osteointegration capabilities to 

achieve an adequate fixation with the adjacent bone. 

Stainless steels (iron-carbon based alloys) containing Cr, Ni, Mo, Mn and C 

alloying elements were the first used materials in the fabrication of hip-implants 

in 1948 [18]. Relative ease of machining, forming, and hardening made stainless 

steel a strong candidate to produce hip implants. Compared to CoCr and Ti 

alloys, stainless steels present superior fatigue strength, ductility, are easier to 

machine and are cheaper. Despite this, stainless steels are sensitive to crevice 

and pitting corrosion, which limits their use in porous structures and narrow down 

their applications. The main austenitic steels used in implant materials are low 

carbon stainless steels such as ASTM F138/139 316 L (21Cr-10Ni-3Mn-2.5Mo), 

nitrogen-strengthened stainless steels such as ASTM 1314 

(22Cr-12.5Ni-5Mn-2.5Mo–0.30N), and Nickel free stainless steels such as ASTM 

1314 F2229 (23Mn-21Cr-1Mo-0.95N). Nickel free stainless steels were also 

developed, once it has been reported that Nickel ions can act as allergens and 

thus have an harmful effect on the human body [8,19,20]. 

CoCr alloys are among the most used materials in the fabrication of hip 

implants owning to their high corrosion and wear resistance [21]. These alloys 

typical contain 30 to 60 % Co and 20 to 30 % Cr, being CoCrMo and CoNiCrMo 

alloys the most used. The main CoCr alloys used in hip implants include: ASTM 

F75 (Co-28Cr-6Mo) alloy, ASTM F90 (Co-20Cr-15W-10Ni) alloy and ASTM F562 

(Co-35Ni-20Cr-10Mo) alloy, among others [19]. The high corrosion resistance of 

CoCr is due to the high reactivity of Co and Cr, which oxidize rapidly under the 
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biological medium, leading to the formation of a protective oxide film such as 

Cr2O3 [22]. Cr is added to improve the corrosion resistance, while Co is added to 

enhance the mechanical properties of the alloy [8]. Compared to stainless steels 

and titanium alloys, CoCr alloys have the advantage of having superior wear 

resistance [23].  

Amongst various metallic materials, Ti and Ti alloys have been widely used 

for a wide range of biomedical applications. These materials were first used in 

mid-1940s and after that have been receiving great attention due to their unique 

properties [24]. When compared to stainless steels and CoCr alloys, Ti and Ti 

alloys have the advantage of possessing relatively lower Young’s modulus (110 

to 55, 210, and 240 GPa for Ti or Ti alloys, stainless steel 316L and CoCr alloys, 

respectively). While Ti has tensile strength very close to that of Co alloys and 

stainless steels (550–1000, 450–650 and 450–950 MPa for Ti alloys, stainless 

steel and CoCr alloys, respectively [25]), it possesses lower density. Therefore 

when comparing strength to density ratio, Ti outperforms the other two 

materials [8,15]. CoCr alloys and stainless steels may also cause adverse 

biological effects in the human body due to the release of elements such as Ni, 

Cr, and Co to the surrounding tissue. Commercially, α + β Ti alloys, have been 

the most commonly used to produce hip implants, with Ti-6Al-4V alloy being by 

far the most common even today [26–28]. This alloy was introduced in 1946 for 

aeroplane applications and soon became an exceptional alloy for biomedical 

applications due to its comparatively higher mechanical performance than 

CP (commercially pure) Ti [19,27,29]. After some years, new alloys were 

introduced to further decrease Young’s modulus and to gradually decrease or 

even eliminate the amount of Al and V from the alloy composition, due to 

concerns regarding Al and V ions leading to long-term health problems [15]. 

Considering these aspects, Ti-6Al-7Nb and Ti-6Al-2.5Fe alloys were developed 

to substitute V. These alloys are also known as α + β microstructure and present 

very similar properties to Ti-6Al-4V alloy [30,31]. Other α + β alloys were also 

developed such as Ti-5Al-2.5Fe, Ti-15Zr-4Nb-2Ta-0.2Pd, Ti-5Al-3Mo-4Zr and 

Ti-15Sn-4Nb-2Ta. Low Young’s modulus β type Ti alloys containing compatible 

alloying elements, such as Nb, Zr and Ta have also been developed, once Nb 

and Zr elements are not released to the biological environment as metallic ions 

and instead are incorporated into the passive layer. Additionally, these alloys 
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present good formability and ductility. The most known β type alloys are 

Ti-29Nb-13Ta-4.6Zr, Ti-12Mo-6Zr-2Fe (TMZF) and Ti-35Nb-7Zr-5Ta 

(TiOsteum) [29]. β type alloys also show corrosion behaviour comparable to 

CP Ti or other known Ti alloys such as Ti-6Al-4V [29,32,33].  

To achieve more lasting implants through cementless implantation, there 

was also the need to improve the osteointegration with the surrounding bone. 

Thus, the use of rough and porous surfaces in femoral stems were developed 

and increased in the last years [27,34]. These surfaces promote bone ingrowth 

(firm fixation through bone growth into a porous structure) and bone ongrowth 

(fixation between the implant and the bone through bone growth on rough 

surfaces) [35]. 

Rough surfaces are used for bone ongrowth and are characterized by their 

macro- and micro- structures with average roughness values (Ra) between 4 and 

15 µm. Surfaces for bone ongrowth can be achieved by different methods 

including blasted surfaces, where Ti or the Ti alloy is bombarded by hard and 

wear resistant particles, such as Al2O3, to obtain average Ra values ranging from 

4 to 10 µm. Other methods include etching, where chemical and electrochemical 

processes are used to generate rough surfaces, as well as machining, drilling 

and milling operations, which are also usually followed by blasting operation [36]. 

Porous surfaces for bone ingrowth can be obtained through several 

methods. Commercially, the most used include cancellous-structured titanium 

(CSTi), diffusion bonding, sintered metal beads, mesh structures, and porous 

coatings through the thermal plasma spray technique. 

The goal of CSTi structures is to mimic the overall structure of the 

cancellous bone, characterized by interconnected pores. Generally, these 

structures present between 50 and 60% porosity and average pore sizes of 

500 µm. To obtain these structures, Ti powders are mixed with a polymer pore 

former. In this way, during sintering the polymer is evaporated and the porous Ti 

structure is left behind [37]. 

Mesh structures consist of Ti wires welded in such a way to achieve a 

porous structure of about 50 to 60 % porosity and pore sizes ranging from 100 µm 

up to 400 µm. These structures are obtained through diffusion bonding process 

where the wires are attached to a Ti or Ti alloy substrate [37]. 
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Spherical metal beads with diameters ranging from a few microns to 1 mm 

in diameter are used to produce porous beaded surfaces. In this process the 

beads are glued together to the stem or acetabular cup substrate be means of a 

soluble binder. Afterwards, the beaded-coated implant is sintered at high 

temperatures leading to binder removal (evaporation) and solid-stat diffusion 

between the bead and the substrate. This process can also be repeated multiple 

time to obtain coating with higher thickness. Porosity between 30 to 50% and 

pore sizes ranging from 100 to 500 µm can be obtained through this 

process [37,38]. 

Nowadays, plasma spray coating is widely used to obtain porous structures. 

This technique not only is cost effective, but it is also very versatile since it is 

readily applicable to all implant designs. In 1984, cementless implants coated 

with HA through plasma spraying were introduced by Ronald Furlong. Synthetic 

HA has similar properties to the inorganic component of bone and has been found 

to have osteoinductive properties (induce bone formation). Many of today brands 

that produce cementless hip implants incorporate a HA coating with very good 

results in terms of implant fixation in the long run [39–44]. Despite being an 

effective method by itself, HA coatings produced by plasma spray still present 

some concerns such delamination, the disintegration of the coating, brittleness 

and HA wear particles, all of which can lead to third body wear, inflammations, 

and implant loosening [45,46]. In order to avoid these issues, today many 

manufactures combine porous structures with HA coatings. These implants have 

a double layer structure that consist of a porous Ti layer coated with HA layer. 

HA coatings in a porous structure show improved bonding, thus reduced risk of 

delamination, as well as improved implant fixation to the bone since the increased 

osteoconductivity of HA promotes bone ingrowth into the porous structure. The 

plasma spray technique also has the capability and advantage of producing both 

structures (Ti porous layer and HA layer) [44–46].  

Despite the large number of techniques that can be used to produce porous 

surfaces, the Ti core of these implants is still mostly obtained through machining 

operations of Ti blanks. Due to low thermal conductivity and high reactivity of Ti 

and its alloys, machining is incredibly difficult and thus time and cost intensive. 

Due to the nature of machining operations, a large amount of raw material is also 

lost during the process [47].  
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In the last years, additive manufacturing (AM) techniques have been gaining 

traction. AM techniques can produce complex geometries with tailored porous 

structures and with much more design freedom. Additionally, complex designs, 

result in lighter components and at the same time reduce material waste due to 

near net-shape implants. The main AM techniques used to produce porous Ti 

structures include selective laser melting (SLM), laser metal deposition (LMD) 

and electron beam melting (EBM). These techniques function on a layer-by-layer 

basis where a high energy beam/laser is used to melt the Ti powders and form 

the desired geometry. AM techniques offer several advantages over the more 

traditional methods however some shortcomings still need to be solved for a more 

widespread adoption. These include the high cost of AM technologies, 

processing scalability, poor surface finish, residual stresses, among 

others [48–51]  

Bearing surfaces in hip implats, i. e. the liner and femoral head, must have 

low coefficient of friction (COF), high surface hardness, wear resistance, 

biocompatibility, and bioinertness. Currently, the gold standard is still a metal on 

polymer bearing couple, where a femoral head made of CoCr alloy slides on an 

ultra-high molecular weight polyethylene (UHMWPE) liner [52,53]. UHMWPE 

was first used as liner in 1958 and is characterized by its long chains of ethylene 

monomers. Compared to other polymers, UHMWPE offers superior wear 

resistance, high fracture toughness and biocompatibility [54]. Similar to other 

materials, UHMWPE polymers also faced some problems earlier on, mainly 

degradation of the mechanical properties due to sterilization, inadequate implant 

geometry, low shelf life, and oxidative degradation, all of which resulted in 

increased wear rates. UHMWPE wear particles were found to cause osteolysis 

and eventually failure of the implant. In order to improve the wear resistance, high 

crosslinked polyethylene (XLPE) was developed and introduced in orthopaedics 

in the late 1970s. In orthopaedic applications, crosslinking of UHMWPE is 

obtained through high-energy irradiation through either gamma or electron beam 

radiation, to obtain polymer chains with stable C-C bonds and thus higher 

molecular weight. After crosslinking, the polymer is heat treated and finally 

sterilized. Studies showed an improvement in wear resistance over the base 

UHMWPE [55]. However, due to heat treatment, XLPE tends to present inferior 

tensile strength, Young´s modulus, elongation-to-break and fatigue resistance to 
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UHMWPE, nonetheless, mechanical properties are still above the ones 

required [54]. Currently, research is being made to improve the drawbacks of 

XLPE, such as the addition of antioxidants like vitamin E and surface 

treatments [27]. 

Ceramic on ceramic bearings (CoC), including the femoral head and the 

liner, were introduced in the late 1960s and since then have been subjected to a 

few iterations, mainly to reduce the risk of fracture. Ceramic materials are 

promising when it comes to the higher life-span of hip implants. Compared to 

other bearing couples, CoC bearings show higher wear resistance and lower 

COF values. In addition, wear particles from these bearing are relatively inert with 

very low risk of osteolysis [56]. Alumina (Al2O3) was the first ceramic to be used 

in THR, due to its biocompatibility and high wear resistance. Despite early studies 

showing significantly lower wear volume losses, there was still significant implant 

failure due to fracture. In the following years after its first use, considerable efforts 

were made, mainly on the manufacturing process, to improve the fracture 

toughness of alumina. The second generation of alumina bearings contained 

small amounts of magnesium oxide (MgO) to prevent grain growth during 

processing. Later, alumina bearings were processed by hot isostatic pressing 

(HIP), which allowed denser microstructures and improved mechanical 

properties [57]. Along the years, the risk of fracture for alumina bearings has 

decreased considerably [56]. In the early years of CoC bearings, zirconia was 

also used. Zirconia (ZrO2) and ytrria-stabilized zirconia (YSZ) were used in 

femoral heads instead of Al2O3, due to increased fracture toughness and bending 

strength. However, after some years, it was found that under the environmental 

conditions of the human body (moisture and stress), ZrO2 could undergo a phase 

transition, which could lead to catastrophic failure due to increased risk of fracture 

and wear [58]. Despite being used in hundreds of thousands of implants, over the 

years, the use of ZrO2 in hip implants has been decreasing [59]. In order to 

prevent the drawbacks of both Al2O3 and ZrO2 bearings, Al2O3-ZrO2 composites 

were developed around the year 2000 and are now widely used. ZrO2-toughened 

Al2O3 (ZTA) is a very successful and common composite. In these composites, 

up to 25 wt% of YSZ is added to fine grained Al2O3 (0.5 to 0.6 µm), to obtain 

composites with high wear resistance and improved fracture toughness and 

flexural strength. In recent years, these composites are being further improved. 
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During processing, strontium oxide crystals can be added to the powder mixtures, 

to form strontium aluminate platelets (SrAl12-CrxO19), which reduce crack 

propagation by neutralizing the crack energy, i. e. when the crack reaches these 

platelets, extra energy is required to go around them. Otherwise, the crack does 

not propagate further. Additives such as chromium oxide can also be added, 

which have been reported to improve toughness without jeopardizing the 

hardness [27,57]. More advanced materials have also been developed. In 2003, 

Smith & Nephew, introduced a ceramic/metal hybrid material (OxiumTM), which 

can have the advantages of both a ceramic and metal. This material is a 

zirconium alloy (Zr-2.5Nb) that, when heated in an oxygen environment, the 

surface (about 4 to 5 µm depth) transforms in a black zirconium oxide with high 

wear resistance, while the core maintains the increased fracture toughness and 

fatigue strength of the base alloy [60,61]. 

2.1.2. Failure of hip implants 

Despite THA being one of the most successful orthopaedic surgeries, with 

very high survival rates, implant failure still occurs and revision surgery is needed 

[62,63]. Several factors can lead to implant failure, and these can be divided in 

three groups: patient-related factors, implant-related factors, and surgery-related 

factors [64,65]. Patient-related factors include bone quality for acetabular and 

femoral stem survival [66], as well as other variables that may lead to higher 

probability of infections and dislocations [64]. Over the years, many studies have 

been conducted to determine other outside factors such as BMI (Body Mass 

Index), smoking, use of anti-inflammatory drugs, psychological factors, age, sex, 

social factors, socioeconomic factors, among others. Despite this, most of the 

time, contradictory results are obtained and thus an apparent effect of such 

factors is still subjected to controversy [64,65,67–71]. For surgery-related factors, 

the surgical approach to THA surgery is important. There are three distinct 

approaches to THA surgery: lateral, posterior and anterior approach and each 

one has advantages and disadvantages [72]. Some studies have reported that 

the posterior approach is associated with higher percentage of revision surgery 

due to increased risk of dislocation and infection [72–75]. Surgeon experience 

and expertise also play an important role in early implant failure and there are 
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reports showing that THA surgery performed by less experienced doctors lead to 

higher risk of revision surgery [76].  

The most common implant-related factors include aseptic loosening, 

bioinertness, and osteolysis due to wear and corrosion products. Aseptic 

loosening is mainly associated with wear debris and stress-shielding effects. 

Upon implantation, the structure of the bone surrounding the hip implant will 

change once its load distribution heavily influences it. Basically, the bone adjusts 

its mineral density and structure to accommodate the new load demand. 

However, if the bone does not receive enough mechanical stimulus, since the 

implant supports most of the load. In that case, its mineral density will decrease 

leading to bone resorption around the implant and ultimately implant 

loosening [77,78].  

Wear and corrosion are associated with osteolysis and aseptic loosening 

processes since osteolysis is one of the main consequences of wear and 

corrosion. In general terms, osteolysis can be described as a cascade of 

biological responses that start from the release of wear and corrosion products 

from the implant to the surrounding bone. The released debris will be 

phagocytosed (absorbed) by macrophages, which in response will release 

cytokines (proteins), enzymes and other biological compounds that trigger a 

complex biological response by osteoclasts, which are the organisms responsible 

for bone resorption [79,80]. Along with this process, other biological responses 

such as infections can also be present and most of the time implant removal is 

necessary to eradicate the problem. Infections occur due to bacterial adhesion 

and proliferation on the implant surface, and the most convenient way to prevent 

infections is to inhibit bacterial adhesion and proliferation. Surface chemistry and 

roughness play an important role in bacterial inhibition [81,82] 

Bioinertness can also be a problem concerning implants made of Ti and its 

alloys. The inability of an implant surface to integrate with the adjacent bone and 

other tissues lead to poor osteointegration, which is necessary to have a lasting 

implant and avoid implant loosening [83]. Hence, materials with an appropriate 

surface are highly essential for the implant to integrate well with the adjacent 

bone. Surface chemistry, surface roughness and surface topography play a major 

role in the development of effective osteointegration [15]. 
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2.1.3. Corrosion and tribocorrosion in hip implants 

Even though Ti and Ti alloys based biomedical implants are recognized for 

having good corrosion behaviour in the human body, corrosion processes may 

still occur. In hip implants, corrosion processes are usually associated to a 

tribocorrosion process. Severe corrosion problems have often been related to 

modular implants, such as crevice and mechanically assisted corrosion (MAC). 

Although modular hip offers several advantages, mainly because they allow to 

tailor the implant for each individual, the interface between different parts of the 

implant has revealed to be quite problematic when it comes to corrosion [84]. The 

most common interfaces include the neck/stem and neck/femoral head interface, 

which have been reported to be quite susceptible to a combination of crevice and 

fretting corrosion, described as mechanically assisted crevice corrosion 

(MACC) [85]. 

As described by Gilbert et al. in 1993 [86], MACC can be considered as 

classic crevice corrosion with some minor modifications. At these interfaces, it is 

expected that narrow gaps will exist. Gaps may arise from machining marks, 

surface irregularities, errors during implantation, the mismatch between 

components, overall design of the components, among others. These gaps will 

result in the formation of small crevices, where body fluids can penetrate. Due to 

physical activity, shear stresses, and micromovements (fretting), the native oxide 

film will be damaged leading to exposure of fresh metallic area to the surrounding 

environment. Due to oxidation of the metal surfaces, oxygen is consumed from 

the environment and consequently the concentration of free metal ions increases. 

With time, metal ions will attract chloride ions to form metal-chlorides which will 

react with water to form hydroxide and hydrochloric acids leading to very low pH 

levels. Regardless of the fact that Ti can repassivate (regenerate the passive 

oxide film), if this repassivation rate is lower than the degradation process, Ti will 

act as an active metal under this environment. In the last years, studies have 

reported implant failure due to MACC, in both Ti and CoCr based  

implants [87–89].  

It is also known that tribocorrosion processes may also occur at the 

implant/bone interface (stem/bone and acetabular cup/bone interface). In 

addition, if screws are used to fix the acetabular component, tribocorrosion 
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processes may also take place at the screw/bone interface. Despite the fact that 

these interfaces are fixated to each other, with physical activity, some degree of 

motion between these interfaces is bound to happen [16].  

Another important factor to be taken into consideration is that the 

surrounding environment may also change and influence the corrosion behaviour 

of the implant. Both articulating surfaces and junctions of the implant are 

surrounded by the synovial fluid (buffered solution with pH 7.4 at around 37 °C), 

however, this environment is prone to change. The presence of ions such as Cl-, 

Ca2+, and K+, may change the overall corrosion behaviour of the implant. Chloride 

ions are highly aggressive to metal surfaces, as they can easily penetrate the 

passive film due to high diffusivity, and it has been reported that high levels of 

chloride ions may induce localized corrosion. Ions such as Ca2+ and K+ are 

responsible for maintaining body pH. If there are drastic alterations in their 

concentration, body pH may drastically change, increasing the probability of 

corrosion processes taking place [90]. The presence of proteins at the implant 

surface may also lead to significant changes in the corrosion behaviour. In fact, 

they can have beneficial or detrimental effects on both corrosion and 

tribocorrosion behaviour. Proteins may present a shielding effect and/or 

lubrication effect, which may protect the material from corrosion and wear. 

However, these proteins can also have a negative effect: by trapping wear debris 

at the implant interface, the material can be more susceptible to third body wear. 

Additionally, the corrosion behaviour can also be significantly jeopardized, as 

proteins can bind to the metal and consequently cause degradation of the native 

oxide film [91].  

Adverse Local Tissue Reactions (ALTRs) are one of the main causes of 

tribocorrosion processes taking place within the implant and is one of the main 

causes of hip implant failure. ALTRs are caused by the interaction of body 

proteins and wear debris leading to the growth of cystic and fibrotic masses. A 

simple explanation is that the immune system has a stronger reaction than it 

should have and consequently, it leads to the dysregulation of the expected 

biological behaviour at these zones [92]. A significant amount of studies reported 

hip implant failure due to ALTRs throughout the years [93–98]. 

The effect of material properties and environment on the tribocorrosion 

behaviour of Ti and its alloys have been thoroughly researched. Several Ti alloys 
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have been studied regarding the tribocorrosion behaviour under simulated body 

fluids. Correa et al. [99] studied the effect of molybdenum (Mo) content on the 

tribocorrosion behaviour of Ti-Zr-based alloys. The authors reported that the 

addition of Mo lead to an improvement in tribocorrosion resistance compared to 

CP Ti, mainly attributed to changes in the overall microstructure of the alloys. In 

addition, the authors also reported that higher amount of Mo led to lower overall 

Young’s modulus, to values closer to the bone. However, the authors also 

reported that a substantial amount of Mo could also lead to overall lower hardness 

values, which could reduce the overall tribocorrosion resistance of the alloy. Pina 

et al. [100] studied the effect of tin (Sn) content on the tribocorrosion behaviour 

of β-type Ti-30Nb alloys, once Sn functions as a β-phase stabilizer to decrease 

Young’s modulus. The authors concluded that up to 2 wt% of Sn content, 

improved tribocorrosion behaviour, as the alloys presented reduced corrosion 

kinetics during sliding action, attributed to higher quality of the passive oxide film. 

However, higher amounts of Sn led to a decrease in the overall hardness of the 

alloys, which translated into lower wear resistance and thus higher corrosion 

kinetics during sliding action. Çaha et al. [101] studied the tribocorrosion 

behaviour of Ti-40Nb and Ti-25Nb-5Fe alloys and reported significant differences 

in the overall tribocorrosion behaviour. Ti-25Nb-5Fe alloy presented similar 

tribocorrosion behaviour under open circuit potential (OCP) and under anodic and 

cathodic applied potentials, indicating that the tribocorrosion behaviour was 

mainly influenced by mechanical wear. However, Ti-40Nb alloy presented 

considerably lower wear volume loss under the anodic domain which was 

attributed to the antagonistic effect between wear and corrosion, due to formation 

of dense tribolayers during mechanical action, which gave limited protection 

against wear. Hacisalihoglu et al. [102] studied the tribocorrosion behaviour of 

α (CP Ti), α+β (Ti-6Al-4V) and β-type (Ti13Nb13Zr, Ti15Mo and  

Ti-45Nb) alloys. While the corrosion behaviour under static conditions was mostly 

very similar for all alloys, differences could be observed in the tribocorrosion 

behaviour. Under OCP, CP Ti presented a nobler behaviour than the other alloys, 

while Ti-6Al-4V presented the more active behaviour despite presenting the 

lowest wear volume loss. On the other hand, Ti-15Mo and Ti-45Nb alloys, 

presented considerably higher wear volume losses compared to the other alloys 

due to higher reactivity. Differences were also observed on the morphology of the 
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wear track and wear debris. The wear tracks of Ti-6Al-4V and Ti-13Nb-13Zr alloys 

showed practically the same morphology yet the wear debris were quite different. 

Wear debris from Ti-6Al-4V alloy were smaller and grainy-shaped and wear 

debris from Ti-13Nb-13Zr alloy were larger and flaky-type. CP Ti presented more 

smearing effect and large plastic deformation while Ti-15Mo and Ti-45Nb alloys 

presented considerably higher COF values that may indicate a much stronger 

abrasive effect from wear products.  

Besides the overall composition of the alloy, the processing method may 

also influence the tribocorrosion behaviour of the material. Buciumeanu et al. 

[103] compared the tribocorrosion behaviour of commercial Ti-6l-4V alloy and the 

same alloy processed by hot-pressing and by laser engineered net shaping 

(LENS). The authors reported that the alloy processed by LENS presented better 

tribocorrosion resistance, as it presented less tendency to corrosion under sliding 

as well as lower wear volume loss, which was explained by the fact that this 

technique allowed to obtain finer microstructures due to the formation of acicular 

α-phase. In addition, the authors also reported that the improved behaviour could 

also be related to the fact that the alloy presented higher percentage of α phases 

than the alloys produced by casting and hot-pressing. Toptan et al. [104] also 

studied the tribocorrosion behaviour of Ti-6A-l4V alloy processed by different 

processing techniques, being hot-pressing, cast and selective laser melting 

(SLM). In this study, the authors did not find significant differences on the 

tribocorrosion behaviour, however, under static condition, the alloy processed by 

SLM showed reduced corrosion resistance, which was attributed to the overall 

lower quality of the passive film, probably due to formation of more α´ martensite 

phase.  

The effect of the environment on the tribocorrosion behaviour of Ti and its 

alloys has also been studied. Wang et al. [105] studied the effect of particle 

concentration (third body wear) and applied load on the tribocorrosion behaviour 

of Ti-25Nb-3Mo-3Zr-2Sn biomedical alloy by adding hard SiC particles into the 

electrolyte (Ringer’s solution). The authors reported that higher concentration of 

particles led to higher wear volumes, however, some differences were observed. 

For lower concentrations, the worn surfaces tended to present severe plastic 

deformation explained by the increased load per particle and thus higher 

penetration. Nevertheless, for higher concentrations, the particles could only roll 
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and remove material. In fact, due to the rolling effect, higher particle concentration 

led to lower average COF values. Runa et al. [106] studied the effect that proteins 

have on the tribocorrosion behaviour of Ti-6Al-4V alloys by adding proteins 

(albumin fraction V) to PBS (phosphate-buffered saline solution) electrolyte. 

Under static condition, the presence of proteins did not significantly affect the 

corrosion behaviour of the alloy, however, differences were observed under 

sliding. The authors found that under certain conditions, proteins might present a 

detrimental effect as they can slow down the repassivation of the worn surface 

during sliding, however, it was also noticed that after some time, these proteins 

could also act as a tribolayer and therefore have a protective effect. 

2.2. Titanium matrix composites for improved tribocorrosion resistance 

In order to improve the tribocorrosion resistance of Ti and its alloys, a variety 

of surface modification techniques can be used to produce wear resistant 

surfaces [107–113]. The addition of hard ceramic particles to produce TMCs has 

also been an effective method in enhancing tribocorrosion resistance of titanium 

[107,114]. These reinforcement particles can improve the wear resistance 

through direct strengthening since they carry the applied load when in contact 

with another material. Furthermore, they also enhance the strength of the metallic 

matrix by inducing an increase in dislocation density, Orowan strengthening, and 

grain size refinement [114]. Although Ti composites are an effective method to 

increase the wear resistance of titanium, most of hip implants, that currently exist 

on the market, do not yet take advantage of TMCs. 

2.2.1. Ti-B4C and Ti-TiB-TiC composites 

B4C, known for being the third hardest material after diamond and cubic 

boron nitride, is widely used to produce TMCs. B4C particles can fully react with 

titanium to produce TiB, TiC, and/or TiB2 reinforcements (in-situ TMCs) and it can 

also be used as ex-situ reinforcement to improve the tribocorrosion resistance of 

Ti [114]. 

TiB whiskers and TiC particles are recognized for being excellent 

reinforcements for TMCs. Strong interfacial bonding with Ti as well as similar 

coefficients of thermal expansion (CTEs), being 8.2×10−6/°C for Ti, 7.2×10−6/°C 

for TiB, and 7.9×10−6/°C for TiC, make these phases highly suitable to produce 
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TMCs. Furthermore, these reinforcements also possess desirable mechanical 

and electrochemical properties such as high hardness, low density and good 

corrosion resistance [115–117]. 

It is well reported that the addition of these reinforcements can improve the 

mechanical properties of Ti, however, studies on corrosion and tribocorrosion are 

still very limited. Another advantage of these composites resides in the fact that 

they can be easily and economically processed by a mixture of Ti and B4C 

powders using powder metallurgy based techniques [118–121]. 

The Ti-B4C system is characterized by the formation of TiB, TiB2, and TiC 

phases. When Ti reacts with B4C, two potential reactions can occur (reactions 

2.1 and 2.2) [122,123]. 
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1

5
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These reaction products belong to the Ti-B-C system. Because of lower 

Gibbs free energy (ΔG) and enthalpy (ΔH), TiB2 is more likely to form in 

preference of TiB. However, due to limited mass transport rate in solid-state 

sintering, the main products of Ti-B4C reaction are almost always TiC and TiB 

[123]. In fact, several studies show that the main products of Ti + B4C reaction 

are TiB whiskers TiC particles [116,117,123–126]. 

Changes in ΔG and ΔH reaction of the Ti-B-C system are shown in Fig. 2.2. 

 

Figure 2.2. Changes in (a) Gibbs free energy (ΔG) and (b) reaction enthalpy (ΔH) for reactions in the Ti-B-C 
system [105]. 

The ternary phase diagram of the Ti-B-C system is shown in Fig. 2.3. As 

can be seen, the formation of TiB and/or TiB2 is possible, depending on the 

percentage of B and C. TiB2 is more likely to form near the B4C particles, since 
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the concentration of B is higher. Meanwhile, TiB is more likely to form near the Ti 

matrix due to the lower amount of B.  

 

Figure 2.3. Ternary phase diagram of Ti-B-C system at 1400 ⁰C [127]. 

A schematic diagram of the microstructure evolution at the interface 

between B4C and Ti is given in Fig. 2.4. In the first stage, dissolution of B4C starts 

to occur and consequently B and C atoms begin to diffuse into the Ti matrix. 

Because of the vacancies left behind, Ti atoms from the matrix start to diffuse into 

the B4C particle. 

Because of the B and C atoms present in the Ti matrix, reactions (2.3) -(2.5) 

can happen: 

𝑇𝑖 + 𝐶 = 𝑇𝑖𝐶                                                  (2.3) 

𝑇𝑖 + 𝐵 = 𝑇𝑖𝐵                                                  (2.4) 

𝑇𝑖 + 𝐵2 = 𝑇𝑖𝐵2                                               (2.5) 

Since the concentration of B is higher at the interface, TiB whiskers are the 

first to form, and after some time TiC particles also form. In the B4C particle, the 

presence of Ti can give origin to reaction (2.6), and a TiB2 layer starts to form 

between the previous layer and the B4C particle. 

2𝑇𝑖 + 𝐵4𝐶 = 𝑇𝑖𝐵2 + 𝐶                               (2.6)  
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As the TiB2 layer grows, the diffusion of C is inhibited, giving origin to a C 

layer. Currently, most studies focus on in-situ TMCs, where the reaction products 

(TiB, TiC and TiB2) act as reinforcement [115–117,128].  

 

Figure 2.4. Schematic diagram of the microstructure evolution in the Ti-B4C system [111]. 

The mechanical properties of TMCs reinforced with either TiB or TiC or both 

are widely reported. TiB whiskers are reported to improve several mechanical 

properties, such as yield strength [129,130], ultimate compressive strength [130], 

tensile strength and creep resistance once these phases can undertake higher 

stresses than the titanium matrix [115,126,131]. TiC particles are reported to 

prevent crack nucleation and propagation [115,116], improve yield strength and 

ultimate tensile strength [132]. TMCs reinforced by both TiB and TiC are also 

reported to have improved ultimate tensile strength and yield strength [133]. 

Furthermore, synergistic effects between TiB and TiC on ultimate tensile strength 

have also been reported, meaning that TMCs reinforced by both TiB and TiC can 

exhibit better mechanical behaviour over sole TiB or sole TiC reinforced 

TMCs [134].  

The effect of TiC and TiB reinforcements on wear resistance of titanium has 

also been reported: However, literature is still very limited regarding this topic. 

TMCs reinforced with TiC and TiB show a decreased wear loss under dry sliding 

and fretting conditions compared with unreinforced Ti. Furthermore, wear 

resistance is also reported to increase with reinforcement content [107,128,135]. 

In these studies, the increase in wear resistance is explained by the increase in 

overall hardness due to reinforcement phases. To the best of the author’s 

knowledge, there are no studies on tribocorrosion behaviour of Ti-TiB-TiC 

composites, there are, however, some studies regarding similar composites. 

Toptan et al. [114] studied the tribocorrosion behaviour of ex-situ Ti-B4C 

composites processed by hot-pressing. The authors observed the formation of a 

reaction zone between the B4C particles and the titanium matrix which was 
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identified to be a mixture of TiB and TiC phases. Composites presented less 

tendency to corrosion as well as reduced corrosion kinetics during sliding action 

in addition to a significant reduction and wear volume loss values, attributed to 

the ability of reinforcement particles to carry the applied load and protect the Ti 

matrix. Silva et al. [136] studied the tribocorrosion behaviour of in-situ Ti-TiB-TiNx 

composites processed by reactive hot-pressing and also reported reduced 

tendency to corrosion under sliding in addition to significantly reduced wear 

volume loss values compared to unreinforced Ti.  

Literature regarding the effect of both TiB and TiC phases on the corrosion 

behaviour of Ti is also still very limited. Diao et al. [137] studied the corrosion 

behaviour of a Ti alloy by laser cladding with Ti/TiC/TiB2 powders and reported 

an increase in OCP and a decrease in corrosion kinetics due to grain refinement 

and increased corrosion resistance of TiC and TiB2 phases. Chen et al. [138] 

studied the corrosion behaviour of Ti-TiB composites processed by SLM and 

obtained favourable results. Ti-TiB composites showed increased corrosion 

resistance, which was attributed to the presence of TiB2 and TiB particles. These 

particles acted as a micro-cathode during corrosion process, facilitating the 

anodic dissolution of Ti and consequently accelerating the formation of the 

protective passive film. 

Regarding the biological response of these two phases, literature is also 

very limited. TiB phases have been reported to have similar cytocompatibility to 

that of Ti [139], while TiC coatings have been reported to improve the bioactivity 

of titanium once these coatings stimulate osteoblast proliferation, adhesion, and 

differentiation [140]. 

2.2.2. Ti-Al2O3 composites 

Alumina has been widely used in biomedical implants, being first used in 

1971 in France and more generally in Europe in 1974. Alumina was first used to 

replace the typical metallic femoral head of hip implants and today it is still used 

together with UHMWPE, which is a part of the acetabular component [141–143]. 

In a total hip replacement, alumina-alumina bearings are known to be one of the 

most resistant to wear. Furthermore, a low rate of osteolysis has also been 

reported due to alumina’s exceptional wear resistance and low surface 
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roughness [144–147]. Similar CTE with Ti matrix and excellent compressive 

strength also make alumina a potential candidate for TMCs [148,149].  

Similar to other TMCs, the reaction products that form at the interface also 

plays an essential role in the final composite properties, therefore, understanding 

of the phase transformations is important. As can be seen in the ternary diagram 

of this system, Ti-Al intermetallic compounds, such as Ti3Al, TiAl, TiAl2 and TiAl3 

can be formed at the interface (Fig. 2.5). Furthermore, Ti oxides, such as TiO and 

TiO2, are also likely to form [150]. 

 

Figure 2.5. Ternary phase diagram of Ti-Al-O system at 1100 ⁰C [151]. 

Regarding these oxides, it has been reported that due to the limited diffusion 

capability of oxygen, TiO and TiO2 oxides are harder to be detected in the reaction 

zone. Since Al has higher diffusion capability, Ti-Al intermetallic are more likely 

to form at the interface. According to some researchers [152,153], TiAl2, TiAl5, 

and TiAl3 have lower G, meaning that they are more prone to form at the 

interface. However, it has been reported that at higher temperatures, these 

compounds are unstable and TiAl3 easily reacts with Ti to form TiAl and 

Ti3Al [150]. 

It has been widely reported in the literature that TiAl and Ti3Al are the main 

reaction products of Ti-Al2O3 reaction system [149,154,155] where the reaction 

sequence at 1100 °C is Al2O3/TiAl/Ti3Al/Ti [149,154]. TiAl and Ti3Al are the main 

intermetallic compounds found in the Ti-Al-O system, and are characterized for 
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having low density and high melting point, but they also present high Young’s 

modulus [155]. 

The formation of these reaction products depends on the local oxygen 

activity and temperature. Under low oxygen pressure, dissolution of both oxygen 

and Al take place in Al2O3. For this reason, near the Ti matrix, Ti3Al starts to form 

and further Al diffusion gives origin to TiAl. Diffusion of oxygen can result in the 

transformation of β-Ti in α-Ti. It has also been reported that Ti3Al is the first to 

form and after Al enrichment the formation of TiAl can occur. With low residence 

time and lower temperature, the formation of TiAl can be reduced or avoided 

[150,156]. 

Similar to Ti-TiB-TiC composites, literature is also very limited on the 

corrosion and tribocorrosion behaviour of these composites. Gordo et al. [157] 

studied the corrosion and tribocorrosion behaviour of Ti + 1 wt. % Al2O3 

composites processed by pressureless sintering. It was observed that the 

corrosion behaviour of both Ti and Ti-Al2O3 were similar, meaning that the 

introduction of the ceramic phase did not jeopardize the corrosion resistance of 

CP Ti. However, in this study, the Al2O3 particles were fully dissolved in the matrix 

and were not used directly as reinforcement particles. It has been reported that 

the presence of TiAl can negatively affect the corrosion resistance of Ti-Al2O3 

interfaces. Rocha et al. [154] studied the corrosion behaviour of Ti-Al2O3 

interfaces produced by diffusion bonding of titanium substrates and alumina. It 

was observed that both TiAl and Ti3Al formed at the interface. Regarding the 

corrosion tests, it was reported that the chemical degradation of the interface was 

dictated by the presence of TiAl while Ti3Al was found to be electrochemical 

compatible with titanium.  

More recent studies by Bahraminasab et al. [158,159] reported that the 

addition of Al2O3 particles into a Ti matrix, may have a dual effect on the corrosion 

behaviour of the composites. Al2O3 particles may lead to an improvement in 

corrosion resistance when compared with unreinforced Ti, due to the formation 

of a higher quality native oxide film, however, higher percentage of reinforcement 

phase may lead to reduced corrosion behaviour compared to Ti, probably due to 

higher amount of TiAl phases which may have increased susceptibility to 

corrosion.  
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There are also limited number of published works on the tribocorrosion 

behaviour of Ti-Al2O3 composites. Oliveira et al. [160] studied the wear behaviour 

of Ti-Al2O3 composites processed by conventional powder metallurgy. Depending 

on the wear parameters, composites could present reduced or increased wear 

volume losses compared to unreinforced Ti. Under harsher sliding conditions 

(higher contact pressure and sliding frequency), Al2O3 particles could break and 

be released as third body wear debris, which resulted in considerably higher wear 

volume loss after the tests. 

There are some studies regarding metallic matrixes reinforced with Al2O3. 

Ribeiro et al. [161] studied the synergism between corrosion and wear on hot-

pressed CoCrMo alloys reinforced by 10% (vol.) Al2O3. The authors concluded 

that the introduction of reinforcement particles did not jeopardize the corrosion 

resistance of the base alloy. Furthermore, the authors also concluded that the 

composites presented lower wear volume loss due to the increased wear 

resistance provided by the presence of alumina particles. The wear resistance of 

aluminium matrix composites with alumina particles has also been extensively 

studied and similar results were obtained: the introduction of alumina particles 

leads to an increase in wear resistance when compared with the base material 

[162–165]. Still, it is important to note that for Ti-Al2O3 systems, results may be 

different once distinct reaction products form at the interface, which play an 

important role in corrosion, tribocorrosion, and mechanical behaviour. 

2.3. Micro-arc and thermal oxidation treatment for improvement of 

bioactivity 

Bioactivity, which determines the osteointegratability of the implant, is a 

requirement to produce a lasting implant [12]. Unfortunately, Ti cannot bond 

directly to the bone due to lack of bioactivity. Surface modification techniques 

such as thermal spraying, physical vapor deposition, cold gas spraying, sand 

blasting, etching, anodization, thermal oxidation, among other techniques are 

being used in order to solve these issues [166–174]. These techniques aim to 

modify the surface of the implant in terms of topography and chemistry to improve 

osteointegration.  

Topography plays an essential role in producing a lasting implant. Porous 

structures, in the macro scale ranging from 50 to 400 µm, are known to improve 
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implant fixation [175]. Bone growth into a porous structure is known to produce a 

mechanical interlocking between the bone and implant. On the other hand, 

porosity in the micro-scale has proven to be beneficial in osteoblast adhesion and 

proliferation, mainly due to increased contact area between the cells and the 

implant material [176–178]. Surface chemistry also plays an important role. 

Wettability is directly related to the degree of contact between the implant and 

the surrounding biologic environment, thus, increased wettability enhances the 

contact between the implant surface and the biological environment [179]. 

Bioactive agents, such as Ca and P, can also be used to improve bioactivity. 

While Ca ions are known to stimulate osteoblastic cell differentiation, increase 

bone-implant contact, and the ability to attract proteins resulting in a faster 

osteointegration, phosphate ions show increased bone-implant 

contact [180–183]. 

AT has good potential when it comes to producing implants with adequate 

topography and chemistry. Depending on the parameters (mainly electrolyte 

composition and voltage) it is possible to obtain pores in both macro, micro and 

even nano-range. Another advantage resides in the fact that multiple ATs can be 

combined to produce a hierarchical porous structure. Generally, in the first 

treatment, the objective is to obtain porosity in the macroscale range for bone 

ingrowth. Then, in the next step, the aim is to produce micro- or/and nano-porosity 

on top of the macro-pores formed before, to promote cell adhesion and 

proliferation [178,184–186]. 

Micro-arc oxidation (MAO) treatment is one type of AT treatment, where 

several hundreds of volts are used to produce a micro-porous, crystalline, and 

thick TiO2 layer that is recognized for having good osteointegration capabilities 

[167,187–190]. The distribution, size and morphology of the pores can be 

controlled by changing parameters, such as electrolyte composition, applied 

voltage or current and time. Another advantage of this technique is that it is also 

possible to incorporate bioactive elements in these layers, such as Ca and P, 

using an electrolyte rich in these elements. The amount and ratio of these 

elements can also be adjusted, changing electrolyte 

composition/concentration [191,192]. 

Implant associated infections are also a problem and once infection occurs, 

conventional antibiotic therapy is generally ineffective. Therefore, bacterial 
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adhesion must be avoided [82]. Surface modification together with antimicrobial 

agents, such as Mg and Zn elements, have been found to be an effective way to 

reduce or inhibit the occurrence of implant associated infections [193]. Mg and 

Zn elements can also be directly added to the TiO2 layer during MAO treatment 

[81,194]. Zn is an attractive element since in addition to antibacterial properties, 

it also has the advantage of improving bioactivity once it is a structural component 

of some enzymes, proteins and bone. [195]. Incorporation of Zn into TiO2 layers 

produced by MAO can be done by adding zinc acetate into the electrolyte [196]. 

Mg is also an interesting choice once it has been reported that the corrosion 

products of Mg prevent the growth of bacteria [197]. 

Thermal oxidation (TO) is a simple and cost effective technique that takes 

advantage of the high reactivity of Ti with air and/or water, in order to promote 

the growth of the native TiO2 passive layer and alter its properties, such as crystal 

structure, topography, and chemical composition in a way to improve bioactivity 

[198–201]. This technique generally consists in heating up the Ti or Ti alloy to 

temperatures ranging from 400 to 1000 °C in open or oxygen-rich atmospheres, 

with stage times ranging from a few minutes to several hours. Depending on 

these parameters, it is possible to control the structure of the TiO2 layer. In 

general, higher temperatures and longer stage times lead to the formation of TiO2 

layers with higher thickness and increased roughness. In addition, these also 

tend to present a higher amount of crystalline phases, such as anatase and rutile 

phases [202–204]. The structure of these layers can have an impact on the 

biological response. For example, Wang et al. [200] studied the effect of thermal 

oxidation time (2, 4 and 6 h) on the biological response of TO treated Ti at 450 °C. 

The authors observed that samples treated for 6 h presented higher cell adhesion 

and osteogenic activity (responsible for bone formation) than the other groups, 

attributed to the higher thickness and higher rutile ratio on these layers. Park et 

al. [199] studied the effect of TO temperature (530, 600, 700, 800, 900 and 

1000 °C) on the biological response of TO treated Ti. The temperature had a 

significant impact on the phase composition of these layers, as the rutile phase 

was only observed for TO treatments above 700 °C. Chemical composition was 

also influenced by the time, mainly the amount of hydroxyl groups which also had 

an impact on the biological response. TO layers formed at 800 and 900 °C 

presented the best biological response in terms of calcium phosphate formation 
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due to higher amount of hydroxyl groups. However, it is important to note that 

prolongated cycles at high temperatures may lead to problems such as 

spallation [203]. 

Besides increasing bioactivity, TiO2 layers of MAO and TO treatments also 

present other advantages that are of extreme importance for biomedical devices. 

In addition to reducing stiffness mismatches [205], these layers also provide 

additional corrosion and wear resistance due to their higher hardness and overall 

higher wear resistance. Alves et al. [191] studied the corrosion mechanisms in 

titanium oxide-based films produced by anodic treatment together with 

incorporating bioactive elements (Ca and P). It was observed that the samples 

with anodic treatment showed two orders of magnitude drop in the corrosion 

current density as compared to CP Ti. On the other hand, Felgueiras et al. [182] 

also studied the bio-tribocorrosion behaviour of MAO treated Ti containing Ca 

and P, before and after osteoblastic cell culture. The authors demonstrated that 

the anodized surfaces granted superior resistance to repetitive sliding solicitation 

and ability to induce cell attachment even after degradation. Cao et al. [109] 

studied the tribocorrosion behaviour of TO treated Ti (700 °C during 5 h) and 

reported an improvement in corrosion and tribocorrosion behaviour. TO treated 

surfaces presented considerably lower corrosion kinetics as well as less 

tendency to corrosion under static and sliding conditions. In addition, a significant 

decrease in wear volume loss was also observed compared to untreated Ti. 

Similar improvements in corrosion and tribocorrosion behaviour have also been 

reported by other authors. Kumar et al [204] studied the effect of treatment time 

(8, 16, 24 and 48 h) on the corrosion resistance of thermal treated Ti at 650 °C. 

Samples treated for 48h presented the highest corrosion resistance which was 

explained by increased treatment time due to increased thickness of the oxide 

layers and higher amount of rutile phases. Bailey et al. [206] studied the 

tribocorrosion behaviour of thermal treated CP Ti (650 °C, 20 h) and reported that 

the rutile oxide layer presented lower friction and considerable higher wear 

resistance compared to untreated Ti. The authors also reported that under 

applied anodic potentials the durability of the oxide layer was higher. 

To the best of the author knowledge, the effect of MAO or TO treatments on 

TMC surfaces is yet to be understood, at least from a corrosion and tribocorrosion 

standpoint. For the first time, the effect of these treatments on Ti-Al2O3, Ti-B4C 
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and in-situ Ti-TiB-TiC composite surfaces will be evaluated on the research 

papers presented through chapters 7 to 9. More detailed corrosion and 

tribocorrosion studies on the base composites will be first presented in chapters 

3 to 5.  
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Abstract 

Ti and Ti alloys are among the most used materials in the fabrication of 

orthopaedic implants owning to their high corrosion resistance, biocompatibility, 

and lower Young´s modulus compared to CoCr alloys and stainless steels. 

However, some concerns remain such as the poor tribocorrosion resistance. 

Recently, some research is being made on Ti-Al2O3 composites, as these 

materials show promising properties for load-bearing biomedical implants, 

however, the effect of alumina reinforcement particles on the 

tribo-electrochemical response of Ti is still poorly understood. Thus, in the 

present work, the corrosion and tribocorrosion behaviour of Ti-Al2O3 composites 

processed by conventional powder metallurgy was investigated in 0.9 wt.% NaCl 

solution at body temperature. Results showed that the incorporation of Al2O3 

particles had a negative effect on the corrosion behaviour of Ti due to the 

presence of Ti-Al intermetallic phases formed due to reaction between Ti and 

Al2O3. However, although composites presented reduced fracture toughness, the 

tribocorrosion behaviour was drastically improved, evidenced by less tendency 

to corrosion under sliding as well as significantly reduced wear loss mainly due 

to the load-carrying effect of the reinforcement particles.  

3.1. Introduction 

Titanium (Ti) and its alloys are one of the most used materials in hip-

implants, owing to their good properties such as high corrosion resistance, high 

strength, low density, relatively low Young’s modulus, and biocompatibility [1,2]. 

However, some concerns remain such as low tribocorrosion resistance. Wear is 

one of the most common problem found in hip-implants. In addition to large 

amplitude oscillations that occur between  the femoral head and the acetabular 

cup, it is also known that micromovements (small amplitude displacement or 

vibrations) occur at the interface between the bone, and the implant and between 

different parts of the prosthesis, in the case of modular implants [3]. Moreover, 

these implants are also in contact with corrosive fluids, being under the 

simultaneous action of corrosion and wear defined as tribocorrosion. In such 

cases, material loss due to tribocorrosion cannot be separately evaluated by 

corrosion and wear experiments since synergistic or antagonistic effects may 
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occur [4]. Besides mechanical failure of the implant, poor wear resistance will 

result in the release of metal ions and wear debris into the surrounding tissue, 

that may lead to adverse biological reactions [5]. In order to improve the 

tribocorrosion resistance of Ti and its alloys, a variety of techniques can be used, 

such as coatings or surface modification techniques [6–9]. On the other hand, the 

incorporation of hard ceramic particles into a Ti matrix has been found to be a 

cost-effective method to enhance the tribocorrosion resistance of Ti [10,11]. The 

incorporation of the reinforcement particles can improve the wear resistance 

through direct or indirect strengthening mechanisms. The reinforcement particles 

may carry the applied load when in contact with another material. On the other 

hand, when ceramic particles are incorporated into a metallic matrix, the strength 

of the metallic matrix increases due to induced dislocation, Orowan strengthening 

mechanism and grain size refinement [10].  

Al2O3 is a widely known biomaterial and it can be considered as an 

interesting choice to produce titanium matrix composites (TMCs) for biomedical 

applications. Alumina has been widely used in the femoral head of hip implants 

due to its extremely high wear resistance and very low risk of osteolysis in long 

term [12–14]. Similar coefficient of thermal expansion (CTE) between Ti matrix 

and Al2O3 particles together with excellent compressive strength also make Al2O3 

a potential candidate for TMCs [15,16]. The reaction products formed at the 

interface between the matrix and reinforcement phases play an important role in 

the final composite properties, therefore, understanding of the phase 

transformations is important.  

In literature, it has been widely reported that TiAl and Ti3Al are the main 

reaction products of Ti-Al2O3 system [16–18] and that the reaction sequence at 

1100 °C is Al2O3/TiAl/Ti3Al/Ti [16,17]. However, it has also been reported that the 

presence of TiAl can negatively affect the corrosion resistance of Ti-Al2O3 

interfaces. Rocha et al. [17] studied the corrosion behavior of Ti-Al2O3 interfaces 

produced by diffusion bonding of Ti substrates and Al2O3. The authors observed 

that both TiAl and Ti3Al were formed at the interface. Moreover, chemical 

degradation of the interface was dictated by the presence of TiAl while Ti3Al was 

found to have electrochemical behavior closer to Ti. 

Literature on the tribocorrosion behavior of Ti-Al2O3 composites is very 

limited. Gordo et al. [19] studied the corrosion and tribocorrosion behavior of Ti 



Chapter 3: Influence of Ti-Al intermetallic phases on the corrosion and tribocorrosion behaviour of Ti-Al2O3 composites 

 55 

reinforced with 1 wt.% Al2O3, processed by a combination of colloidal techniques 

and pressureless sintering. The authors observed that the corrosion behavior of 

both Ti and Ti-Al2O3 composites were similar, meaning that the incorporation of 

the ceramic phase did not deteriorate the corrosion resistance of Ti. Additionally, 

the composites showed less wear volume loss. However, it is important to note 

that in this study Al2O3 was not used as a direct reinforcement but as an additive 

to control the microstructure of Ti. More recently, a study by one of the present 

authors [20] showed promising results regarding wear behavior of Ti-Al2O3 

composites processed by powder metallurgy. Depending on the testing 

conditions, composites showed four-times decrease in wear volume loss. 

However, for more demanding conditions, the authors reported that 

fragmentation of Al2O3 particles (average particle size of 63 µm) may take place 

during sliding and act as third-body abrasive. When this fragmentation happened, 

composites tended to present elevated wear volume loss compared to 

unreinforced Ti hence it was concluded that optimization of reinforcement particle 

size may be necessary. Accordingly, in the present work, Ti-Al2O3 composites 

were produced using smaller reinforcement particles, and the effect of 

reinforcement and intermetallic phases on the corrosion and tribocorrosion 

behavior was explored.  

3.2. Experimental 

3.2.1. Materials and methods 

Ti and Ti-Al2O3 composites were synthesized by using Grade 2 Ti (Alfa 

Aesar) and Al2O3 (Siladent) powders, both with irregular shapes. Particle size 

distribution was determined by laser diffraction (Malvern Series 2600), and the 

results are given in Table 3.1. Raw powders, Ti and Al2O3, were weighted to 

produce 5% and 10% vol. Al2O3 reinforced TMCs together with 0.4 vol.% of PVA 

(Sigma Aldrich, Mowiol 8-88) that was used as binder. Before mixing, powders 

were kept at 105°C for 30 min to evaporate the water used in PVA solution. The 

powders were then mixed in a ball mill (with 10 mm diameter Al2O3 balls) 

operating at 120 rpm for 8 h and under an Ar atmosphere. Afterwards, powders 

were cold compacted in a steel die (lubricated with zinc stearate) for 2 min under 

uniaxial pressure of 350 MPa. Binder was then removed in a tubular furnace set 

at 450 °C for 3 h and under an Ar atmosphere, with heating and cooling rates of 
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5 °C/min. Samples were then sintered at 1100 °C for 3 h under high vacuum 

(˂10-5 mbar), where 5°C/min was set as heating and cooling rates. Prior to all 

tests and characterization, samples were ground down to 4000 mesh size SiC 

paper and then polished with colloidal silica suspension (Struers) to 0.04 µm. 

Afterwards, samples were ultrasonically cleaned in propanol for 10 min followed 

by 5 min in distilled water and dried with harm air. In order to obtain similar surface 

conditions, samples were kept in a desiccator for 24 h prior to each corrosion or 

tribocorrosion test. 

Table 3.1. Particle size distribution of Ti and Al2O3 powders. 

 D[v,0.1] (µm) D[v,0.5] (µm) D[v,0.9] (µm) 

Ti 10 25 44 

Al2O3 17 42 71 

3.2.2. Corrosion tests 

Corrosion tests were performed in an electrochemical cell containing 

200 mL of 0.9 wt.% NaCl solution at body temperature (37 ± 2 °C) using a 

three-electrode setup, where the sample was connected as working electrode 

(WE, exposed area of 0.38 cm2), a Pt wire was used as counter-electrode and a 

saturated calomel electrode (SCE) was plugged as reference electrode (all the 

potential values are given versus SCE). The corrosion tests consisted in 

monitoring open circuit potential (OCP), followed by electrochemical impedance 

spectroscopy (EIS) and finally by potentiodynamic polarization. All the tests were 

performed using a Gamry Potentiostat/Galvanostat/ZRA (model Referece-600). 

The OCP measurements were performed until stabilization, and the system was 

considered stable when the potential drift was below 60 mV/h. EIS measurements 

were carried out at OCP and the data acquisition was performed by scanning a 

range of frequencies from 105 to 10−2 Hz, with 7 points per frequency decade and 

an amplitude of the sinusoidal signal of 10 mV. Potentiodynamic polarization 

scans were performed in the anodic direction, starting at 0.2 V below OCP values 

up to 1.5 VSCE, with a scanning rate of 1 mV/s.  

3.2.3. Tribocorrosion tests 

Tribocorrosion tests were performed in a tribo-electrochemical cell placed 

in a tribometer (CETR-UMT-2) with a reciprocating ball-on-plate configuration. A 
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10 mm diameter alumina ball (Ceratec) was used as counter-body. All the tests 

were performed in 30 mL of 0.9 wt.% NaCl solution at body temperature 

(37 ± 2 °C). OCP was measured before, during, and after sliding using a 

two-electrode setup (SCE as reference electrode and sample as working 

electrode) connected to a Gamry Potentiostat/Galvanostat/ZRA (model 

Referece-600). Two different tribological parameters were used as presented in 

Table 3.2. The conditions were chosen based on the previous study of the one of 

the present authors [20] where 24 full factorial experimental design was 

performed in order to study the effect of reinforcement volume fraction, applied 

normal load, sliding frequency, and time on wear behavior of Ti-Al2O3 

composites. The authors determined that the most important factors in wear 

volume loss were normal load, frequency, and sliding time [20]. In the present 

study, lightest (C1) and harshest (C2) conditions of the previous work were 

chosen to study the tribocorrosion behavior of Ti-Al2O3 composites. All the tests 

were repeated at least 3 times in order to assure repeatability of the results. After 

tribocorrosion tests, the samples were cleaned as described previously. 

Table 3.2. Parameters used in tribocorrosion tests, where C1 and C2 represent lighter and harsher 

conditions, respectively. 

Condition 
Load 

(N) 

Frequency 

(Hz) 

Amplitude 

(mm) 

Time 

(s) 

Initial Hertzian contact pressure for 

CP Ti (MPa) 

C1 1 1 5 1800 420 

C2 2 2 5 3600 530 

3.2.4. Characterization 

The microstructure and chemical composition were evaluated by FEI Nova 

200 field emission gun scanning electron microscope (FEG-SEM), equipped with 

EDAX energy dispersive X-ray spectroscopy (EDS). Hardness was evaluated by 

Vickers macro-hardness tests performed on an Officine Galileo Mod. D200 tester 

under 30 kgf of load during 15 s, where 5 indentations were made per sample to 

calculate the average hardness values in at least on three different samples. The 

worn surfaces were characterized by using FEG-SEM/EDS, where all the images 

were taken parallel to the sliding direction. The wear track profiles were obtained 

by a surface profilometer (Veeco, Dektak 150). The wear volume calculations 

followed the same procedure given elsewhere [21].  
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3.3. Results and discussion 

3.3.1.  Microstructural characterization 

The overall microstructure of the as-sintered composites is shown in 

Fig. 3.1. As can be seen on the optical microscope (OM) images, Fig 3.1b and 

3.1c, and more clearly on the back-scattered electron (BSE) and secondary 

electron (SE) SEM images presented in Fig. 3.1d, residual porosity was observed 

in all groups, which is commonly obtained in conventional powder metallurgy-

based routes. Ti-10Al2O3 composites presented higher porosity compared to 

Ti-5Al2O3 composite, which can be rationalized by the increased amount of 

reinforcement phases. Hence, Oksiuta et al. [22] reported that as the amount of 

reinforcement increases, it leads to an increase in internal friction and consequent 

bridging effects which hinder consolidation of the material. On the other hand, 

porosity may also be caused due to pulling out and/or fragmentation of 

reinforcement particles during sample preparation.  The microstructure of both 

composites can be seen in more detail in Fig. 3.1e. Both composites are 

composed by dark reinforcement particles (Al2O3), a light grey matrix (Ti) and a 

dark grey reaction zone surrounding the Al2O3 particles. SE images showed a 

clean interface between the reinforcement and the reaction zone without any 

defects such as porosity. The reaction zone itself was composed by two distinct 

zones: Z1 and Z2, as shown in Fig. 3.1f. EDS analysis suggested that Z1 and Z2 

were mainly constituted by Ti3Al and TiAl, respectively (Fig. 3.1g). These results 

are in accordance with a recent published work by one of the present authors, 

where Ti-Al2O3 composites were processed under identical processing 

parameters [20].  In the literature, it has been reported that TiAl and Ti3Al are the 

main reaction products of Ti-Al2O3 reaction system [16–18]. The formation of 

these reaction products depends on the local oxygen activity and temperature. 

Under low oxygen pressure, dissolution of both oxygen and aluminum take place 

in Al2O3. Thus, near the Ti matrix, Ti3Al starts to form and further Al diffusion gives 

origin to TiAl, while oxygen tends to be diffusion into the Ti matrix [23,24].  

The effect of reinforcement content on macro-hardness and fracture 

toughness values are shown in Table 3.3. Ti-5Al2O3 group presented 44 % higher 

hardness than pure Ti, while Ti-10Al2O3 group only presented an 8% increase. 

These values can be due to several factors, such as amount of porosity or 

increased brittleness, that can be expected to be correlated with volume fraction 
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of reinforcement. The Vickers indentations were also used to estimate the 

fracture toughness (𝐾𝐶) of the composites by taking in consideration the cracks 

that were formed on the tips of the indentation. As reported by Meir et al. [25], 

Ti-Al2O3 composites present a Palmqvist crack system, where 𝐾𝐶 values can be 

calculated following Eq. (3.1).  

𝐾𝐶 = 0,0264(𝐻𝑉𝑎) (
𝐸

𝐻𝑉
)

0,4

𝑙−0,5                                               (3.1) 

Where HV is the Vickers hardness, E is the Young’s modulus, (𝑎) is the half 

of the diagonal of the Vickers indentation and (𝑙) is the crack length starting from 

the tip of the indentation. For the purpose of this work, the Youngs´s modulus 

values of the processed composites were estimated using rule of mixtures by 

taking in considering reported values for CP Ti and alumina (around 120 GPa for 

CP grade 2 Ti and around 380 GPa for alumina [25]). In this way, E values were 

estimated as 133 and 146 GPa for Ti-5Al2O3 and Ti-10Al2O3, respectively. As can 

be seen in Table 3.3, both composites presented significantly reduced fracture 

toughness compared to the ones usually reported for Ti. Similar results were also 

reported in literature [25]. Marjan et al. [26] reported that the formation of TiAl and 

Ti3Al intermetallics on Ti-Al2O3 composites may have a detrimental effect on the 

mechanical properties due to high brittleness of these phases. In the same study, 

the authors also observed Al2O3 particle de-bounding, which may indicate a weak 

ceramic-matrix interface, possibly due to formation of these phases. Nano-

indentation tests were performed on the reaction zone of Ti-5Al2O3 composites 

by applying a 50 mN load during 5 s. The results revealed a highly heterogeneous 

reaction zone, at least from a hardness standpoint (Fig. 3.1h). 

Table 3.3. Hardness and fracture toughness values estimated from eq. (3.1). 

 Ti Ti-5Al2O3 Ti-10Al2O3 

Hardness (HV30) 192 ± 11 277 ± 9 208 ± 17 

Fracture Toughness (Kc) 55 – 66 [43] 5.0 ± 0.2 3.9 ± 0.3 
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Figure 3.1. Low magnification OM images of (a) Ti, (b) Ti-5Al2O3 composites and (c) Ti-10Al2O3 composite, 

together with low magnification SE/BSE SEM image of (d) Ti-10Al2O3 composite, higher magnification BSE 

and SE images of (e,f) Ti-5Al2O3 composite, (g) EDS spectra taken from Z1 and Z2 and (h) nano-indentations 

and hardness values taken from the reaction zone (h). 

3.3.2. Corrosion behaviour 

Representative EIS spectra in the form of Bode and Nyquist diagrams are 

shown in Fig. 3.2a and 3.2b, respectively. Based on these results, the corrosion 

behavior can be divided in two different groups: unreinforced Ti and composite 

(Ti-5Al2O3 and Ti-10Al2O3) groups. The schematic representations of the 

equivalent electric circuits (EEC) used to fit the EIS results for Ti and composites 

groups can be seen in Figs. 3.2c and 3.2d, respectively. Traditionally, Ti samples 

are usually represented by a simple EEC R(RQ). However, in the present study 

the obtained ² values were considerably high (c.a. 10−3). Moreover, after a 

detailed analysis, evidence of two-time constants could be seen, one at high 

frequency range and the second one at low frequency range. Thus, it is more 

adequate to use a ladder ECC consisting as R(Q[R(RQ)]. The use of this EEC 

can be explained based on the residual porosity observed on Ti originating from 

the processing method. Therefore, R0 represents the electrolyte resistance, 

CPE-T represents the capacitance of the native oxide film formed at the surface 

(which could be in parallel with a resistance of the oxide, however, it was removed 

from the EEC due to its extremely high value, thus, it acts as an open circuit), R1 

is an additional resistance of the electrolyte inside the pores and the pair 

R2/CPE2 represents the resistance and the capacitance of the oxide formed 

inside the pores. Thus, all the Ti surface is covered by an oxide film, but with 

different thickness and, so, different responses at the surface and inside the 

pores. The fitted parameters obtained from EIS data for all groups of samples are 
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presented in Table 3.4. R0 values are not presented since these values are a 

function of the electrolyte resistivity, electrochemical cell geometry, and the 

distance between working electrode and reference electrode. All these factors 

were kept constant during the corrosion tests, hence the R0 values do not bring 

any relevant information on the studied system.  

 

Figure 3.2. a) Bode and b) Nyquist diagrams obtained for Ti and composite groups; c) EEC used for Ti and 

d) for composite groups; e) potentiodynamic polarization curves obtained for Ti and composites in 9 wt.% 

NaCl at 37 °C. 

Both composites presented considerable differences when compared with 

unreinforced Ti, however, there is an evolution according with the reinforcement 

volume fraction. In fact, there is an abrupt decrease on the total impedance of the 

system. It is even impossible to observe simultaneously the spectra of Ti and of 

the composites on the same Nyquist diagram. The obtained results indicate that 

there is an active phase that probably is not covered by an oxide film and thus it 

was corroding. Although the EEC used in this case only shows the addition of a 

diffusion element, it is worth to note that R2 and CPE2 correspond to an active 



Chapter 3: Influence of Ti-Al intermetallic phases on the corrosion and tribocorrosion behaviour of Ti-Al2O3 composites 

 62 

surface and, therefore, have a different physical meaning when compared with 

EEC used for unreinforced Ti.  

In fact, in addition to the oxide film formed at the Ti matrix surface, there 

was the presence of the reaction zone, composed of TiAl and Ti3Al, where the 

electrochemical activity was probably concentrated. Thus, the pair R2/CPE2 

represents the charge transfer resistance and the double layer capacitance, 

respectively, of an active material. Due to the high reaction rate, the process 

became controlled by the species diffusion in these regions, so a diffusional 

element is added in series with the charge transfer resistance. These faradaic 

processes are limited by the charge transfer resistance and by the diffusion 

resistance, which is represented by a generalized finite Warburg element and it 

is an extension of another more common element, the finite-length Warburg W0. 

This element is characterized by a resistance value (Wo-R), a parameter related 

with the thickness of the diffusion film (Wo-T) and an exponent (Wo-P). Moreover, 

the unreacted Al2O3 particles were not considered in this EEC due to its extremely 

high insulating characteristics, which do not contribute to the EIS spectra. 

However, the presence of these insulating particles may have an impact on the 

EIS response of the system, once they may influence either the general porosity 

or the percentage of TiAl and/or Ti3Al phases depending on the reinforcement 

volume fraction.  

CPE1 values for Ti-5Al2O3 composites increased about 8 times compared 

to Ti, while for Ti-10Al2O3 composites these values increased by almost 2 

decades. Comparing the n1 values, Ti presented values equal to 1, while 

composites presented values around 0.82 and 0.53 for Ti-5Al2O3 and Ti-10Al2O3 

composites, respectively. Comparing the R2 values of Ti and its composites, it is 

possible to observe that the composites presented much lower values. In the 

case of the unreinforced Ti, R2 values represented the electronic resistance on 

an oxide, while in the case of the composites these values represented the 

charge transfer resistance that occurred on the active material (mostly on the 

reaction zone). However, the reaction that occurs on the active material might be 

an anodic reaction of the products present at the reaction zone, a cathodic 

reaction promoted by the presence of TiAl and/or Ti3Al phases, or both anodic 

and cathodic reactions occurring at this zone. When a charge transfer resistance 

is considered in a general corrosion process, this resistance is considered as the 
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resistance of two processes (anodic or cathodic), but if the resistance of each 

individual process is significantly different, the reaction of the slowest process is 

the dominant. Thus, in this study, in order to obtain additional information, it would 

be necessary to perform EIS at potentials that promote the anodic reaction 

(above the OCP values) and at potentials where the cathodic reaction will be 

promoted (under OCP values). In this way, it would be possible to notice the 

influence of those potentials on R2 values. Furthermore, as the reinforcement 

volume fraction increased, R2 values decreased. Wo-R values give insight about 

the areas where corrosion took place i.e. where there was no formation of the 

native oxide film. As can be seen, these values also decreased with 

reinforcement content, which are in accordance with the experimental data. 

Table 3.4. Fitted parameters obtained from EIS data for Ti and composite groups. 

 Ti Ti-5Al2O3 Ti-10Al2O3 

CPE1-T (х 10-5Sn/Ωcm-2) (1.2 ± 0.7) х 10-5 (8.2 ± 2.9) х 10-5 (2.8 ± 1.4) х 10-3 

n1 1.0 ± 0.1 0.8 ± 0.1 0.56 ± 0.01 

CPE2-T (х 10-5Sn/Ωcm-2) (1.4 ± 0.9) х 10-5 (5.6 ± 1.6) х 10-4 (1.3 ± 0.3) х 10-3 

n2 0.89 ± 0.03 0.57 ± 0.05 0.7 ± 0.1 

R2 (Ω.cm-2) (1.1 ± 0.4) х 105 (2.6 ± 1.7) х 103 (4.2 ± 0.9) х 102 

W0 – R (Ω.cm-2) − (2.0 ± 1.3) х 103 (2.2 ± 0.9) х 102 

W0 – T − 11.8 ± 14.1 4.9 ± 2.0 

W0 – P − 0.3 ± 0.1 0.5 ± 0.0 

² < 10-4 < 10-5 < 10-5 

Representative potentiodynamic polarization (PD) curves for unreinforced 

Ti and composite groups are presented in Fig. 3.2e and corrosion potential (E(i=0)), 

corrosion current density (icorr) and passivation current density (ipass) values 

obtained from the potentiodynamic polarization curves are given in Table 3.5. It 

is important to note that for Ti group, ipass is given instead of icorr due to formation 

of the passive oxide film. Unreinforced Ti samples presented a cathodic domain 

for potentials below −0.25 V and a passive plateau starting at 0.40 V due to 

formation of the passive oxide film presenting a passivation current density of 

5.5 A cm−2.  

Table 3.5. Passivation current density (ipass), corrosion current density (icorr), and corrosion potential (E(i=0)) 

values for Ti and Ti-Al2O3 composites. 

 Ti Ti-5Al2O3 Ti-10Al2O3 

ipass (µA cm−2) 5.53 ± 0.67 − − 

icorr (µA cm−2) − 11.96 ± 4.99 38.86 ± 1.99 

E(i=0) (V) − 289 ± 90 − 0.12 ± 0.02 − 0.28 ± 0.02 
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Composites presented a different behavior, where the well-defined 

passivation plateau observed on Ti was lost. Instead, an increase of current 

density values with the applied potential was noticed. In addition, it is important 

to note that the curves were also shifted to the right side of the graph, with 

Ti-5Al2O3 and Ti-10Al2O3 composites showing an overall one decade and two 

decades increase, respectively, in corrosion current density values. Although no 

passivation plateau was observed, the increase in corrosion current density with 

potential was relatively small. This behavior suggests that a passive film was 

forming on the surface, although a passivation plateau was not reached. 

Considering the overall microstructure of the composite surfaces, it is reasonable 

to assume that the Ti matrix still had the ability to form the native oxide film. 

However, the high CPE1-T values suggest that this oxide film presented higher 

level of heterogeneities and overall, less quality. The presence of Al2O3 particles, 

reaction zones and overall porosity are probably the cause. These not only 

disrupted the continuity of the passive layer but there was also the fact of the 

presence of TiAl and Ti3Al phases that can contribute to an active corrosion 

mechanism, as shown by the EIS results. 

It is well-known that the incorporation of inert ceramic particles can affect 

the overall corrosion resistance of the base material. If both reinforcement 

particles and possible reaction zones are electrochemically neutral, no significant 

change on corrosion behavior may be expected to occur [27]. However, the 

changes in microstructure and/or chemical composition may happen, such as 

residual stresses, porosity, micro-crevices, formation of second phase, and 

interfacial products, which may influence the electrochemical behavior. Porosity 

and micro-crevices may lead to a different state of the passive film inside the 

pores, leading to a decrease in the overall corrosion resistance of the material 

[10]. Moreover, from a general point of view the presence of the ceramic 

reinforcement particles may also affect the integrity and continuity of the passive 

film. The second phases and interfacial products may change the corrosion 

resistance, depending on their nature, which may lead to a more electrochemical 

active behavior or act as an inert barrier against corrosion. The reinforcement 

itself may improve the overall corrosion resistance of the base material by acting 

as an inert physical barrier. Moreover, reinforcement particles may also lead to 

the formation of micro-galvanic cells, acting as cathode and thus leading to 
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increased oxidation kinetics on the base material, accelerating the formation of 

the native oxide film [28].  

Recent studies by Marjan et. al. [29,30] on the corrosion behavior of Ti-Al2O3 

composites processed by spark plasma sintering (SPS) showed that, depending 

on the reinforcement volume fraction, the composites may or may not have 

similar behavior to that of Ti. The authors reported that higher amount of 

reinforcement led to the formation of a native oxide layer with overall less quality 

as evidenced by the lower Rox and higher Cdl values. The authors justified these 

values by the presence of more TiAl and Ti3Al reaction products, which are more 

corrosion susceptible. Nevertheless, in those studies, the corrosion behavior of 

the composites was still close to that of the unreinforced Ti. However, it is 

important to note that in those studies, very fine Al2O3 particles (0,1-3 µm) were 

used, and consequently the overall microstructure was quite different from the 

one obtained in the present work. Similar results were also reported by Gordo. et 

al. [19], where Ti-Al2O3 composites were also processed with very fine Al2O3 

particles (0.5 µm) and presented corrosion behavior very close to that of Ti. 

It has been reported that the corrosion behavior of binary TiAl and Ti3Al 

intermetallic phases can be placed between the corrosion behavior of pure Ti and 

pure Al, with the corrosion behavior of Ti3Al being closer to that of Ti due to higher 

percentage of Ti [31]. Rocha et al. [17] studied the electrochemical behavior of 

Ti/Al2O3 interfaces. Results obtained by potentiodynamic tests, galvanic 

corrosion studies, and EIS showed that the chemical degradation of the interface 

was dictated by the presence of TiAl. The authors reported that TiAl had a strong 

detrimental influence on the corrosion resistance of the interface. On the other 

hand, Ti3Al was found to have corrosion behavior similar to that of Ti. Saffarin et 

al. [31] reported that TiAl was susceptible to pitting under environments 

containing chloride (Cl−), such as NaCl based solutions, where pitting started at 

potentials close to 0 VSCE depending on pH of the solution and Cl− concentration.  

Under the same conditions, pitting on Ti3Al was only observed at potentials above 

1.5 VSCE, however, the presence of cracks or small defects may lower this 

potential to values close to 0.6 VSCE.  

Considering the obtained results, corrosion behavior of the composites can 

be explained by the formation of a heterogeneous oxide film, with lower overall 

quality, on the Ti matrix, together with increased susceptibility to corrosion 
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introduced by the presence of Ti3Al and TiAl intermetallic phases at the 

matrix/reinforcement interface, that may have been amplified by the presence of 

microstructural defects due to processing as well as sample preparation.  

3.3.3. Tribocorrosion behaviour  

The representative evolution of OCP before, during, and after sliding 

together with the evolution of coefficient of friction (COF) during sliding for all 

groups and testing conditions are given in Fig. 3.3. Before sliding, Ti presented 

stable OCP values due to growth of the passive film. Independently of the testing 

conditions, a sharp cathodic shift in OCP values was observed for Ti as soon as 

the load was applied and sliding started. This behavior is due to destruction of 

the passive film and consequent formation of active zones leading to an increase 

in susceptibility to corrosion under the mechanical action. OCP values for Ti 

dropped down to values in the range of −0.6 V and −0.8 V for C1 and C2 

conditions, respectively, indicating an increase in susceptibility to corrosion for 

harsher conditions as compared to the lighter ones. Under sliding, after some 

time, sudden increases in OCP and COF values were observed for Ti tested 

under C1 condition, which were not observed on C2 condition. After sliding, OCP 

values increased to more positive values and tended to reach the similar values 

recorded before sliding, due to repassivation of the worn area. 

Composites presented a different behavior compared to unreinforced Ti. 

Before sliding, composites presented stable OCP values. Under C1 condition, the 

values remained almost unaffected after sliding started and only after a very short 

run-in period (around 2 min), a very small drop on OCP (around 50 mV) was 

observed. Regarding the evolution of COF, both composites presented similar 

behaviors under C1 condition. Similar to OCP evolution, a run-in period was also 

observed on COF values during the same time, where COF values started at 

around 0.1 and increased to around 0.6 for Ti-5Al2O3 and around 0.7 for 

Ti-10Al2O3 group, then followed a relatively horizontal course until the end of 

sliding. Under C2 condition, a run-in period could also be observed in OCP and 

COF values, although with some differences. OCP values presented a very slow 

decrease immediately after sliding started, however this decrease was very small 

as compared to Ti. COF values also presented a run-in period during the same 
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period, however, compared to C1 condition, COF values were significantly higher 

at the start of sliding.  

 

Figure 3.3. Evolution of OCP before, during, and after sliding, together with the evolution of COF during 

sliding. 

Fig 3.4. presents lower magnification BSE and SE SEM images of the wear 

tracks after tribocorrosion tests, together with EDS spectra taken from the 

corresponding counter-body surfaces. The damage observed on the unreinforced 

Ti surfaces was more severe to what was observed on both composites, 

especially under C2 condition. Comparing both composite groups, wider wear 

tracks were obtained for Ti-10Al2O3 composites under both conditions. In the 

same way, the counter-body surfaces that slid against the composite surfaces 

also presented considerably less wear damage than the ones that slid against Ti, 

specially under C2 condition. Regardless of the testing conditions, Ti peaks were 

observed in all the groups, confirming the transference of Ti from the worn 

surfaces to the counter-body (adhesive wear).  
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Figure 3.4. Lower magnification SE and BSE images of the wear tracks taken from Ti, Ti-5Al2O3 and 

Ti-10Al2O3 under C1 and C2 conditions, respectively, together with the corresponding EDS spectra taken 

from the counter-body. 

Representative 2D wear profiles together with wear volume loss can be seen 

in Fig. 3.5. Both composites presented significantly less wear volume loss 

compared to the unreinforced Ti on both tested conditions.  Under C1 condition, 

no significant differences were observed between the two composites, and in 

general, wear volume loss was found to be very low. Under C2 conditions, both 

unreinforced Ti and composites showed an increase in wear volume loss 

compared to C1 condition. Besides, it was observed that an increase on 
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reinforcement content led to an increase in wear volume loss. Nonetheless, these 

groups still presented drastically less wear volume loss compared to Ti. 

 

Figure 3.5. a) Wear volume loss values and representative wear track profiles for b) C1 and c) C2 condition. 

Fig. 3.6 presents higher magnification SE and BSE SEM images of the wear 

tracks, where the topography and tribological features can be seen in detail. In 

order to better compare the difference between C1 and C2 condition, the 

evolution of OCP and COF for the first 1800 s of sliding were plotted together for 

each group. Clear differences were observed on the overall microstructure of the 

worn surfaces between Ti and composites. For Ti groups, the worn surfaces 

consisted of compacted oxide patches (discontinuous tribolayer) and parallel 

grooves to the sliding direction. Compacted oxide patches originate from the 

continuous oxidation and compaction of material being transferred between the 

two mating surfaces. These oxides can play a beneficial and/or detrimental role 

during tribocorrosion. Loose oxide particles within the wear track can act as a 

third-body abrasive and increase the mechanical wear. On the other hand, if 

these debris are compacted on the wear track, they can have a protective role by 

reducing electrochemical active zones within the wear track, that have been 

reported before for Ti and TMCs tested under similar conditions to C1 [20,32,33]. 

This behavior could be seen on the Ti group tested under C1 condition, where 

substantial increases in OCP and COF values could be seen during sliding 
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(Fig. 3.6). The formation and consequent thickening of the oxidized patches 

during sliding resulted in increased roughness, leading to higher COF values. 

Due to the protective nature of these oxide patches, a consequent increase in 

OCP was also observed, leading to a decrease on the corrosion susceptibility. 

With time, these oxide patches may reach a critical thickness and break, leading 

to a consequent decrease in both OCP and COF values. During the sliding action, 

this process may be repeated several times [34]. For Ti tested under C2 

condition, such behavior was not observed. For this condition, OCP values 

tended to steadily increase with time, and no sudden variations were observed. 

COF values were lower than the ones observed on C1 condition and were 

relatively stable during the entire time of sliding. Silva et al. [27] studied the 

tribocorrosion behavior of Ti and Ti-TiB-TiNx composites processed by hot-

pressing using a similar tribocorrosion setup and reported similar results for Ti. In 

that study, under harsher conditions (1N - 2 Hz), Ti tended to present lower COF 

values, which were attributed to high frequency sliding, where wear debris may 

present a more granular structure and consequently, may act as rolling balls 

(solid lubricant). Recently, Oliveira and Toptan [20] also reported that under 

harsher conditions (conditions similar to C2), wear debris tended to be pushed 

outside of the wear track and in this way, did not contribute to the formation of 

oxide patches. Based on the obtained results, a similar scenario may be 

considered. Although, some oxide patches could be seen on the worn surfaces 

for C2 condition, that may explain the slowly increase in OCP values during 

sliding. Apparently, these patches did not give enough protection to obtain the 

rather large increases in OCP and COF values observed in C1 condition. Since 

the wear damage was much lower, and the reinforcing particles played a load-

carrying role, the influence of the oxide patches was not so noticeable on the 

composites.  

Parallel groves to the sliding direction were observed for Ti under both 

conditions, which were not observed for composite groups. These grooves known 

as ploughing grooves, are a typical feature of a combination of adhesive and 

abrasive wear and are usually observed in worn surfaces for Ti and Ti based 

alloys [35]. Under the same conditions, wear tracks from both composites 

presented similar features. Besides the oxide patches that were also observed 

on Ti surfaces, perpendicular cracks to the sliding direction and material 
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detachments reflect a brittle surface. During sliding, primary cracks can originate 

at weak points and, with time, the propagation of such cracks as well as the 

formations of new ones can lead to material detachment [36]. The susceptibility 

to crack initiation is dependent on several factors. Inclusions and imperfections 

at the surface can act as nuclei for crack initiation under plastic deformation [36]. 

On the other hand, high COF values are also a crack driving force since they lead 

to high shear loads between the two mating surfaces [35]. Additionally, the 

intrinsic properties of the materials in tribological contact also play a significant 

role [37]. In this work, the presence of such wear mechanism may be mostly 

associated by the overall lower fracture toughness of the composite surfaces.  

In addition to the Al2O3 particles and porosity, the reaction zones observed 

around these reinforcement particles may also have acted as nuclei for crack 

formation as these intermetallic TiAl and Ti3Al phases are reported to present 

very low ductility at room temperature. Furthermore, their compressive yield 

strength ranging from 350 to 500 MPa [38–41] are in the range of the initial 

Hertzian contact pressures that were applied in the tribocorrosion tests. High 

COF values together with the low fracture toughness of composites facilitated the 

propagation of cracks and consequently material detachment from the surface 

[42]. 

As can be observed on the evolution of OCP under sliding presented in 

Fig. 3.6, both composites presented overall lower OCP values under C2 

condition, albeit a small difference, that can be explained by the higher surface 

damage (i. e. higher wear volume loss). Even though, the detachments on the 

wear tracks were not enough to cause a significant shift in OCP, as the worn 

damage was still much lower than the one observed on Ti. Regarding COF 

evolution, the run-in period that was observed for both composites suggests that 

initially, the tribological contact was mostly between the reinforcement particles 

and the counter-body, as suggested by the lower COF values. As sliding 

continued, the surface was damaged due to material detachment. Consequently, 

wear debris were oxidized and compacted on the wear track and/or acted as 

third-body abrasive, which led to a consequent increase of COF values. Under 

C2 condition, COF values were significantly higher at the onset of sliding 

compared to C1 condition pointing that a considerable wear damage was done 

right at the onset of sliding, as suggested by the decrease on OCP values. 
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Ti-10Al2O3 composites presented considerably more visible material detachment 

than Ti-5Al2O3 composites. Nevertheless, due to the considerable amount of 

porosity presented in the Ti-10Al2O3 composites, it was hard to distinguish that 

porosity from the material that was detached during sliding.  

 

Figure 3.6. Higher magnification SE and BSE SEM images of wear tracks from Ti, Ti-5Al2O3, and Ti-10Al2O3 

composites under C1 and C2, respectively, together with the evolution of OCP and COF during sliding. 

The proposed wear mechanisms for Ti and composites groups are shown 

in Fig. 3.7. For Ti groups, the general wear behavior can be described as the 

typical behavior observed for Ti and its alloys. Ti is highly susceptible to adhesive 

wear and thus material tends to be transferred from the worn surfaces to the 

counter material. As sliding continues, transferred material can adhere to the 

counter body and abrade the surface, leading to the formation of grooves. During 

the repetitive transfer and mechanical action, this material tends to get oxidized 

and consequently harder, which can then easily abrade the testing metal. In 

addition, material can also be compacted on the wear track, leading to the 

formation of oxide patches, act as a third-body abrasive and/or ejected out of the 

wear track. For harsher conditions, the amount of material ejected out of the wear 
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track probably tended to be higher and thus less formation of oxide patches 

occurred and eventually drastic variations on OCP and COF values were not 

observed.  

Composite surfaces presented considerably lower wear volume loss, 

especially for harsher conditions. However, due to lower fracture toughness and 

high contact pressures, cracks formed and propagated on the wear track. As 

sliding proceeded, cracks started to connect to each other and thus material was 

detached from the worn surfaces, albeit not enough to observe substantial 

differences on OCP and COF values. Due to lower fracture toughness and 

overall, more heterogeneities (i.e. Al2O3 particles, reaction zones and pores) 

where cracks may originate, Ti-10Al2O3 composites tended to present more 

cracks and thus material detachments, which were more evident on the harsher 

C2 condition. Similar to Ti, these detachments may adhere to the counter-body, 

be compacted and/or ejected on the wear track and/or act as third-body abrasive. 

 

Figure 3.7. Proposed wear mechanisms for Ti and Ti-Al2O3 composites. 

3.4. Conclusions 

TMCs reinforced with different volume fraction of Al2O3 particles were 

processed by conventional powder metallurgy. Results suggested that the 

intermetallic TiAl and Ti3Al phases formed due to reaction of Ti with reinforcement 

particles had a substantial impact on the properties of Ti-Al2O3 composites. 

These intermetallic phases had a detrimental effect on the corrosion behavior of 

the composites. Moreover, the composites showed a significant decrease in 

tendency to corrosion under sliding together with a significant reduction on the 

wear volume loss. The presence of cracks and material detachments from the 
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composite surfaces indicated that efforts must be made to optimize the 

processing conditions in order to address the low fracture toughness. Thus, it is 

suggested that in further studies, microstructure should be improved, mainly to 

control the excess formation of intermetallic phases.  
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Abstract 

In this work, low volume reinforcement ex-situ Ti-B4C composites were 

produced using two different routes:  conventional powder metallurgy (PM) and 

hot-pressing (HP). The effect of reinforcement phases and processing method on 

corrosion and tribocorrosion behaviour were studied. Composites processed by 

PM lost the typical passive behaviour of Ti matrix, while composites processed 

by HP presented similar behaviour to unreinforced Ti. Tribocorrosion tests 

showed that both composite groups presented two times decrease in corrosion 

kinetics under sliding compared to pure titanium. An antagonistic effect between 

wear and corrosion was observed for composites with at least two times decrease 

in wear volume compared to titanium. 

4.1. Introduction  

Titanium (Ti) and its  alloys are still among the most used materials in the 

fabrication of hip implants owing to their good corrosion resistance, 

biocompatibility and satisfactory mechanical strength [1,2]. However, the high 

susceptibility to the combined action of wear and corrosion (tribocorrosion) under 

the physiological environment is still a major concern. The release of Ti wear 

products together with the release of metallic ions to the surrounding tissue and 

blood can lead to a vast number of adverse effects including inflammations, 

cytotoxicity, genotoxicity, carcinogenicity, among other issues, all of which can 

lead to implant failure [3].  

In the last years, titanium matrix composites (TMCs) intended for 

orthopaedic implants have started to receive attention. By introducing hard 

ceramic phases into a Ti matrix, it is possible to improve the wear resistance due 

to a combination of several factors such as the load carrying effect given by the 

reinforcement phases and by modifications in the microstructure of the matrix 

yielding with grain refinement, induced dislocations and Orowan strengthening 

mechanisms [4]. By introduction of such reinforcements, there is a general 

increase in Young´s modulus [5,6], which is the one of the main concern for load 

bearing biomedical implants. In addition, high volume of reinforcement phases, 

may also lead to other problems such as porosity, which not only degrade the 
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mechanical properties but also may jeopardize the corrosion behaviour due to 

localized corrosion [7].  

Boron carbide (B4C) is among the most used reactants to produce in-situ 

TMCs, since the Ti+B4C reaction leads to the formation of TiC and TiB and/or 

TiB2 reinforcement phases, thus it has been considered as excellent 

reinforcement for TMCs, mainly due to their compatibility and strong interfacial 

bonding with titanium together with similar coefficients of thermal expansion 

(CTEs), being 8.2×10−6/°C for Ti, 7.2×10−6/°C for TiB, and 7.9×10−6/°C for TiC 

[8–10]. Due to its intrinsic properties such as high hardness, wear resistance, 

high thermal as well as high chemical stability, B4C can also be used directly as 

a reinforcement, which has been widely used in the fabrication of Al-B4C 

composites [11–14].  

In a study by some of the present authors [15], Ti-24 %vol. B4C composites 

processed by hot-pressing showed promising results regarding tribocorrosion 

behaviour. Ti-B4C composite not only showed significantly reduced wear volume 

loss compared to unreinforced Ti, but also presented lower susceptibility to 

corrosion as well as lower corrosion rates under sliding. However, due to high 

volume of reinforcement, bridging of reinforcement phases during processing 

lead to some porosity which than lead to discontinuities in the passive oxide film 

and a consequent reduction on the corrosion behaviour under static conditions.  

Several processing techniques are used to process metal matrix 

composites (MMCs), which can be mostly divided in two distinct methods as 

solid- and liquid-phase processing routes. Solid-phase techniques offer several 

advantages compared to liquid-phase ones as lower processing temperatures, 

minimizing the undesirable chemical reactions, better matrix/reinforcement 

interfaces and excellent control over microstructure. Solid-state routes include 

techniques such as diffusion bonding, hot-rolling, extrusion and powder 

metallurgy (PM) [16,17].  

PM based routes are attractive for the fabrication of both whisker and 

particle-reinforced MMCs, mainly due to its simplicity when compared to other 

manufacturing processes as well as the possibility to produce intricate shapes 

with high accuracy [17,18]. Press-and-sintering approach or pressureless 

sintering can be considered as the simplest and cost-effective conventional PM 

technique. Conventional PM processing route is divided in three main steps, 
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namely, blending and mixing the powders, cold compaction and sintering  [19]. 

However, these methods may have limited success due to poor densification of 

the resulting composites. In order to obtain composites with higher densification, 

more advanced techniques, such as HP and spark plasma sintering, can be used. 

In these methods, pressure and temperature are applied simultaneously, allowing 

better densifications, but also reduced processing times, thus finer grained 

microstructures and consequently better mechanical properties, although these 

techniques are associated with higher costs  [17].  

In recent years, extensive research has been made on additive 

manufacturing (AM) routes, which are based on 3D printing layer-upon-layer of 

the chosen material. The main advantage of AM techniques resides in the fact 

that they can produce complex and near net shape components with minimal 

material loss and minimal post processing. When it comes fabrication of TMCs, 

AM techniques still face some challenges, such as the high melting point of Ti, 

which complicates processing, poor densification of composites with high volume 

of reinforcement and limitation on the size of reinforcement particles [20].  

From conventional to the recent processing methods, the role of the 

processing route on the tribocorrosion behaviour of TMCs should be clearly 

understood before selecting the processing route for load-bearing biomedical 

implants. In this context, the main objective of this work was to do a comparative 

study between two different conventional powder technology techniques 

(pressureless sintering and hot-pressing) on the synergism between wear and 

tribocorrosion for low volume reinforcement Ti-B4C composites.   

4.2. Experimental 

4.2.1. Materials and methods 

Ti composites reinforced with 3% volume of B4C particles were produced 

by two distinct routes by mixing c.p. titanium (grade 2) and B4C powders, both 

with irregular shapes and average particle sizes of 25 and 30 µm. Particle size 

distributions were obtained by laser particle analyzer (Malvern Series 2600 and 

Mastersizer 2000) and the results are shown in Figure 4.1. For samples produced 

by conventional PM (ø 12 mm, 3 mm thickness), the powders and 0.4 vol.% of 

binder (PVA from Sigma Aldrich, Mowiol 8-88), were mixed in a ball mill 

containing Al2O3 balls (ø 10 mm) and operating at 120 rpm for 4 h under Ar 
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atmosphere. The mixture was then cold compacted with a uniaxial pressure of 

350 MPa during 2 min in a steel die (previously lubricated with zinc stearate). The 

green compacts were placed in a tubular furnace under Ar atmosphere and 

heated to 450 °C, at a rate of 5 °C.min-1, for the binder elimination. After a 3h 

stage at this temperature the green compacts were cooled down to room 

temperate at 5 °C.min-1. Samples were then pressureless-sintered at 1100 °C for 

3 h under high vacuum atmosphere (˂10-5 mbar) with heating and cooling rates 

set at 5 °C.min-1. 

HP samples (ø 10 mm, 3 mm thickness) were produced by mixing the 

powders under the same conditions without the addition of binder. After mixing, 

the powder blends were poured into a graphite die. In order to avoid chemical 

reactions between Ti and graphite, the die walls were previously coated with 

zirconia paste. HP was then performed under high vacuum atmosphere (˂10-5 

mbar) and under an applied pressure of 40 MPa. The sintering stage was 

performed at 1100 °C for 30 min, with heating and cooling rates set to 5 °C.min-1 

and 10 °C.min-1respectively. For both processing techniques, Ti samples were 

also produced and were used as control groups. 

Prior to each test, samples were ground down to 2400 mesh with SiC papers 

and then polished down to 0.04 µm with colloidal silica suspension (Struers). 

Afterwards, samples were cleaned in an ultrasonic bath with propanol and 

distilled water for 10 and 5 min respectively and finally dried with warm air. Before 

each corrosion and tribocorrosion test, the samples were kept in a desiccator for 

a period of 24 h to assure similar surface conditions. In this this paper, samples 

processed by conventionally powder metallurgy are designated as Ti_PM and Ti-

3B4C_PM, whereas samples processed by hot-pressing are designated as Ti_HP 

and Ti-3B4C_HP. 
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Figure 4.1. Particle size distribution for Ti and B4C powders. 

4.2.2. Electrochemical tests 

Electrochemical tests were performed in a conventional three electrodes 

electrochemical cell (adapted from ASTM: G3-89) containing 0.9 wt.% NaCl 

solution at body temperature (37 ± 2 °C) as one of the main constituents of 

physiological solutions [21–23]. The samples were connected as working 

electrode (WE), with an exposed area of 0.38 cm2, while a saturated calomel 

electrode (SCE) and a Pt wire were used as reference electrode (RE) and counter 

electrode, respectively. The electrochemical tests consisted in OCP 

measurements until stabilization (∆E < 60 mV.h-1), followed by EIS 

measurements performed at OCP and finally by potentiodynamic polarization 

tests. A Gamry Potentiostat/Galvanostat/ZRA (model Referece-600+) was used 

in all the tests. EIS data were obtained by scanning a frequency range starting 

from 105 until 10−2 Hz, with 10 points per frequency decade and an amplitude of 

the sinusoidal signal of 10 mV. Impedance data was fitted using Gamry Echem 

Analyst software (version 5.61) to the electric equivalent circuits (EEC) and its 

quality of fitting was evaluated through the values of goodness of fitting. After EIS 

measurements, potentiodynamic polarization scans were performed in the anodic 

direction with a rate of 1mV.s-1, from −0.9 up to 1 VSCE. 

4.2.3. Tribocorrosion tests 

Tribocorrosion tests were performed in the same NaCl solution at body 

temperature, placed inside a tribo-electrochemical cell. The samples slid against 

an alumina ball (ø 10 mm- Ceratec) in a tribometer (CETR-UMT-2) with a 
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reciprocating ball-on-plate setup. Tribocorrosion tests were then carried out 

under three different conditions, namely, at OCP and under two distinct applied 

potentials: +0.5 VSCE (anodic potential - AP) and −0.75 VSCE (cathodic potential - 

CP). These potentials were chosen based on the results from potentiodynamic 

polarization tests in order to study the synergism between wear and corrosion. In 

this way, applying a potential in the cathodic domain only the mechanical 

response from the system is given considering the lubricant effect of the 

electrolyte. On the other hand, applying a potential in the passive region (anodic 

potential) response from mechanical wear and chemical wear can be accessed.  

In order to access the susceptibility to corrosion under sliding, OCP values 

were measured before, during and after sliding using a two-electrode setup (SCE 

as RE and samples as WE). For potentiostatic tribocorrosion tests, current 

evolution was followed before, during and after sliding using three-electrodes 

setup as previously described. All electrochemical measurements were 

performed in a Gamry Potentiostat/Galvanostat/ZRA (model Referece-600). All 

tribocorrosion tests were performed under 1 N normal load (corresponding to a 

maximum Hertzian contact pressure of 0.41 GPa for c.p. Ti) during 30 min, with 

a stroke length of 3 mm and 1 Hz of frequency where coefficient of friction (COF) 

values during sliding were also followed. Before characterization, the worn 

surfaces were cleaned using the same procedure described previously. 

4.2.4. Characterization 

Microstructure was evaluated by field emission gun scanning electron 

microscope (FEI Nova 200), equipped with EDAX energy dispersive X-ray 

spectroscopy (EDS). Vickers macro-hardness tests were performed on an 

Officine Galileo Mod. D200 tester under 30 kgf of load during 15 s in order to 

calculate the overall hardness of the composites through 5 indentations made per 

sample (3 samples per condition). After tribocorrosion tests, the worn surfaces 

were characterized by using the same FEG-SEM/EDS and the wear track profiles 

were obtained by profilometry (Veeco, Dektak 150). The wear volume 

calculations followed the same procedure given elsewhere [24]. All the tests were 

at least triplicated to assure reproducibility and all the values are presented as 

average  standard deviation. Phase analysis was determined by X-ray diffraction 

(XRD) on a Bruker AXS D8 Discover with Cu-Kα radiation (λ=1.54060Å), 
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scanning from 15° to 80° at a speed of 0.04°/2s. Once that the amount of 

reinforcement phases was under the XRD detection, Ti-24 %vol. B4C composites 

were processed by PM under identical conditions for structural analysis 

purposes. The porosity for composite groups was estimated by image analysis 

using ImageJ software (version 1.51j8) by considering a total area of 56 mm2 for 

each group.  

4.3. Results 

4.3.1. Microstructure 

The overall microstructure together with the EDS spectra obtained for both 

composites is shown in Fig. 4.2. The microstructure is composed of three distinct 

zones: black reinforcement particles (B4C), light grey Ti matrix and dark grey 

reaction zone formed in between the B4C particles and the Ti matrix. EDS spectra 

taken from these zones showed that the reinforcement particles were essentially 

composed of B and C; the Ti matrix was consisted essentially of Ti and the 

reaction zone of Ti, B and C elements. Composites processed by PM presented 

much thicker reaction zones, and consequently smaller B4C particles, compared 

to composites processed by HP, with some porosity between the reaction zone 

and the Ti matrix, while the same defects were hardly observed on the 

composites processed by HP. In fact, composites processed by PM presented 

much more porosity than composites processed by HP, i. e. 2.65 ± 0.80 for PM 

and 0.06 ± 0.02 % porosity for HP composites. Fig. 4.3 shows the XRD patterns 

obtained from Ti-24B4C_PM, besides Ti (ICDD 00-044-1294) and B4C (ICDD 

00-035-0798) peaks, peaks related to TiC (ICDD 00-031-1400) and TiB (ICDD 

01-073-2148) phases were also detected. Table 4.1 shows the overall hardness 

for all groups. Comparing both Ti groups, Ti processed by PM presented 

significantly higher hardness than Ti processed by HP. Composites processed by 

PM presented similar hardness values to Ti processed by PM, while composites 

processed by HP presented higher hardness values compared to Ti processed 

by HP. Comparing composites groups, similar hardness values were observed. 
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Figure 4.2. Back-scattered electron (BSE) SEM images of the composites processed by PM and HP, 

together with EDS spectra taken from the B4C particles, reaction zone and Ti matrix. 

 

Figure 4.3. XRD spectra obtained from a Ti-24 %vol. B4C composite processed under the same PM 

conditions. 

Table 4.1. Hardness values obtained for both Ti and Ti-B4C groups. 

 Ti_PM Ti_HP Ti-3B4C_PM Ti-3B4C_HP 

HV30 387 ± 18 285 ± 8 388 ± 25 401 ± 19 

4.3.2. Electrochemical behaviour 

Representative potentiodynamic polarization curves for each group are 

presented in Fig. 4.4a and the average corrosion potential (E(i=0)), open circuit 

potential (EOCP) values (average values of the last 10 min of immersion) and 

passivation current density (ipass), taken at 0.5 V are given in Table 4.2. 

Unreinforced Ti groups presented a well-defined passivation plateau due to the 

formation of the characteristic passive oxide film. On the other hand, while 

Ti-B4C_HP presented very similar behaviour to unreinforced Ti with the 
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passivation plateau starting at around 0.30 VSCE, on Ti-B4C_PM, a passivation 

region was observed, characterized by a slow increment on corrosion current 

density values. In addition, both groups processed by HP presented higher 

corrosion potential values (Table 4.2). 

Bode and Nyquist diagrams are presented on Figs. 4.4b and 4.4c. On Bode 

diagrams, constant |Z| values and phase angles near 0° were observed in all 

groups for high frequency range (1 kHz to 10 kHz), corresponding to the 

electrolyte resistance. For both unreinforced Ti and Ti-B4C_HP groups, phase 

angles near −90° were observed between low and middle frequency range 

indicating the formation of a compact passive oxide film. On the other hand, 

Ti-B4C_PM composites presented phase angles near −70°, indicating lower 

quality of the passive oxide film. The total impedance of the system is given by 

the values of |Z|f-→0, showing the corrosion resistance of the system. Unreinforced 

Ti groups and Ti-B4C_HP composites presented very similar values  

(c.a. 4x105 Ω.cm2) while Ti-B4C_PM composites showed values close to 104 

Ω.cm2. On Nyquist diagrams, larger diameters correspond to higher overall 

corrosion resistance. When compared to unreinforced Ti groups, Ti-B4C_HP 

composites presented slightly smaller diameter while Ti-B4C_PM composites 

presented noticeably reduced corrosion resistance. 

 The EECs used to fit the EIS data are shown in Figs. 4.4d and Fig 4.4e. 

For both unreinforced Ti groups and Ti-B4C_HP, the EEC consists of an 

electrolyte resistance (Re), and a pair (Rox/Qox) corresponding to the resistance 

(Rox) and CPE (constant phase element, Qox) of the native passive oxide film, 

respectively. For Ti-B4C_PM composites, the EEC consists of an electrolyte 

resistance (Re), the resistance and CPE of the oxide film (Rox and Qox) and the 

processes taking place inside the pores consisting of an additional electrolyte 

resistance (Re
´), the charge transfer reaction due to localized corrosion (Rct) and 

the capacitance of the double layer (Qdl). Rox was removed from the EEC due to 

its extremely high value and it does not allow the conduction of electrons inside 

the passive film. 

In both EECs, a CPE was used to account for the deviation of an ideal 

capacitator, where the capacitance of the CPE is defined by 𝑍𝐶𝑃𝐸 = [𝑌0(𝑗𝑤)𝑛]−1, 

with −1 ≤ n ≤ 1 and 𝑛 = −1 corresponding to an inductor, 𝑛 = 0 to a resistor, 
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 𝑛 = 1 to a capacitator and,  𝑛 values close to 1 representing a non-ideal 

capacitator. The quality of fitting was evaluated by their goodness of fitting values, 

where all values were below 10−4 indicating that the proposed EECs described 

adequately the behaviour of all the tested groups (fitting results are given on 

Table 4.3). Ti-B4C_PM composites presented considerably higher Qox values 

compared to the other groups, indicating the lower quality of the oxide film. 

Comparing Rox values, Ti-B4C_HP composites presented lower values compared 

to unreinforced Ti groups, suggesting a relatively lower resistance of the passive 

layer formed on the composite surface. 

 

Figure 4.4. Corrosion results: a) Representative potentiodynamic polarization curves, b) Bode diagrams, c) 

Nyquist diagrams, and EECs used for d) Ti_PM, Ti_HP and Ti-3B4C_HP groups and for e) Ti-3B4C_PM 

group. 

Table 4.2. Corrosion potential (E(i=0)), open circuit potential (EOCP) and passivation current density (ipass) 

values. 

 Ti_PM Ti_HP Ti-B4C_PM Ti-B4C_HP 

ipass (µA cm−2) 5.34 ± 0.70 5.86 ± 0.17 34.63 ± 5.40 6.05 ± 0.17 

EOCP −0.36 ± 0.01 −0.24 ± 0.01 −0.15 ± 0.07 −0.19 ± 0.03 

E(i=0) (V) −0.44 ± 0.04 −0.28 ± 0.01 −0.25 ± 0.02 −0.14 ± 0.02 

Table 4.3. EEC parameters obtained from EIS data. 

 Qox  

(x 10−5 sn Ω−1cm−2) 

nox Qdl 

 (× 10−6 sn Ω−1cm−2) 

ndl Rox  

(×106Ωcm2) 

Rct  

(× 106Ωcm2) 

Ti_PM 16.32 ± 1.00 0.90 ± 0.01 − − 1.47 ± 0.74 − 

Ti_HP 21.99 ± 1.07 0.93 ± 0.01 − − 0.76 ± 0.18 − 

Ti-3B4C_PM 38.65 ± 11.99 0.76 ± 0.04 12.61 ± 0.97 0.92 ± 0.06 − 0.73 ± 0.37 

Ti-3B4C_HP 20.84 ± 1.33 0.94 ± 0.01 − − 0.47 ± 0.03 − 
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4.3.3. Tribocorrosion behaviour 

The evolution of OCP before, during and after sliding together with the 

respective evolution of coefficient of friction during sliding is given in Fig. 4.5a. All 

the groups presented stable OCP values before sliding due to a stable passive 

film. Immediately after sliding started, a sharp decrease in OCP values towards 

cathodic direction was observed for all the groups, as a result of the mechanical 

damage given to the passive film and consequent formation of active zones 

leading to an increase in susceptibility to corrosion under the mechanical action. 

For unreinforced Ti groups, Ti_HP samples presented a sharp OCP drop of 

around −0.73 ± 0.03 V, while Ti_PM presented an initial drop of −0.38 ± 0.02 V 

and then a gradual decrease to values around −0.65 ± 0.02 V.  

Compared to unreinforced Ti groups, both composites presented lower 

OCP drops on the onset of sliding where Ti-B4C_PM presented the lowest OCP 

drop of −0.18 ± 0.05 V against the −0.45 ± 0.03 V observed for Ti-B4C_HP. During 

sliding, OCP values for Ti-B4C_PM composites increased up to almost the 

starting potential during the first 600 s of sliding, remaining around the same 

values until the end of sliding. On the other hand, Ti-B4C_HP composites 

presented significant fluctuations on OCP during sliding. Nonetheless, OCP 

values were still nobler than both unreinforced Ti groups. Immediately after sliding 

stopped, all the groups except Ti-3B4C_PM, which already presented OCP 

values close to the starting ones, presented a gradual increase in OCP, reaching 

values close to the ones recorded before sliding started, due to repassivation of 

the worn area.  

Regarding COF values, distinct behaviours were observed between 

samples processed by PM and HP. Unreinforced Ti_PM oscillated around similar 

values until the 500 - 600 s of sliding (around 0.45 ± 0.01), after that, COF values 

increased to around 0.71 ± 0.01, remaining close to this value until the end of 

sliding. For unreinforced Ti_HP, COF values also started at around 0.39 ± 0.01, 

however, after a few seconds (between 10 to 100 s), COF values increased to 

around 0.58 ± 0.02 and oscillated around these values during almost the entire 

period of sliding, although a few drops were observed. Ti-B4C_PM composites 

presented a run-in period of around 200 s, where COF values increased from 

0.34 ± 0.02 to 0.59 ± 0.02. After that, COF values slowly increased to around 0.70 
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and remained around these values until the end of sliding. Ti-B4C_HP composites 

did not show any distinct run-in period, instead, a gradual increase in COF values 

was observed during the first 1500 s, after that COF values stayed at around 

0.52 ± 0.05. 

Figure 4.5b shows the representative evolution of anodic current at a 

constant applied potential before, during and after sliding together with the 

respective evolution of COF. Before sliding, all the groups presented stable 

current density values due to presence of a stable passive oxide film. While 

Ti_PM, Ti_HP and Ti-3B4C_HP groups presented similar current density values 

before sliding started, Ti-3B4C_PM group presented higher values, which is in 

accordance to what was observed on the potentiodynamic polarization curves. 

Between all the conditions, unreinforced Ti groups presented higher increase in 

current density values on the onset of sliding where Ti_HP samples showed the 

highest increase. On the other hand, both composite groups increased to similar 

current density values c.a. 0.30 µA.cm2. The anodic charge, Q, was calculated 

by integrating the current density values obtained during sliding, using the 

average current density before sliding as baseline, and the values were found as 

(5.65 ± 0.92) x 10−5, (6.81 ± 1.33) x 10−5, (3.02 ± 0.53) x 10−5, and 

(3.67 ± 0.37) x 10−5 coulomb/cm2 for Ti_PM, Ti_HP, Ti-3B4C_PM, and 

Ti-3B4C_HP respectively. Composite groups presented very similar values 

independently of processing method, while Ti_PM presented slightly lower Q 

values compared to Ti_HP. Overall, composites presented approximately 2 times 

decrease in Q values suggesting decreased corrosion kinetics under sliding 

coming from the wear track.  

As it can be seen, under these conditions, all the groups presented a run-in 

period where COF values increased in the approximately first 200 s of sliding. 

During roughly the same period, all the groups also showed a significant 

decrease in current density values. Overall, Ti-B4C_PM presented the highest 

corrosion current density values during sliding. Despite the higher increase in 

current density values that were observed for both Ti samples after sliding 

started, after some time, current density values dropped down to values close to 

the ones registered before sliding, remaining relatively stable until the end of 

sliding. Ti-3B4C_HP composites presented current density values between both 

unreinforced Ti groups and Ti-3B4C_PM composites.  
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Figure 4.5. Evolution of a) OCP and b) anodic current density before, during and after sliding together with 

the corresponding evolution of COF during sliding. 

Representative secondary and backscattered electron SE/BSE SEM 

images of the worn surfaces together with SE/SEM images and EDS spectra of 

the counter-body for all the groups after tribocorrosion tests performed under 

OCP can be seen on Fig. 4.6. For both unreinforced Ti groups tested under OCP, 

wear tracks presented ploughing grooves parallel to the sliding direction, which 

are an indication of an abrasive action of the transferred material to the counter-

body due to adhesive wear. Discontinuous tribolayers were also observed within 

the wear tracks due to continuous oxidation and compaction of material being 

transferred between the two mating surfaces. In addition, scratch marks due to 

abrasion action of loose wear debris within the wear track were also observed for 

both Ti groups. Both composites presented similar features, with SE/SEM images 

suggesting less wear damage and no evidence of reinforcement particle pull-out 

was observed under these conditions. EDS spectra taken from the counter-body 

surfaces confirmed the transference of Ti between the two mating surfaces for all 

the tested groups, thus confirming the presence of adhesive wear. However, wear 

scars were relatively larger for unreinforced Ti samples, suggesting increased 

wear compared to composites.  

Similar to what was observed for tribocorrosion tests performed under OCP, 

under the anodic domain, Fig. 4.7, all the groups also presented discontinuous 

tribolayers within the wear track. Ploughing grooves, on the other hand, were less 

pronounced for these conditions. In addition, the visible wear damage on the 

composite surfaces were significantly less on the low magnification SE images. 

EDS spectra from the counter-body also confirmed the presence of adhesive 

wear, however, the wear scars for all the groups were also considerably smaller 
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than the ones observed under OCP, suggesting reduced wear. For tribocorrosion 

tests performed on the cathodic domain, Fig. 4.8, ploughing wear grooves were 

the more prevalent wear feature and discontinuous tribolayers were still present, 

hence, EDS spectra revealed that material transfer (adhesion) between the two 

sliding surfaces also occurred. 

 

Figure 4.6. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests 

performed under OCP. 
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Figure 4.7. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests 

performed under 500 mV (anodic regime). 
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Figure 4.8. SE/BSE SEM images of the wear tracks and respective counter-bodies for tribocorrosion tests 

performed under -750 mV (cathodic regime). 

Representative 2D profiles taken from the worn surfaces and wear volume 

values are presented in Fig. 4.9. All the tested groups presented the same trend 

in wear volume loss under the different applied potentials, where higher wear 

volume losses were obtained under the cathodic domain, whereas the lowest 

values were obtained under the anodic domain. For all the conditions, composites 

presented lower wear volume losses compared to unreinforced Ti. Regarding 
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processing methods, no clear trend was observed. Composite groups presented 

similar wear volume loss values under the different applied potentials. Comparing 

both Ti groups, particular differences were observed for the tribocorrosion tests 

performed under the cathodic domain, where Ti_HP presented considerably 

higher wear volume loss. 

 

Figure 4.9. a) Representative wear profiles for all the testes groups and tribocorrosion conditions together 

with b) average wear volume loss values calculated from wear profiles. 

4.4. Discussion 

The reaction between Ti and B4C powders in both composites produced by 

PM and HP routes revealed a reaction zone around the B4C reinforcements 

particles, containing Ti, B and C elements. XRD analysis on Ti-24B4C_PM 

composites revealed the formation of TiB and TiC phases. The formation of TiB 

and TiC phases on Ti-24 %vol. B4C composites by HP was also reported 

previously by some of the present authors [15]. The Ti-B4C system is 

characterized by the formation of TiB2, TiB and TiC phases, which belong to the 

Ti-B-C system [25,26]. Due to its lower Gibbs free energy (ΔG) and enthalpy 

(ΔH), TiB2 is more likely to be formed in preference of TiB, however, due to limited 

mass transport rate in solid-state sintering, the main products of Ti-B4C reaction 

are almost always TiC and TiB [26]. In this way, in addition to the mechanical 

entrapment of the B4C reinforcement particles into the Ti matrix, a chemical bond 

was also formed. The reaction zones formed on the PM composites were much 

thicker than the ones observed on the HP composites, that may be explained by 
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the increased sintering time (3 h for PM vs 30 min for HP) and consequently more 

time for the reaction between Ti and B4C to take place. Once B4C is consumed 

in the reaction, B4C reinforcement particles tended to be smaller on the PM 

composites. 

In MMCs, interfacial reactions between the matrix and reinforcement 

phases play an crucial role on the final mechanical properties of the composite 

and may have a beneficial or detrimental effect [27,28]. Currently, the main 

motivation of the Ti-B4C system is to use B4C as a reactant to produce in-situ 

TMCs, where the reaction products of the Ti + B4C system (TiB, TiC and TiB2) 

act as reinforcement phases [8–10,29,30]. In this way, the role of these reaction 

zones on the mechanical properties of ex-situ Ti-B4C composites is still not 

completely understood. Nonetheless, the mechanical properties of TMCs 

reinforced with either TiB or TiC or even both phases is widely reported. Both TiB 

whiskers and TiC particles are reported to improve several mechanical 

properties, such as yield strength [31,32], ultimate compressive strength [32,33], 

tensile strength, creep resistance [8,34–36]. Furthermore synergistic effects 

between TiB and TiC have also been reported, meaning that TMCs reinforced by 

both TiB and TiC exhibit better mechanical behaviour over sole TiB or sole TiC 

reinforced TMCs [5].  

Hardness values obtained for Ti_PM were considerably higher than the 

ones observed for Ti_HP. Ti and Ti alloys processed by different processing 

routes can present different hardness values [37]. Due to high affinity of Ti with 

oxygen, interstitial oxygen contamination is present in almost every step of 

processing, including mixing and debinding [38]. In this way, the increased 

hardness obtained on PM samples may be explained by the additional processing 

steps involved, including pressing and handling of the green compact, the use of 

binder and the debinding cycle.  

By introducing the reinforcement particles, it would be expected that 

composites would present significantly higher hardness than their Ti 

counterparts, however this was not the case for composites processed by PM, 

where composites presented similar hardness values to unreinforced Ti. During 

the sintering stage, ceramic particles may hinder the sintering process and 

consequently reduce the densification of the composite, leading to higher amount 

of residual porosity [39]. Furthermore, it has also been reported that the volume 
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reduction from the conversion of B4C to TiB and TiC phases [40] may also lead 

to porosity and thus lower overall hardness values. In this way, the hardness 

values obtained for Ti-3B4C_PM group is most probably related with the 

antagonistic effect between the introduction of reinforcement particles and 

porosity observed in these composites. The drawback of pressureless sintering 

approach was clearly observed in this work since composites presented similar 

hardness values to Ti due to considerable amount of porosity. Higher porosity for 

TMCs processed by pressureless sintering was also reported by Patel et al. [41] 

where the authors compared the microstructure of Ti-TiB2 composites processed 

by pressureless and pressure assisted PM routes and reported increased 

porosity for the pressureless route. The authors also reported that by increasing 

sintering temperature porosity could be reduced. Due to applied pressure on HP 

technique, the negative effect of porosity was reduced and consequently 

composites showed a significant increase in hardness compared to Ti.  

In MMCs, galvanic coupling between matrix and reinforcement or interfacial 

reaction layer may lead to a significant decrease on corrosion resistance. In 

addition to gaps at the matrix/reinforcement interface, microstructural defects 

may also have a substantial impact on the corrosion resistance of the base 

material, due to formation of discontinuities or heterogeneities on the protective 

passive film [42,43]. However, literature shows that MMCs may also present 

increased corrosion resistance since reinforcement phases may act as inert 

physical barriers against corrosion [44]. Additionally, it has also been reported 

that the introduction of reinforcement phases cause grain refinement leading to 

higher stability of the passive film [45].  

In this work, it was possible to observe that Ti-B4C composites processed 

by different routes had distinct behaviours. Composites processed by HP 

presented very similar corrosion behaviour to that of Ti, while composites 

processed by pressureless sintering showed notably reduced corrosion 

resistance, not only compared to the same composite processed by HP but also 

to Ti processed by the same route. Consequently, an alternative EEC had to be 

used to fit EIS data. Regarding the reaction products that were obtained for both 

composites (TiB and TiC), some studies reported that these phases do not have 

a negative effect on the corrosion resistance of Ti. In a study by Silva et al. [46], 

it was reported that the corrosion behaviour of in-situ Ti-TiB-TiNx composites 
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processed by HP was slightly better than unreinforced Ti due to the barrier role 

given by the reinforcement phases. Chen et al. [45] reported that Ti-TiB 

composites processed by selective laser melting (SLM) presented improved 

corrosion behaviour compared to Ti processed by the same method. The authors 

attributed the improved corrosion behaviour to the fact that TiB reinforcements 

acted as a micro-cathode during corrosion, which facilitated and accelerated the 

formation of the passive oxide film on the surface of the composites. Regarding 

TiC, some studies showed that Ti-TiC composites have very similar corrosion 

behaviour to unreinforced Ti [47,48].  

In a previous study by a part of the present authors [49], the electrochemical 

behaviour of Ti-24 %vol. B4C composites processed by hot-pressing was 

evaluated. It was reported that composites presented slightly reduced corrosion 

resistance compared to unreinforced Ti that was attributed to the porosity formed 

due to bridging of the agglomerated reinforcement particles, that consequently 

induced localized corrosion. In addition, interfacial gaps at the 

matrix/reinforcement interface, as well as pore sites, may lead to discontinuities 

on the passive film and/or different states of the passive film. Processing 

parameters as well as amount of reinforcement phases may also significantly 

change the corrosion behaviour of composites since they may lead to different 

densification rates and microstructures.  

In this study, it was clear that Ti-B4C_PM presented lower corrosion 

resistance compared to other tested groups. Considering that the corrosion 

behaviour of Ti-3B4C_HP composites was very close to that of Ti, it is reasonable 

to assume that the reduced corrosion behaviour observed on Ti-B4C_PM 

composites may be due to a combination of different factors, being the porosity 

associated with PM processing technique and/or the increased thickness of the 

reaction layers, which may be the cause for the overall lower quality of native 

oxide film. In a previous study by some of the present authors [50], the corrosion 

behaviour of Ti-B4C composite processed by pressureless sintering using 

identical processing conditions was also reported, where the authors tested the 

composites by cyclic polarization scan and observed reduced corrosion current 

density in the reverse scan indicated that no susceptibility to localized corrosion 

was present in the system. However, the increased corrosion kinetics was due to 

microstructural defects between the matrix and the reaction zone, which 
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compromised the integrity of the passive oxide film. Nonetheless, in order to 

make a definitive conclusion, further studies by local electrochemical techniques 

are needed to link better the microstructure with the electrochemical response.  

Tribocorrosion tests showed that the introduction of B4C reinforcement 

particles had a significant effect on the tribocorrosion behaviour of Ti. Both 

composites showed a decrease in tendency to corrosion under sliding, which may 

be mainly attributed to the load carrying effect given by the reinforcement phases. 

The fluctuations in COF and OCP values can be attributed to the formation, 

thickening, and breaking of discontinuous tribolayers during sliding. The 

presence of tribolayers within the wear tracks can lead to increased roughness 

and consequently higher COF values during sliding. When these tribolayers 

eventually reach a critical point and break, exposing new fresh metallic area to 

the electrolyte, a consequent decrease in OCP and COF is observed [46,51–53]. 

As it could be observed in the OCP evolution, this phenomenon was more 

prevalent on Ti-3B4C_HP composites, whereas OCP and COF values were more 

stable for Ti-3B4C_PM composites.  

The evolution of anodic current density under sliding showed that, despite 

the current density peaks observed on the onset of sliding, after a few minutes, 

current density values decreased and stabilized at almost the same current 

density values observed before sliding. Under the anodic applied potential, the 

formation of tribolayers was promoted since the growth of the native passive 

oxide film was accelerated. As a result, the overall COF values were higher, 

possibly due to increased formation of the discontinuous tribolayers and 

consequently increased roughness. In addition, COF values were also more 

stable during sliding, in other words, after a run-in period, oscillated around similar 

values till the end of sliding since the growth and stability of these tribolayers was 

promoted under the anodic potentiostatic control. It is known that these 

tribolayers can either play a beneficial and/or detrimental role during 

tribocorrosion. Due to higher hardness of these layers, they may play a limited 

protective role owing to load bearing effect and consequently reducing 

electrochemical active zones within the wear track. On the other hand, if these 

oxides break and roll freely on the wear track, they may act as a third-body 

abrasives and increase the mechanical wear [37,39,49,54]. In tribocorrosion, the 

total wear volume loss due to wear and corrosion cannot be simply calculated by 
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the sum of material lost due to wear and material lost due to corrosion, since 

synergetic or antagonist effect may occur. The effect of corrosion on wear and 

the effect of wear on corrosion should also be considered, as these can 

significantly change the total wear volume loss. In the synergetic approach the 

total wear volume loss due to tribocorrosion can be described as the sum 

between material lost due to wear, material lost due to corrosion and the material 

lost due to the interplay between wear and corrosion. In most cases, a synergetic 

effect is observed, meaning that wear increases material lost to corrosion and 

vice-versa [55]. Based on the tribo-electrochemical and wear volume loss results, 

it is reasonable to state that under the tested conditions, an antagonistic effect 

was observed since the oxide layers formed during sliding had a beneficial role 

on the tribocorrosion behaviour of both Ti and composite groups. All the tested 

groups presented considerably higher wear volume loss under the cathodic 

potentials. Under cathodic potentials, the corrosion processes are inhibited, thus, 

the native oxide film is not allowed to growth, limiting the formation of load 

carrying tribolayers during sliding.  

 In fact, comparing the wear volume loss values against the ones observed 

for tribocorrosion tests under OCP and the cathodic domain, considerably less 

wear volume loss was observed on the anodic domain. The considerable higher 

wear volume loss observed for Ti_HP compared with Ti_PM under the cathodic 

domain can be explained by the lower hardness values, since mechanical wear 

is the main response of the system under these conditions. Under OCP and 

anodic potential, such differences were not observed, suggesting that the 

formation of tribolayers played a considerable role in wear resistance. Overall, 

composites presented considerably lower wear volume losses in all the 

conditions compared to Ti, independently of processing method. Within the 

composite groups, wear volume values were in range of the standard deviation 

of each other, which is in accordance with the hardness values.  

4.5. Conclusions 

Within the scope of this study, it was possible to conclude that the 

introduction of low amount of B4C reinforcement particles into a Ti matrix can 

improve the overall tribocorrosion behaviour of Ti through reduced wear volumes, 

reduced tendency to corrosion, as well as reduced corrosion kinetics under 
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sliding. Based on the results, it was possible to see that independently of 

processing method, under these conditions, Ti and composites showed an 

antagonistic effect between corrosion and wear, evidenced by the lower wear 

volume values obtained under the anodic domain. Additionally, it was possible to 

see that the overall microstructure of these composites played an important role 

on the corrosion behaviour, that was evidenced by the considerably lower 

corrosion resistance of the composites processed by PM. 
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Abstract 

Poor tribocorrosion resistance of Ti and its alloys remains as a concern for 

load-bearing biomedical implants. Despite being an effective method to improve 

tribocorrosion resistance, titanium matrix composites (TMCs) have yet to be used 

in this type of applications. In-situ TiB (titanium boride) and TiC (titanium carbide) 

reinforcement phases have been considered as one of the best options to 

produce TMCs once these phases present high compatibility and strong 

interfacial bonding with Ti. Although the effect of these phases on the mechanical 

properties of Ti has been thoroughly researched in the last years, their effect on 

corrosion, tribocorrosion and biocompatibility of Ti is yet to be fully understood. 

In this work, in-situ Ti-TiB-TiCx composites obtained by reactive hot pressing 

showed identical corrosion response compared to the unreinforced Ti but 

displayed improved tribocorrosion behaviour. Early biological tests showed 

promising results, as composites were biocompatible and induced osteoblasts 

spreading and possibly proliferation most probably due to composite chemistry 

and surface hardness. 

5.1. Introduction 

Poor tribocorrosion resistance of Ti and its alloys remains a concern 

affecting load-bearing biomedical implants. In the case of orthopaedic implants, 

it is known that micro-motions occur at fixed points of contact either the interface 

between the implant and the bone/cement, or between different components of 

the implant in the case of modular implants, namely at neck/stem and 

neck/femoral head interfaces [1]. Adverse local tissue reactions (ALTRs), that 

may include osteolysis, bone, muscle, tendon and capsular necrosis, capsular 

thickening, cystic lesions, excessive fluid collection(s), aseptic lymphocyte-

dominated vasculitis-associated lesions, and soft tissue masses, are one of the 

main causes of hip implant failure being linked with tribocorrosion processes 

taking place on the implant. ALTRs are caused by the interaction of body proteins 

and wear debris leading to the growth of cystic and fibrotic masses, previously 

known as a pseudotumor. Simply put, the immune system has a stronger reaction 

than what it should have and consequently, it leads to the dysregulation of the 

expected biological behaviour at these zones [2]. In fact, a considerable number 
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of studies regarding hip implant failure due to ALTRs have been published 

throughout the years [3–8]. Once implant failure occurs, revision surgery is 

needed which is much more complex procedure than the first implantation. In the 

case of revision surgery, the damaged implant needs to be removed, along with 

the cement (in the case of cemented implants) and the surrounding bone and 

tissue. Thus, complications such as bone loss and bone fracture are more likely 

to happen. In addition, significant economical burdens are also put on both 

patients and healthcare infrastructures [9–12].  

The incorporation of hard ceramic particles into a Ti matrix to produce TMCs 

has been reported to be an effective method to improve the tribocorrosion 

behaviour of Ti. Hard ceramic reinforcement particles may improve the wear 

resistance through different strengthening mechanisms. Load transfer is the one 

that and has a higher contribution, while other mechanisms such as strain 

hardening, Orowan strengthening and/or grain size refinement can act 

simultaneously promoting an improvement in the mechanical properties of the 

composites [13]. Despite being an effective method of improving the 

tribocorrosion behaviour of Ti, these classes of materials have not yet sufficiently 

attracted the attention of the biomaterials industry.  

Among all the reinforcement phases that can be successfully used to 

produce these composites, in-situ TiB whiskers (TiBw) and TiC particles (TiCp) 

have been recognized as excellent options due to their compatibility and strong 

interfacial bonding with Ti and similar coefficients of thermal expansion (CTEs), 

being 8.2×10−6/°C for Ti, 7.2×10−6/°C for TiB, and 7.9×10−6/°C for TiC. Despite 

ex-situ composites also showing superior tribocorrosion resistance compared to 

unreinforced Ti, these still present some disadvantages, such as particle 

fragmentation and pull out during sliding, which can lead to third-body wear and 

consequently an increase in wear volume [14,15]. Another advantage of in-situ 

Ti-TiB-TiC composites resides is the fact that they can be efficiently and 

economically processed by a mixture of Ti and B4C powders using powder 

metallurgy (P/M) based techniques [16–19].  

The effect of TiB and/or TiC phases on the mechanical properties of Ti and 

Ti alloys have been thoroughly researched. TiBw phases can be used to improve 

yield strength [20,21], ultimate compressive strength [21] as well as tensile 

strength and creep resistance since TiBw phases can undertake higher stress 
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than the Ti matrix due to different elastic modulus [22–24]. TiCp phases are 

reported to prevent crack nucleation and propagation [23,25] as well as improve 

yield strength and ultimate tensile strength [26]. TMCs reinforced by both TiBw 

and TiCp phases are reported to have improved ultimate tensile strength and yield 

strength [27]. Studies have also shown synergistic effects between TiBw and TiCp 

phases on ultimate tensile strength. TMCs reinforced by both phases exhibit 

superior mechanical behaviour over TMCs reinforced with either TiBw or TiCp 

reinforcements [28].  

Currently, very few studies report on the corrosion and biological response 

of TiB and/or TiC reinforced TMCs. Regarding the biological behaviour, TiB 

phase dispersed in a Ti matrix has been reported to have good cytocompatibility 

[29]. In contrast, TiC coatings have been reported to improve the biocompatibility 

of titanium, as well as being able to stimulate osteoblast proliferation, adhesion 

and differentiation by creation a microrough surface and the formation of Ti2O3, 

TiO2 and TiO oxides  [30].  

In TMCs, the introduction of secondary phases into a Ti matrix may improve, 

reduce, or not significantly change the corrosion behaviour of the matrix Ti or Ti 

alloy. Problems related to processing may lead to the formation of porosity, which 

may lead to localized corrosion. In addition, galvanic coupling between 

reinforcement phases and the Ti matrix may also lead to a decrease in corrosion 

resistance. On the other hand, reinforcement phases may also act as inert 

barriers against corrosion and improve corrosion resistance [31]. Literature 

regarding the effect of both TiB and TiC phases on the corrosion resistance of 

titanium is also very limited. Diao et al. [32] studied the corrosion resistance of a 

Ti alloy by laser cladding with Ti/TiC/TiB2 powders and reported an increase in 

open circuit potential (OCP) and decrease in corrosion kinetics due to grain 

refinement and higher corrosion resistance of TiC and TiB2 phases. Chen et al. 

[33] studied the corrosion behaviour of Ti-TiB composites processed by selective 

laser melting (SLM) and obtained favourable results. Ti-TiB composites showed 

increased corrosion resistance, which was attributed to the presence of TiB2 and 

TiB particles. During corrosion process, these particles acted as a micro-cathode, 

facilitating the anodic dissolution of Ti and consequently accelerating the 

formation of the protective passive film. 
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The effect of both TiC and TiB reinforcements on the tribocorrosion 

behaviour of titanium is still poorly understood as most studies only evaluate the 

wear resistance under dry conditions. Nonetheless, these studies have shown 

that TMCs reinforced with TiC and TiB reinforcement phases have decreased 

wear loss under dry sliding and fretting conditions when compared with 

unreinforced titanium [34–36]. 

TMCs reinforced with TiB and TiC phases may be a good candidate for 

load-bearing implants owning to their both mechanical properties and wear 

resistance; however, their corrosion, tribocorrosion and biological response 

should be further investigated. Thus, the main goal of this study was to evaluate 

the corrosion and tribocorrosion behaviour of in-situ Ti-TiB-TiC composites, as 

well as to give an early insight into the biocompatibility of such composites. 

5.2. Materials and methods 

5.2.1. Processing 

In-situ Ti-TiB-TiCx composites were obtained using Ti grade 2 and B4C 

powders as raw materials, with average particle sizes of 25 and 9 µm, 

respectively. In order to produce the composites with 10 %vol. (TiB + TiC), 

1.9 mass % of B4C was used according to eq. (5.1) [37]. Powders were mixed 

through ball milling for 4 h at 120 rpm with the help of Al2O3 balls (ø 10 mm) under 

Ar atmosphere to reduce oxidation. After mixing, the blended powders were 

placed in a zirconia coated graphite mould to process samples with 10 mm 

diameter and 3 mm of thickness. Hot pressing (HP) occurred under high vacuum 

(≤10-5 mbar) for 2 h at 1100 °C with heating and cooling rates of 5°C/min and 

10°C/min, respectively. A pressure of 40 MPa was applied during the whole 

duration of the thermal cycle. After processing, samples were ground down to 

# 2400 SiC papers and mirror finished with colloidal silica suspension (0.04 µm). 

Afterwards, samples were ultrasonically cleaned in propanol and distilled water 

for 10 and 5 min, respectively. Similar surface conditions were obtained by 

keeping the samples in a desiccator for 24 h prior to both electrochemical and 

tribocorrosion tests. 

5𝑇𝑖 + 𝐵4𝐶 → 4𝑇𝑖𝐵 + 𝑇𝑖𝐶                                                             (5.1) 
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5.2.2. Electrochemical tests 

Electrochemical tests were carried out in an electrochemical cell containing 

phosphate-buffered saline solution (PBS: 0.24 g/l KH2PO4, 0.2 g/l KCl, 1.44 g/l 

Na2HPO4 8 g/l NaCl) with an adjusted pH at 7.4 at body temperature (37  1 °C). 

OCP was first monitored until stabilization of the system (∆E < 60 mV/h), followed 

by electrochemical impedance spectroscopy (EIS) measurements. EIS data 

acquisition was performed in a frequency range from 105 Hz until 10-2 Hz at 7 

points per decade, an amplitude of the sinusoidal signal of 10 mV was set. After 

EIS, potentiodynamic polarization tests were performed from −0.2 VOCP to 1.5 

VAg/AgCl at 1mV/s. All electrochemical tests were performed using a standard 

three-electrode setup with a saturated Ag/AgCl reference electrode, a Pt counter 

electrode, and the sample as a working electrode with an exposed area of 

0.1 cm2. All the electrochemical tests were carried out in a Gamry 

Potentiostat/Galvanostat/ZRA (model Referece-600+).  

5.2.3. Tribocorrosion tests 

Tribocorrosion tests were performed in a tribometer (CETR-UMT2) with a 

ball-on-plate configuration and reciprocating stage, using the same PBS solution 

at body temperature. The sliding action was performed under two distinct normal 

loads of 0.5 and 10 N, corresponding to a maximum Hertzian contact pressure of 

342 and 930 GPa, respectively, for the unreinforced titanium.  

OCP was continuously recorded before stabilization (∆E < 60 mV/h), under 

sliding for 3600 s and also after sliding for 3600 s. Coefficient of friction (COF) 

values were also recorded during sliding. Sliding time, frequency and stroke 

length were set as 60 min, 1 Hz and 3 mm, respectively, for both conditions. The 

electrochemical measurements were performed using a Gamry 

Potentiostat/Galvanostat/ZRA (model Referece-600) with a two-electrode set-up, 

the samples were set as working electrode and saturated Ag/AgCl as reference 

electrode. The same cleaning procedure described previously was used after 

tribocorrosion tests. 
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5.2.4. Osteoblasts viability  

Ti and composite surfaces were sterilized in ethanol (70%) for 2 h followed 

by UV light irradiation for 2 h on each surface. Human-like osteoblast-like cells 

(MG-63) were cultured in a growth medium consisting of Dulbecco´s modified 

Eagle´s medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and 

1 % of an antibiotic (penicillin-streptomycin). For live and dead assay, MG-63 

cells were seeded (2 × 104 cells/cm2) on the samples surfaces in a 24 well plate 

and incubated at 37 °C in a humidified atmosphere (5 % CO2) for 24 h. After that, 

LIVE/DEAD® assay was performed according to manufacturer’s instruction 

(Thermo Fisher, LIVE/DEAD® Viability/Cytotoxicity Kit). Images were taken with 

an inverted fluorescence microscope equipped with a digital camera, and the total 

number of live (green) and dead (red) cells in each field (12 images of 1,5 mm2 

for each condition) were counted. After 24 h, cells were fixed with Karnovsky for 

1 h and then post-fixed with osmium tetroxide, dehydrated through a series of 

ethanol (50, 60, 70, 80, 90, 95 and 100 %) and dried with hexamethyldisilazane 

(HDMS). Finally, samples were gold-sputtered and then observed by field 

emission gun scanning electron microscope (FEG-SEM, Tescan Lyra 3). 

5.2.5. Characterization 

The microstructure of the as-processed composites was analysed by FEG-

SEM (Tescan Lyra 3). In order to investigate the microstructure in more detail, 

lamella for transmission electron microscope (TEM) observation was obtained by 

focused ion beam (FIB, Tescan-Lyra 3 dual beam) with gallium (Ga) ion source 

attached to the same FEG-SEM equipment. Afterwards, TEM analysis was 

performed in a TEM (JEOL 2100F) operating at 200 kV equipped with CCD 

camera (GATAN Orius) and an energy dispersive X-ray spectroscopy detector 

(EDS - Noran Seven). XRD analysis was conducted in a diffractometer (X’pert 

PANalytical) with Cu-Kα radiation (λ = 1.54056 Å) at 40 kV and 40 mA. in An 

Officine Galileo Mod. D200 tester was used to obtain Vickers macro-hardness by 

applying a 30 kgf load during 15 s through a total of 15 indentations (in 3 indepent 

samples) for both groups. The worn surfaces obtained after tribocorrosion were 

observed by FEG-SEM (FEI Nova 200) and the chemical composition was 

evaluated through EDS (EDAX). A non-contact profilometry (Veeco, Dektak 150) 
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was used to acquire the 2D wear track profiles, which were used to estimate wear 

volume loss values using a procedure described elsewhere [38]. 

5.3. Results and discussion 

5.3.1. Composite microstructures 

The overall microstructure and composition of the as-processed 

composites can be seen on the SEM image obtained with back scattered electron 

(BSE) detector in Fig. 5.1a. The composite microstructure was constituted by a 

Ti matrix with well dispersed reinforcement phases, which resulted from the 

reaction of Ti and B4C powders. No significant amount of unreacted B4C particles 

was observed. Fig. 5.1b shows the secondary electron (SE) SEM image of the 

composite surface over-etched with Kroll’s reagent and the EDS elemental maps. 

The reinforcement phase is composed of TiB needles or clusters dispersed into 

the Ti matrix. A more detailed characterization was performed by TEM that is 

present in Fig. 5.1c. A thin cross-section of the sample, prepared by FIB revealed 

that the reinforcement phases were constituted by clusters of small grains of TiB 

and TiCx phases. Selected area electron diffraction (SAED) from an individual 

grain revealed the presence of the TiCx. In addition, it was observed that long TiB 

needles grew from these clusters into the Ti matrix. Similar structures were 

reported by Ni et al. [17], where Ti-(TiB+TiC) composites were processed by hot 

pressing Ti and B4C powders at 1200 °C for 30 min. The authors reported the 

formation of TiB clusters and small TiC particles as well as the formation of long 

TiB needles into the Ti matrix. They also reported that by using smaller B4C 

particles, the formation of these clusters could be avoided, and in this way, the 

overall structure was composed by TiB needles and TiC particles. The Ti-B4C 

system is characterized by the formation of TiB, TiB2 and TiC phases. When Ti 

reacts with B4C two potential reactions can occur [37,39]: 

𝑇𝑖 +
1

5
𝐵4𝐶 =

4

5
𝑇𝑖𝐵 +

1

5
𝑇𝑖𝐶                                          (5.2)  

𝑇𝑖 +
1

3
𝐵4𝐶 =

2

3
𝑇𝑖𝐵2 +

1

3
𝑇𝑖                                           (5.3)  

These reaction products belong to the Ti-B-C system. According to Gibbs 

free energy (ΔG) and enthalpy (ΔH), the formation TiB2 is more susceptible to 

than TiB. However, TiC and TiB phases are usually the main reaction products 
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due to TiB2 limited mass transport rate in solid-state sintering [39]. Several 

studies have shown that reaction of Ti and B4C lead mainly to TiB and TiC phases 

as main reaction products [13,22,23,34,37,40,41]. Due to presence of these 

reinforcement phases, the overall hardness increased from 286 ± 8 to 431 ± 11 

HV30 from unreinforced Ti to the composites, respectively. 

 

Figure 5.1. Characterization after processing: a) BSE SEM image of as-processed composite, b) SE 

(secondary electron) SEM image and EDS elemental distribution maps of an over-etched composite surface, 

c) dark-field STEM image of the composite with a higher magnification of the reinforcement phase. The insert 

shows a selectred area electron diffraction pattern (SAED). The diffraction pattern could be indexed in [6 10 

1] direction of the TiC0.59 phase, and d) XRD pattern of the composite showing the presence of TiB and TiC 

phases. 

5.3.2. Electrochemical behaviour 

Representative potentiodynamic polarization curves for Ti and its composite 

are presented in Fig. 5.2a. Both Ti and composite presented the typical behaviour 

of a passive metal with a well-defined passivation plateau, attributed to the 

formation of a stable passive film. The ipass values were extrapolated from 

potentiodynamic polarization curves as 5.36 ± 1.14 and 4.65 ± 0.6 µA.cm-2 for Ti 

and composite, respectively. The slightly lower ipass values obtained for composite 

groups are probably related to the reduced exposed Ti metallic area due to the 
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presence of reinforcement phases. The composites showed slightly lower E(i=0) 

values compared with unreinforced Ti being −0.14 ± 0.06 and −0.27 ± 0.03 V for 

Ti and composite, respectively. 

Representative EIS Nyquist and Bode diagrams are presented in Figs. 5.2b 

and 5.2c. On Bode diagrams, when constant |Z| values and phase angles near 0° 

in higher frequencies ranges (higher than 1 kHz) corresponds to the electrolyte 

resistance. For lower and middle frequencies range, phase angles 

approaching −90° were noticed for both groups, indicating a compact passive film 

formation. The total impedance of the system (|Z|f→0) represents the overall 

corrosion resistance, was very similar for both groups (c.a. 0.3 MΩ.cm2). 

Considering the Nyquist diagrams where the corrosion resistance is given by the 

diameter of the semi-circle, composites seem to present slightly smaller 

diameters compared to Ti, that can indicate slightly reduced corrosion resistance 

although this difference was very small. In order to better access the results, EIS 

data was fitted with modified Randels´ electrical equivalent circuit (EEC) 

presented in Fig. 5.2d, consisting of an electrolyte resistance (Re) in series with 

the Rox/CPEox pair, being the resistance and constant phase element (Qox) of the 

native oxide film. For both groups, a CPE due to the deviation of an ideal 

capacitator, where the capacitance of the CPE is defined by 𝑍𝐶𝑃𝐸 = [𝑌0(𝑗𝑤)𝑛]−1, 

with −1 ≤ n ≤ 1 when  𝑛 = −1 corresponds to an inductor, 𝑛 = 0 to a resistor, 𝑛 =

1 to a capacitator and 𝑛 values close to 1 representing a non-ideal capacitator. 

Fitting results can be seen on Table 5.1, where the quality of fitting was 

determined by the goodness of fitting values, being always under 10−4 for both 

groups indicated that the equivalent circuit described the behaviour of Ti and 

composite groups adequately. The obtained electrochemical results were very 

similar between Ti and composite groups, indicating that the in-situ phases did 

not significantly alter the corrosion behaviour of unreinforced Ti.  

The effect of TiB and TiC phases on the corrosion behaviour of TMCs have 

been reported, however, for systems with some key differences from the one 

studied in this work. Toptan et al. [13] investigated the corrosion response of ex-

situ Ti-B4C composites processed by HP. The overall microstructure of the 

composites consisted of dispersed B4C reinforcement particles within the Ti 

matrix with a reaction zone surrounding the B4C particles composed of TiB and 

TiC phases due to the reaction of B4C with Ti. The authors reported reduced 



Chapter 5: Preliminary tribo-electrochemical and biological responses of the Ti-TiB-TiCx in-situ composites intended for 

load-bearing biomedical implants 

 120 

corrosion resistance under static conditions, which was attributed to the porosity 

formed due to bridging of B4C during processing. Diao et al. [32] studied the 

corrosion behaviour of Ti-TiC-TiB2 (weight ration 1:1:2) composite coatings and 

reported a significant improvement in corrosion behaviour due to the grain 

refining of Ti and barrier role given by the reinforcement phases. 

Chen et al. [33] investigated the corrosion behaviour of Ti-TiB composites 

processed by SLM, and reported an increase in corrosion resistance, as TiB 

phases acted as micro-cathodes and accelerated the formation of the passive 

film on Ti matrix. Thulasiram et al. [42] studied the corrosion performance of 

Ti-TiB composites obtained by conventional P/M, spark plasma sintering (SPS) 

and HP. The authors reported that hot-pressed composites presented superior 

corrosion behaviour due to the formation of finer TiB needles compared to the 

other processing methods. The authors also reported that higher amount of TiB 

phases led to an increase in corrosion resistance of the composites. Regarding 

TiC phases, Covino et al. [43] investigated the effect of TiC reinforcement volume 

fraction (2.5, 5, 10 and 25 vol. %) on the corrosion behaviour of Ti-TiC composites 

processed by conventional sintering. The authors reported similar behaviour to 

that of the unreinforced Ti for all the groups and found no evidence of TiC phases 

changing the corrosion behaviour of Ti in any significant way. Other in-situ 

composites based on Ti-B-N system, such as Ti-TiB-TiNx composites have also 

been reported to have similar behaviour to the unreinforced Ti [31,44]. In the 

present work, composites presented rather similar behaviour to that of Ti, 

however, EIS results suggested that the passive film formed on the surface may 

have slightly less quality. This behaviour was most probably related to the 

presence of the rather large TiB clusters, which may compromise the continuity 

of the passive oxide film. 

Table 5.1. EEC parameters obtained from EIS data. 

 Re Rox (х106 Ω.cm2) Qox (х10-5 S*s^a cm-2) nox χ2 

Ti 34 ± 4 1.13 ± 0.80 2.75 ± 0.51 0.90 ± 0.04 ˂10-4 

Ti-TiB-TiC 35 ± 1 0.43 ± 0.08 2.66 ± 0.21 0.91 ± 0.02 ˂10-4 
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Figure 5.2. Electrochemical behaviour: a) Representative potentiodynamic polarization curves for Ti and its 

composites, b) Nyquist diagrams, c) Bode diagrams and EEC used to fit EIS data. 

5.3.3. Tribocorrosion behaviour 

The evolution of OCP before, during and after sliding, and COF evolution 

during sliding for Ti and its composite for both loading conditions are presented 

in Fig. 5.3. Before sliding, Ti and composite groups the stable OCP values were 

reached due to the formation of a stable passive oxide film. As soon as sliding 

started, a sudden decrease in OCP values was noticed for all groups and 

conditions due to removal of the passive oxide film and consequent exposure of 

fresh metallic area to the PBS. Overall, for 0.5 N applied load, the behaviour of 

Ti and composite was rather similar. As soon as sliding started, OCP values 

dropped around −0.47 ± 0.12 V for composites and −0.51 ± 0.05 V for Ti in the 

cathodic direction. Within a brief period of sliding, OCP values increased for 

nobler values, after that, OCP values for composite groups tended to slowly 

increase until the end of sliding, while the OCP values for Ti group followed a 

relatively horizontal course. Periodic drops in OCP values were observed for both 

groups under sliding that were also corresponded by drops in COF values. This 

behaviour was reported before for Ti under similar conditions and it was attributed 
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to the repeatedly formation and breakdown of tribolayers, which give limited 

protection against corrosion  [44,45]. Consequently, a comparable effect was also 

observed in COF values, as the formation of these tribolayer leads to an increase 

in the overall roughness of the worn surfaces. Overall, OCP values under sliding 

were slightly more positive and COF values were slightly lower for composite 

group. 

On the other hand, when the applied load was 10 N, significant differences 

were observed between the groups. At the onset of sliding, both presented similar 

drops in OCP values (−0.58 ± 0.05 V for Ti and −0.64 ± 0.11 V for composites); 

however, different behaviours were observed after a few minutes of sliding. After 

around 20 min, OCP values for Ti group dropped and evolved horizontally around 

−0.79 ± 0.05 V till the sliding stoped. Composite groups on the other hand, 

showed a rapid increase in OCP values after roughly 5 min of sliding, to values 

around −0.55 ± 0.03 V, which then tended to slowly increase until the end of the 

sling to values close to -0.49 ± 0.06 V. Contrary to 0.5 N, under these conditions, 

composites presented slightly higher COF values compared to Ti, suggesting 

higher roughness of the worn surfaces under these conditions. 

 

Figure 5.3. Evolution of OCP before, during and after sliding together with the evolution of COF during 

sliding for both conditions and groups. 

Fig. 5.4 shows BSE and SE SEM images of the worn sample and counter-

material surfaces, together with the respective EDS spectra taken from the worn 

counter-material surfaces. For 0.5 N condition, similar features were detected on 

the worn surfaces of Ti and composites, being the formation of parallel grooves 
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to the sliding direction and discontinuous tribolayers. Grooves originate from 

abrasion mechanisms caused by the protrusions on the counter-body surfaces, 

originated from the transference of material from the worn sample surfaces to the 

counter-body due to adhesion (as confirmed by the Ti peaks observed on EDS 

spectra in Fig. 5.4). Transferred material can also be compacted on the worn 

surfaces and result in the formation of discontinuous tribolayers, leading to the 

oscillations in OCP and COF values as mentioned before. This mechanism can 

be repeated several times during sliding, making transferred material harder due 

to work hardening. Additionally, loose oxide wear debris can act as a third-body 

abrasive and lead to the formation of scratches parallel to the sliding direction. 

For 10 N condition, considerably wider wear tracks were observed for Ti. 

While grooves were observed for both groups, tribolayers were much less 

predominant on the unreinforced Ti surfaces, contributing to the lower OCP 

values under sliding. Under this condition, wear debris tends to be pushed out of 

the wear track and thus, the formation of tribolayers is limited [14,44]. On the 

other hand, SEM images revealed elevated amount of tribolayer formation for the 

composites, which extend to almost the entire wear zone and is most probably 

the cause for the rapid increase on OCP values, as well as COF values after a 

few minutes of sliding action. The results suggested that under this condition, 

reinforcement phases served as anchorage points for the elevated formation of 

the tribolayers.  

Due to overall higher hardness and load carrying effect given by the 

reinforcement phases, together with the formation of an extensive protective 

tribolayer, OCP values under sliding were considerably higher than the ones 

registered for unreinforced Ti.  

The wear volume loss values are shown on Fig. 5.5. Overall, composite 

group presented significantly reduced wear volume loss than the unreinforced Ti, 

especially under the 10 N applied load. A reduction in wear volume loss for Ti or 

Ti alloys reinforced with TiB and/or TiC phases has been reported before. Kim et 

al. [35] researched the wear behaviour of Ti-(TiB+TiC) composites produced by 

vacuum induction melting using Ti and B4C powders and reported a decrease in 

wear volume loss with increasing reinforcement content. The authors attributed 

this behaviour to the increased hardness of composites and the load carrying 

effect given by the reinforcement phases, which reduced wear damage on the Ti 
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matrix and reduced crack propagation during sliding and thus the formation of 

large wear debris was avoided/reduced. Choi et al. [34] also reported similar 

behaviour for Ti-(TiB+TiC) composites processed by casting. The authors stated 

that the formation of protective tribolayers during sliding also leads to additional 

protection against wear. Singh et al. [46] studied the tribocorrosion response of 

Ti-(TiB+TiC) composites processed by SPS. The authors reported higher OCP 

values during sliding compared to Ti-6Al-4V alloy due to improved load 

distribution, once reinforcement phases reduced the deformation of the matrix 

alloy. In addition, the authors also attributed improved tribocorrosion behaviour 

to grain refinement and dispersion strengthening after the introduction of the 

reinforcement phases. 

The results obtained in this work support previous literature, being that an 

increase in the overall hardness, as well as the load carrying effect given by the 

reinforcement phases are the main reasons for considerably reduced wear 

volume loss. Additionally, it was shown in the present work that under high loads, 

tribolayers were formed on the composite surfaces that gave limited protection 

against wear and corrosion.   
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Figure 5.4. BSE/SE SEM images of the worn surfaces and SE SEM images of the Al2O3 balls used as 

counter-body with respective EDS analysis. 

 

Figure 5.5. Wear volume loss values calculated from wear profiles. 
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5.3.4. Biological behaviour  

The MG-63 cell viability was evaluated by Live and Dead assay following 

24 h contact with the surfaces (Fig. 5.6a and Fig. 5.6b). Results showed no 

significant difference between viability of osteoblast-like cells plated on the 

composite surfaces compared with the ones seeded on control Ti surfaces. An 

increase of 33% in cell number was observed with cells seeded on the composite 

surfaces compared with Ti control surfaces possibly suggesting that composites 

are inducing osteoblasts proliferation, however further studies are underway to 

confirm this behaviour. Very limited information is available in literature regarding 

cytocompatibility of TiB and TiC phases. Miklaszewski et al. [29] studied the 

cytocompatibility of in-situ Ti-TiB composites processed by boride microplasma 

surface in vitro, using human osteoblast (NHOst) cells. The results showed 

similar cytocompatibility of Ti-TiB composites compared to microcrystalline Ti 

after 1 and 5 days. On the other hand,  Balázsi et al. [47] studied the 

cytocompatibility of TiC and TiCN nanocomposite films obtained by DC 

magnetron sputtering. The authors reported improvement of osteoblast-like 

MG-63 cell viability on nanocomposite films possibly due to the formation of a 

TiO2 film with anti-bacterial properties.  The presence of reinforcement phases 

led to increment of hardness (from 286 to 431 HV30). Harder surfaces have been 

reported to promote material-cell interactions [48,49]. 

SEM analysis was performed after 24 h cell direct contact on the surfaces 

(Fig. 5.6c) to assess osteoblasts morphology. It was possible to observe that 

osteoblasts adhered to composite surfaces exhibiting an intact and well-defined 

osteoblastic phenotypic morphology. In all the conditions it was possible to 

observe that osteoblasts started to spread and developed well defined 

lamellipodia and filopodia. Interestingly, osteoblasts adhered to composites 

showing a more flattened cell morphology while in the control group (Ti) cells kept 

more hemispheroidal. Osteoblasts cultured on composites were larger comparing 

to cells grown on Ti, indicating that composite surfaces enhanced cell spreading. 

All together, these results showed that the composites developed in this work are 

a promising material for biomedical applications since they improve cell vialbility, 

induce an enhancement on and spreading and possibly affect also proliferation. 
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This improvement is most likely related to a change in surface chemistry and 

hardness. 

 

Figure 5.6. Biological behaviour: a) Cell survival (%), b) fluorescence micrography of MG-63 cells cultured 

24 h on control Ti surfaces and Ti-TiB-TiC composites (green represents live cells and red represents dead 

cells) and c) SEM images of MG-63 cells attached Ti surfaces and Ti-TiB-TiC composites surfaces for 24 h. 

5.4. Conclusions 

In-situ TMCs reinforced with TiB and TiC phases were synthetised by 

reactive hot-pressing through the reaction of Ti and B4C powders. Composites 

maintained the good corrosion behaviour of Ti. Due to the load carrying effect 

given by the reinforcement phases, as well as higher overall hardness of the 

composite surfaces, a significant decrease in wear volume loss and reduced 

tendency to corrosion under sliding was observed, being more prominent under 

harsher conditions. The composite surfaces were biocompatible and modulated 

cell spreading and possibly proliferation probably due to the combination of 

specific surface chemistry and hardness. Therefore, within the limitations of this 

work, it was shown that in-situ Ti-TiB-TiCx composites may have potential for load 

bearing hip implants. 
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Abstract 

A bio-functionalized porous surface was obtained on Ti by a two-step anodic 

treatment and its corrosion and tribocorrosion behaviour were evaluated. The 

first-step provided macro-porosity while the second-step, a bio-functionalization 

process by micro-arc oxidation (MAO), provided an oxide layer (anatase + rutile) 

with micro-pores and bio-active elements (Ca + P). Corrosion and tribocorrosion 

behaviour were improved due to the protective role given by the oxide layer 

formed on the second-step. Tribocorrosion mechanisms for the bio-functionalized 

porous structures are presented. 

6.1. Introduction 

Chronic diseases such as osteoarthritis, cardiovascular diseases and old 

age-related traumas together with the ageing population worldwide are set to 

increase the demand for medical implants in the next following years. By 2022, 

the medical implants market is expected to garner 116 billion USD [1]. Several 

types of materials are used to fulfil the needs of the implants market, and among 

the metallic materials, Ti is widely used mainly due to its high strength, lower 

Young’s modulus compared to Co-Cr alloys and stainless steel, lower density, 

and a good combination of mechanical properties and outstanding corrosion 

resistance [2–4]. However, Ti presents three major concerns as an implant 

material, such as (i) poor wear resistance, (ii) bio-inertness and (iii) higher 

Young’s modulus compared to bone, that can result in stress shielding effect [5]. 

A multiscale (macro-, micro- and nano-scale) porosity on the surface could 

be beneficial for mechanical interlocking, as well, for promoting cell adhesion and 

proliferation [6]. By varying the parameters of two or more steps of anodic 

treatment, it is possible to obtain hierarchical porous surfaces on the macro-, 

micro- or nano-scale. In order to give bio-functions, a specific anodic treatment, 

micro-arc oxidation (MAO), can be applied. MAO has shown tremendous 

potential as a process to improve the surface characteristics of materials intended 

for biomedical applications since it can improve the roughness, create better 

wettability and promote bio-activity. Consequently, these modifications bring 

better results regarding adhesion, proliferation, and differentiation of cells, blood 

compatibility, reduction of the haemolysis rate, extended dynamic coagulation 
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time, reduction of the amount of platelet adhesion and degree of deformation, 

among other properties [7–10]. In addition to improved bioactivity, the tailored 

MAO layer also improves the corrosion [11–16] and tribocorrosion [17–21] 

behaviour by acting as a physical barrier against corrosion and wear. Moreover, 

it is also possible to have a further increase on tribocorrosion resistance by 

optimizing the electrolyte concentrations or compositions in a way to increase the 

rutile to anatase ratio [17–19].  

Hierarchical porous surfaces have already been reported in the literature 

[6,22–24]. Through a one-step anodic treatment process, Xie et al. [22] obtained 

a multi-level porous structure with craters sized from 2 to 20 μm that were covered 

by pores with 50 to 500 nm. Zhou et al. [23] obtained macro-pores in the range 

of 50 to 1000 μm and micro-pores from 0.6 to 2 μm on the surface through a two-

step anodic treatment. Then some of the same authors, by a three-step anodic 

treatment, obtained pores with 80 to 200 μm and with 0.6 to 2 μm with the 

incorporation of bioactive elements, such as Ca, P, Si, and Na [24]. More recently, 

Li et al. [6] obtained surfaces with macro-pores in the range of 100 to 300 μm, 

micro-pores with 3 to 10 μm, and also submicron/nanopores in the range of 80 to 

200 nm by a two-step anodic treatment.  

Although macro-porous structures present many advantages as 

biomaterial, studies regarding their tribocorrosion performance are very scarce 

[21] and their wear mechanisms are yet to be fully understood. Wear studies on 

porous materials showed that porosity may play a beneficial role by reduced 

contact area, reduced third-body abrasive wear after ejection of wear debris to 

the pores [25], or in an aqueous environment, by promoting a self-lubricant effect 

[26]. However, porosity may also play a disadvantageous role due to higher 

effective stresses applied to the outmost surfaces [25], or due to cracks that are 

originated from pores [25,27]. 

Bio-functionalized multi-scale porous surfaces may be a promising cost-

effective solution to improve bioactivity as well as corrosion and tribocorrosion 

resistance of Ti. Thus, the present work aimed to study the corrosion and 

tribocorrosion behaviour of bio-functionalized hierarchical porous surfaces 

obtained by a two-step anodic treatment. In the first-step, superficial macro-

porosity was created and in the second-step, by MAO, a micro-porous oxide layer 
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was obtained with the incorporation of bio-active elements (Ca and P), in order 

to bio-functionalize the macro-porous surface obtained on the first-step. 

6.2. Materials and methods 

6.2.1. First-step anodic treatment 

Prior to the anodic treatments, Ti (Grade 2) plates (20x20x2 mm) were 

ground down to 800 mesh with SiC papers and etched in a dilute acid mixture 

(VHF:VHNO3:VH2O = 1:1:18) for 5 min in an ultrasonic bath, to remove all impurities, 

grinding marks and the native oxide film. Cleaning was performed with propanol 

and distilled water in an ultrasonic bath for 10 and 5 min, respectively. 

All anodic treatments were performed using a DC power supply (Agilent 

technologies N5772A), under agitation in a turbulent regime by using a magnetic 

stirrer rotating at 200 rpm in an acrylic electrochemical cell. The exposed anodic 

area was 1.50 cm2 and a platinum sheet with an exposed area of 7 cm2 was used 

as a cathode, positioned 8 cm away from the sample. The first-step was carried 

out at room temperature using 200 ml of an electrolyte mixture (pH=14) of 0.50 M 

sodium hydroxide (NaOH, Eka) and 0.10 M sodium nitrate (NaNO3, Sigma-

Aldrich) under a constant voltage of 45 V with a limiting current of 2.60 A for 1, 2, 

3, 4, and 5 minutes (Table 6.1). In order to remove the oxide products formed in 

the first-step and to reveal the macro-pores, the samples were etched with a 

dilute acid mixture (VHF:VHNO3:VH2O = 1:1:18) in ultrasonic bath for 10 min. After, 

the samples were ultrasonically cleaned in propanol for 10 min followed by 

distilled water for 5 min, and then dried with warm air.  

Table 6.1. Groupings of samples after the first- and the second-step anodic treatment. 

Duration of the first-step anodic treatment (min) 0 1 2 3 4 5 

Grouping after the first-step anodic treatment Ti Ti_1 Ti_2 Ti_3 Ti_4 Ti_5 

Grouping after the second-step anodic treatment Ti_MAO Ti_1MAO - Ti_3MAO - - 

Pore size distribution was obtained by measuring the diameters of the pores 

on 9 images of 1.14 x 0.86 mm frames captured from each 3 different samples 

per each group. Considering the pores size distribution and morphology, just the 

groups treated for one and three minutes were chosen for the second-step anodic 

treatment. 

Superficial area (the area exposed to electrolyte on corrosion tests) was 

calculated on optical microscope (OM, Leica DM2500) images using 
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ImageJ 1.51j8 software through 3 combined cross-sections images per group 

with a total area of 0.20 cm2. The superficial area obtained for Ti_1 was 0.47 cm2 

and for Ti_3 was 0.51 cm2. These areas were used for normalizing 

electrochemical data.  

6.2.2. Second-step anodic treatment under MAO regime 

The second-step anodic treatment was performed under MAO regime using 

200 ml of a mixture of 0.02 M of β-glycerophosphate disodium salt pentahydrate 

(β-GP, Alfa Aesar) and 0.35 M of calcium acetate monohydrate (CA, Sigma-

Aldrich) electrolyte. This electrolyte was chosen in order to incorporate bio-active 

species, namely P (from β-GP) and Ca (from CA). The treatment was performed 

at room temperature under a constant voltage of 300 V with a limiting current of 

2.60 A during 1 min. The setup was the same as the one used on the first-step, 

including the electrochemical cell, cathode, exposed areas, and power supply. 

Finally, the samples were ultrasonically cleaned in distilled water for 5 min and 

then dried with warm air. This second-step was identified by MAO on sample 

grouping presented on Table 1. 

The topography, microstructure and chemical composition of the modified 

surfaces were analysed by FEI Nova 200 field emission gun scanning electron 

microscope (FEG-SEM) equipped with energy dispersive X-ray spectroscopy 

(EDS). EDS analysis was performed at an accelerating voltage of 15 keV, using 

conventional ZAF correction procedure included in the EDAXPegasus software. 

Crystalline structure was characterized by XRD (Cu Kα radiation, Bruker D8 

Discover) with a scanning range (2ϴ) of 20° to 100°. The phase percentage of 

the oxide layer obtained by MAO was calculated by following Equation (6.1): 

% 𝑝ℎ𝑎𝑠𝑒𝛼 =
∑ 𝐼𝛼𝑝𝑒𝑎𝑘𝑠

∑ 𝐼𝑎𝑙𝑙𝑝𝑒𝑎𝑘𝑠 
 × 100                                                                         (6.1) 

In order to obtain cross-section images by OM, the samples were 

embedded in a hard-resin, cut with a diamond disc, ground with 1200 mesh SiC 

papers, and polished with a colloidal silica suspension (Struers, OP-S) down to 

0.04 mm. Surface roughness measurements were carried out by a non-contact 

profilometer (Veeco Dektak 150). In total, 10 profiles (2 mm in length) were taken 

per each condition, on different samples to calculate the average roughness 
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values (Ra). In the case of macro-porous samples, the roughness values were 

taken from the outermost surfaces. 

6.2.3. Wettability 

Hydrophilicity of each group was examined by contact angle measurements 

through a sessile drop method using an optical tensiometer Theta Lite controlled 

by OneAttension software. C.a. 5 µl droplet of ultra-pure water was dropped on 

the surface and the contact angle was considered after 10 s. The evaluation was 

performed at room temperature in air. Five different samples per group were 

analysed with three valid measurements per sample. One-way analysis of the 

variance (ANOVA) followed by Tuckey test was used in order to access the 

differences in the variance within the groups after the first- and the second-step 

anodic treatments, using a significance level of p<0.05. 

6.2.4. Corrosion tests  

Corrosion tests consisted of open circuit potential (OCP) measurement and 

potentiodynamic polarization were performed using a three-electrode setup at 

body temperature (37 ± 2 °C) in 200 ml NaCl solution (9 g/l). Samples with 

geometric exposed area of 0.38 cm2 were used as working electrode (WE), a Pt 

electrode was used as a counter electrode (CE), while a saturated Ag/AgCl 

electrode was used as a reference electrode (RE). All the potentials were given 

with respect to saturated Ag/AgCl electrode. Corrosion tests were performed with 

a Reference 600+ potentiostat/galvanostat/ZRA from Gamry Instruments. OCP 

was monitored for a period of 180 minutes to evaluate the corrosion potential of 

the material in contact with the electrolyte and to stabilize the system. The system 

was considered stable if OCP values did not present a variation higher than 

60 mV in the last hour of measurement. Potentiodynamic polarization tests were 

performed from −0.25 V to 1.50 V using a scanning rate of 0.50 mV/s. At least 

three samples were evaluated per group in order to assure the reproducibility.  

6.2.5. Tribocorrosion tests  

Tribocorrosion tests were carried out in a tribo-electrochemical cell, 

containing 25 ml of NaCl solution (9 g/l) at 37 ± 2 °C. The cell was installed in a 

tribometer with a reciprocating ball-on-disk configuration (CETR-UMT-2), against 
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an alumina ball with 10 mm of diameter (Ceratec). A three-electrode configuration 

(RE-Ag/AgCl, CE-Pt, and WE-samples) connected to a Reference 600 

potentiostat/galvanostat/ZRA from Gamry Instruments was used for the tribo-

electrochemical measurements. Before sliding, the samples were immersed for 

180 minutes in the electrolyte in order to stabilize the system. OCP values were 

monitored before, during, and after sliding. Coefficient of friction (COF) values 

were also monitored during sliding. Tribocorrosion tests were performed with a 

total stroke length of 3 mm, frequency of 1 Hz, normal load of 0.50 N 

(corresponding to a maximum Hertzian contact pressure of 330 MPa for Ti) and 

total sliding time of 60 min. All groups had at least three tests in order to assure 

the reproducibility. After each tribocorrosion test, the electrolyte was collected, 

stored in 2 ml plastic container and kept at 4 °C for posterior analyses. The 

released ions of Ti, Ca and P was quantified by inductively coupled plasma-

atomic emission spectrometer (ICP-AES, Horiba Jobin-Yvon Ultima). Three 

measurements were performed for each group, however for Ti quantification, in 

the groups after the second-step, only two numeric ion concentration values were 

obtained due to a detection limit of 1 µg/l.  

6.3. Results and discussion  

6.3.1. First-step anodic treatment 

Figure 6.1a presents a macro-pore formed after 2 minutes of the first-step 

anodic treatment. The formation of macro-pores covered by oxides (corrosion 

products) may be explained by the pitting mechanism that Ti suffers randomly 

across the surface, as a result of the corrosion capacity of 𝑁𝑂3
− and its 

predisposition to react with bulk Ti [6,28]. Previously, Zhou et al. [23] suggested 

that 𝑂𝐻− promotes the reaction of 𝑁𝑂3
− with Ti, in this way, a higher amount of 

𝑂𝐻− leads to higher amount of macro-pores due to the formation of more pitting 

sites on the surface. The first-step anodic treatment was only applied to form 

macro-pores, and this treatment is known to not to affect the outmost surface [6]. 

The oxides or corrosion products formed on the macro-pores were removed after 

etching in a dilute acid mixture (Figure 6.1b and 6.1c). 
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Figure 6.1. a) and b) OM images of the cross-sections after first step of anodic treatment before and after 

etching, respectively and c) secondary electron (SE) and backscattered electron (BSE) SEM images of the 

porous surface after etching. 

The morphology and distribution of the pores can be seen on the OM 

images given in Figure 6.2 with the respective time of the first-step anodic 

treatment. The samples shown in Figure 6.2 were slightly polished with 4000 

mesh SiC paper to improve the contrast between the macro-pores and the 

outmost surface in order to reveal the morphology of the macro-pores. With the 

increasing time, pores grew larger in all directions and became interconnected. 

All conditions presented a homogeneous distribution of macro-pores through all 

surface which is in accordance with the literature [6,23,24] stating that a NaOH 

concentration of 0.50 M in the electrolyte was suitable to obtain a homogeneous 

distribution of macro-pores. 

 

Figure 6.2. OM images after the first-step anodic treatment performed for a) 1, b) 2, c) 3, d) 4 and e) 5 

minutes. 

Pore size distribution after the first-step anodic treatment is presented in 

Figure 6.3 together with the percentage of superficial macro-porosity and average 

pore size values. With the increasing time, the pore size distribution was shifted 

to higher values of pore dimensions due to more time given to the macro-pores 
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to be enlarged. Consequently, both the average pore size and surface porosity 

increased with treatment time. An optimum pore size or pore size distribution are 

still undefined but it is known that if the pores are very small, cells may not migrate 

inside of the pores and if the pores are too big, cell attachment may be difficult 

[29]. Pores around 100 μm is reported to facilitate optimal attachment for cell 

proliferation, differentiation, and bone remodelling [30,31]. On the other hand, 

macro-pores in the range of 300-600 μm are also required, especially to facilitate 

the bone formation, bone ingrowth, and vascularization [32–34]. When the first-

step was performed for more than three minutes, the favourable range of pores 

stated before was lost. Thus, Ti_4 and Ti_5 were discarded due to the presence 

of pores with dimensions well above to the ones intended. Within the remaining 

groups, Ti_1 and Ti_3 were selected to carry forward representing the surfaces 

having mostly isolated round pores and mostly interconnected porosity, 

respectively. Eventually, the second-step anodic treatment, MAO, was only 

performed on three groups: Ti as control, Ti_1, and Ti_3.  

The average depth of the pores for Ti_1, and Ti_3 groups was accessed, 

and the values were 74 ± 23 µm and 149 ± 48 µm, respectively. Consequently, 

the mass loss after Ti_1 was lower than Ti_3 (11 ± 3 % and 16 ± 3 %, respectively) 

due to a lower number of pores with smaller dimensions. 

 

Figure 6.3. Pore size distribution after the first-step anodic treatment for Ti_1 to Ti_5 groups, respectively 
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6.3.2. Second-step anodic treatment under MAO regime 

After the second-step anodic treatment (MAO), surfaces were covered by a 

uniform micro-porous anodic layer with the typical volcano-like structure, as 

shown in the SE SEM images presented in Figure 6.4a to 6.4c, and in more detail 

in Figure 6.4d to 6.4f. No discontinuities or differences in morphology were 

observed between the pore surfaces and the outmost surfaces. 

 

Figure 6.4. Representative SE-SEM images obtained after the second-step anodic treatment for Ti_MAO 

(a and d), Ti_1MAO (b and e), and Ti_3MAO (c and f). 

The cross-sectional morphology of Ti_MAO, Ti_1MAO, and Ti_3MAO 

groups are shown in Figure 6.5a, b and c, respectively, revealing a similar oxide 

layer with a thickness of 5.20 ± 1.00 µm, 5.27 ± 1.26 µm, and 5.41 ± 1.06 µm, 

respectively. Alves et al. [35] had previously presented the detailed cross section 

of a MAO layer obtained with the same processing parameters on a bulk Ti, 

having a triplex structure composed of a compact and thin layer next to the bulk 

material followed by an inner porous layer having small pores and an outer 

porous layer having bigger pores.  

During MAO process, the applied voltage exceeded the dielectric 

breakdown of the oxide layer and a micro-porous structure was formed because 

of the micro-arc discharges [36]. The initial moments were attributed to the 

formation of a thin and compact oxide layer. Then, as a result of the higher applied 

voltage, the oxide layer started to get thicker as a consequence, the measured 
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current dropped to lower values [6]. The evolution of current during the MAO 

treatment did not reveal significant differences between the testing groups 

(Figure 6.5d).  These results confirmed that the macro-pores formed at the first-

step did not have a noticeable effect on the micro-porous oxide layer formed at 

the second-step. Furthermore, no significant differences in the cross-section 

morphology or thickness were observed between the oxide layer inside and out 

of the pores. 

 

Figure 6.5. Cross-sectional OM images of a) Ti_MAO, b) Ti_1MAO, and c) Ti_3MAO, and d) respective 

current evolution during MAO treatment. 

Due to localized melting of the oxide, Ca and P elements presented in the 

electrolyte were incorporated in the micro-porous anodic layer [19], giving a bio-

function since they are the main constituents of bone [37]. Figure 6.6a shows the 

EDS spectra of MAO treated groups, confirming the incorporation of Ca and P 

during MAO treatment. The Ca/P as atomic ratio was 2.91 ± 0.13, 2.99 ± 0.15, 

and 2.99 ± 0.11 for Ti_MAO, Ti_1MAO, and Ti_3MAO, respectively. In the bone, 

the stoichiometric atomic ratio of Ca/P for hydroxyapatite (HA) is about 1.67 [37]. 

It was favourable to have Ca/P ratio above the one in HA since Ca presents a 

faster dissolution than P [38–40]. 

The XRD patterns of MAO treated groups are shown in Figure 6.6b where 

characteristic peaks of Ti and TiO2 (as anatase and rutile) were obtained as in 

accordance with the literature [17,21,35]. The percentage of anatase and rutile 

phases were calculated by Equation (6.1) and the results showed around 70 % 

of anatase and 30 % of rutile for all the conditions. A mixture of anatase and rutile 
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may play an important role on the tribocorrosion behaviour and biological 

properties of the implant. It is well reported that MAO treatment improves the 

wear resistance of Ti, mainly attributed to the increase in hardness due to the 

presence of mixture of hard anatase and rutile phases [14,17–19]. Hardness of 

anatase and rutile are around 8 and 17 GPa, respectively [41]. Oliveira et al. [19] 

studied similar structures on bulk Ti surfaces and reported that anatase was 

evenly distributed through all the surface while rutile was mostly presented at 

higher zones around the micro-pores with volcano-like structures. Recently, 

Alves et al. [7] showed that bio-functionalization process by MAO, with the same 

parameters used in the second-step anodic treatment described in this work, 

improved adhesion and proliferation of NIH/3T3 cells when compared to 

untreated Ti due to chemical composition, nature of the TiO2 films (a mixture of 

anatase and rutile), and topography of the anodic layers formed by MAO. 

 

Figure 6.6. a) EDS and b) XRD spectra after the two-step anodic treatment. 

6.3.3. Roughness 

Another important surface characteristic influencing the interactions 

between the implant and the biological material is surface roughness. After the 

first-step anodic treatment, the acid etched surfaces (just before MAO treatment) 

presented Ra values of 1.48 ± 0.35 µm, 1.47 ± 0.78 µm, and 1.41 ± 0.89 µm for 

Ti, Ti_1, and Ti_3, respectively. After the MAO treatment, a slight increase on Ra 

values was observed, leading to values of 1.88 ± 0.49, 1.85 ± 0.52 µm, and 1.90 

± 0.60 µm for Ti_MAO, Ti_1MAO, and Ti_3MAO, respectively. These results 

suggest that the roughness created by etching governed the global roughness 

after two-step treatment. For biomedical applications, the material response does 

not necessarily depend on the degree of the surface roughness but rough 
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surfaces usually presents better biological response [42,43] since cell growth and 

a better adsorption of proteins can be promoted by an increase in the surface 

area available for cells [43].  

6.3.4. Wettability 

Wettability may control four important phenomena between the biological 

organisms and the surface: adhesion of proteins and other macro-molecules, 

hard and soft tissue cell interactions, adhesion of bacteria and bio-film formation, 

and rate of osteointegration [44]. Therefore, wettability of the treated surfaces 

was defined and the results of the contact angle measurements are presented in 

Figure 6.7, together with the representative images for each group under water 

contact angle evaluation test. After the first-step, the average values of contact 

angle for Ti, Ti_1, and Ti_3 were 71 ± 9°, 80 ± 8°, and 70 ± 7°, respectively. These 

values pointed a less hydrophilic behaviour after the first-step. Statistical analysis 

was performed in order to access if the type of porosity influenced the wettability 

within the groups after the first-step anodic treatment. Results showed statistically 

significant differences for the values obtained for Ti_1 as compared to Ti and 

Ti_3, indicating that the type of macro-porosity had an effect on the wettability. 

When the macro-pores were mostly isolated (Ti_1), the contact angle was higher, 

and consequently, the wettability decreased when compared with the control 

group. But, if the interconnected porosity increased, then the wettability 

increased, and the value was closer to the one found in the control group, Ti. 

After the second-step, Ti_MAO, Ti_1MAO, and Ti_3MAO presented average 

contact angles of 26 ± 9°, 27 ± 8°, and 19 ± 11°, respectively. These values 

showed that a shift for the hydrophilic regime occurred after the second-step, due 

to chemical as well as topographical changes on the surface, with the formation 

of a micro-porous oxide layer. Regarding the MAO groups, there were no 

statistically significant differences in the average values between the testing 

groups.  

A hydrophilic surface is more prone to interact with the fluids in a biological 

environment, promoting protein adsorption to the surface, while a hydrophobic 

one can promote the entrapment of air bubbles that can affect the interaction 

between the surface and the proteins or the cells, leading to a worse adsorption 

or adhesion/activation, respectively [44]. Therefore, the second-step anodic 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macromolecule
https://www.sciencedirect.com/topics/materials-science/biofilms
https://www.sciencedirect.com/topics/materials-science/adsorption
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treatment under MAO regime may also promote beneficial interactions in a 

biological environment by transforming the surfaces from hydrophobic to 

hydrophilic.  

 

Figure 6.7. Contact angle values for each group and the respective representative images (*Significant 

difference within the first-step group (p<0.05)). 

6.3.5. Corrosion behaviour  

Figure 6.8 shows the representative potentiodynamic polarization curves for 

all groups and Table 6.2 gives the average values for open circuit potential (EOCP), 

corrosion potential (E(i=0)) and passivation current density (ipass). All polarization 

curves exhibited a direct transition from the active region to passive region. It was 

also possible to see a well-defined passivation plateau for Ti (starting around 

0.25 V), that was not lost after the first-step. There was no significant difference 

between Ti and porous surfaces of Ti_1 and Ti_3 as also can be seen more 

clearly on EOCP, E(i=0), and ipass values presented in Table 6.2, thus, it can be 

stated that the corrosion behaviour was not affected significantly by the macro-

porosity obtained after the first-step. It was clear that the corrosion resistance 

was improved after the second-step (MAO) since it can be observed that the 

polarization curves in Figure 6.8 shifted to the left-upper area of the graph, 

exhibiting lower values of current density as well as higher corrosion potential as 

it is confirmed in Table 6.2. There were no significant differences between 

Ti_MAO, Ti_1MAO, and Ti_3MAO on ipass (values considered at 0.60 V), EOCP, 

or E(i=0). Improvement of corrosion behaviour after MAO had already been 

reported in the literature for dense Ti and Ti6Al4V surfaces and it was attributed 
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to the formation of oxide layers with higher corrosion resistance, mainly by the 

contribution of the barrier layer that was formed in the MAO treatment [14,19,35]. 

 

Figure 6.8. Potentiodynamic polarization curves before (Ti_1 and Ti_3) and after (Ti_1MAO and Ti_3MAO) 

the second-step anodic treatments, in comparison with their control groups (Ti and Ti_MAO, respectively). 

Table 6.2. Open circuit potential (EOCP), corrosion potential (E(i=0)), and passivation current density (ipass) 

values for all testing groups. 

 Ti Ti_1 Ti_3 
Ti_M

AO 

Ti_

1MAO 

Ti_3

MAO 

EOCP 

(V) 

-0.16 

± 0.03 

-0.20 

± 0.05 

-0.17 

± 0.05 

0.36 

± 0.05 

0.34 

± 0.06 

0.38 

± 0.08 

E(i=0) 

(V) 

-0.20 

± 0.05 

-0.15 

± 0.06 

-0.23 

± 0.01 

0.01 

± 0.03 

0.04 

± 0.02 

0.00 

± 0.01 

ipass 

(µAcm−2) 

2.97 

± 0.63 

2.37 

± 0.34 

2.92 

± 0.53 

0.06 

± 0.02 

0.07 

± 0.02 

0.09 

± 0.02 

6.3.6. Tribocorrosion behaviour  

Figure 6.9 presents the representative OM and SEM images of the worn 

sample and counter-body surfaces, together with the EDS spectra taken from the 

worn counter-body surfaces after the first- and the second-step anodic treatment. 

Parallel grooves to the sliding direction were dominant on the samples tested 

after the first-step anodic treatment, which is a characteristic feature of abrasive 

wear. MAO treated samples presented smaller worn areas (more evident on the 

OM images) and less visible wear damage (more evident on the SEM images) 

compared to samples tested after the first-step anodic treatment. Additionally, 

SEM images revealed oxidized patches formed due to repetitive transfer of 

material between the two mating surfaces, as well, loose oxidized wear debris in 
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the macro-pores. In MAO treated samples, both worn and unworn areas can be 

seen on the wear tracks since the counter-body was carried by the most 

protruded surfaces. On the other hand, material transfer from samples to the 

counter-body (alumina ball) was confirmed for all conditions, evidenced by EDS 

spectra taken from the worn counter-body surfaces. 



Chapter 6: Tribocorrosion behaviour of bio-functionalized porous Ti surfaces obtained by two step anodic treatment 

 150 

 

Figure 6.9. OM and SEM images of the worn sample surfaces, together with the SEM images and the 

respective EDS spectra taken from the worn counter-body surfaces after the first- and the second-step 

anodic treatments. 

BSE SEM images taken from Ti_1MAO sample presented in Figure 6.10 

gives a closer look to the worn MAO-treated surfaces, showing some typical key 

worn surface features observed on all MAO treated surfaces, together with the 

respective EDS spectra. As it can be seen on Figures 6.10a and 6.10b, the zones 
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marked as Z1, Z3, and Z6 presented different atomic contrast, pointing severe 

local damage on the MAO layer, as also evidenced by the EDS spectra where no 

distinguishable peaks of Ca and/or P were registered. Nevertheless, some 

differences were observed within these three zones as Z1 and Z6 presented 

sharp grooves or scratches parallel to the sliding direction, Z3 presented an 

uneven morphology. In Z2 and Z7 the outmost part of the MAO layer was 

damaged due to contact with the counter-body and these zones presented a 

smooth surface with some areas presenting a darker tone that were probably the 

micro-pores being filled with wear debris. In Z4, the oxide layer was only partially 

damaged, and Ca and P peaks were still presented in the EDS spectra (Figure 

6.10c). The zones marked as Z5 and Z8 represented unaffected areas, where 

the structure was not changed and therefore similar morphology and similar EDS 

spectra were observed to the ones already shown in Figure 6.4d and Figure 6.6a, 

respectively. 

 

Figure 6.10. Higher magnification SEM images of the worn surfaces after the second-step anodic treatment 

(a and b), together with EDS spectra taken from the marked zones (c and d). 

The evolution of OCP before, during, and after sliding together with the 

evolution of COF during sliding are presented in Figure 6.11. As general, groups 

before (Figure 6.11a) and after (Figure 6.11b) the second-step anodic treatment 

exhibited significantly different behaviour. Before sliding Ti, Ti_1, and Ti_3 
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presented stable and very similar potential values due to the presence of the 

native oxide film. This film was immediately damaged with the starting of sliding 

as it was evident by a sharp decrease in OCP values. The lowest OCP values 

were observed on the run-in period and afterwards, OCP values increased and 

remained relatively stable for the remaining time of sliding. During sliding, 

simultaneous increases and decreases were observed in both OCP and COF 

values that were more pronounced on Ti as compared to the porous samples. 

These variations on OCP and COF can be linked with the adhered oxidized 

patches. In the presence of macro-pores, some part of the wear debris was 

ejected into the pores resulting with less dense oxidized patches on the worn Ti_1 

and Ti_3 surfaces, as compared to Ti (Figure 6.9). On Ti, on the absence of the 

macro-pores, it was possible that adhered oxidized patches got denser during 

sliding time, however, after getting a certain thickness, these wear debris might 

be broken by the counter-body. As patches were getting thicker, due to their 

physical barrier role, they can give a limited protection against corrosion, that can 

explain the local increments on OCP. In the same time, as they were getting 

thicker, surface roughness was also getting higher, therefore simultaneous 

increments on COF values were recorded [45].  

After the second-step anodic treatment, all groups presented an 

improvement on the tribocorrosion behaviour, characterized by higher OCP 

values under sliding, together with more stable COF values (Figure 6.11). It was 

also observed that within the MAO-treated groups, an increase in macro-porosity 

led to lower OCP values under sliding, with OCP values slightly decreasing as 

sliding proceeded. Considering that there were no significant differences in terms 

of morphology, chemical and phase composition between the MAO layers for 

each condition, and that there were no significant differences on the corrosion 

behaviour from potentiodynamic polarization curves, it is reasonable to assume 

that these differences were related to the distinct tribological contact due to 

different levels of macro-porosity. As the level of macro-porosity increased, the 

contact area with the counter-body decreased, leading to higher local contact 

pressures on the contact zones. In this way, higher contact pressures translated 

into higher mechanical damage on the contact points with the counter-body. On 

the other hand, since the contact with the counter-body was only on the protruded 
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hard oxide zones on the MAO-treated surfaces, more stable evolution of COF 

values was observed. 

 

Figure 6.11. Evolution of OCP before, during and after sliding on the samples before (a) and after the 

second-step anodic treatments (b), with the respective COF values. 

Metal ion release in the body may significantly alter several biological 

processes like osteoblastic cell viability and apoptosis as well as regulation of 

bone resorbing mediators [46]. The average ICP-AES results of the Ti ion 

concentration in the electrolyte after the tribocorrosion tests for Ti, Ti_1, and Ti_3 

groups were 0.06, 0.10, and 0.11 mg/l, respectively. After the second-step, the 

results obtained for Ti ion concentration were 0.01, 0.02, and 0.03 mg/l for 

Ti_MAO, Ti_1MAO, and Ti_3MAO, respectively. Results showed that metal ion 

release after the second-step anodic treatment was much lower than the one 

after the first-step. Decreased metal ion release on the bio-functionalized porous 

surfaces indicated that the oxide layer formed on the second-step protected the 

metal substrate. ICP-AES results for Ca ion concentration were 1.39, 1.54, and 

1.92 mg/l, for Ti_MAO, Ti_1MAO, and Ti_3MAO, respectively, whereas the 

values obtained for P ion concentration were 0.41, 0.46, and 0.66 mg/l for 

Ti_MAO, Ti_1MAO, and Ti_3MAO, respectively. These results suggest that as 

the level of macro-porosity increased, the released amount of ions increased 

most probably due to the increased damage given at the contact zones due to 

the higher local contact pressures. 
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6.3.7. Tribocorrosion mechanisms  

The tribocorrosion mechanisms proposed based on the microstructural, 

electrochemical, and tribo-electrochemical analysis of the worn surfaces are 

illustrated in Figure 6.12. Due to high reactivity of Ti, as well as due to its low 

tensile and shear strength, during sliding, micro-fractures may occur on the 

surface and consequently, large amounts of metal may be pulled out (adhesive 

wear) [47]. As sliding proceeds, pulled-out debris can be work hardened, as well, 

can be mixed with the oxidized wear debris (third-bodies). Afterwards, these 

mixed debris can be compacted on the worn surfaces, forming oxidized patches, 

whereas some of these debris may adhere on counter-body surfaces (Figure 6.9) 

that can abrade the metal leading to the formation of grooves on the worn 

surfaces (Figure 6.9), or move freely on the sliding surfaces, acting as third-body 

particles (Figure 6.12a). As also discussed above, it is suggested that oxidized 

patches gave a limited protection against corrosion, but as well, led to an increase 

in COF values. Evolution of COF and OCP values during sliding suggested that 

thickening and removal of the oxidized patches repeated several times during 

sliding.  

After the first-step anodic treatment, similar mechanisms were also 

observed on the macro-porous surfaces, however, oxidized patches were less 

dense and the effect of third-body abrasive wear was reduced due to ejection of 

wear debris into the macro-pores, but at the same time, higher local contact 

pressures on the contact surfaces seemed to increase the severity of abrasive 

wear (Figure 6.12b). 

Figure 6.12c presents the proposed wear mechanism for the MAO treated 

Ti surfaces. As discussed above with the detailed SEM images, local damages 

were observed on the most pultruded zones of the MAO layer that had direct 

contact with the counter-body. A similar mechanism was also observed on the 

samples after two-step anodic treatment (Figure 6.12d). Due to the reduced 

contact area of the macro-porous surfaces, which was further reduced by the 

increased roughness of the anodic layer, higher contact pressures were obtained 

on the contact zones leading to more severe local damage, evidenced mainly by 

lower OCP under sliding, as compared to Ti_MAO samples. Ti_1MAO, and 

Ti_3MAO samples presented a gradual decrease in OCP values during sliding, 
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suggesting a gradual increase on the damage given to the MAO layer, whereas 

overall lower OCP values were observed on Ti_3MAO samples. Even though, it 

is worthy to stress that Ti_3MAO samples still exhibited better tribocorrosion 

behaviour as compared to the samples after the first-step anodic treatment in 

terms of less visible total wear damage, less amount of released metallic ions 

and more positive OCP values during sliding.  

 

Figure 6.12. Schematic draws of the suggested tribocorrosion mechanisms for a) Ti, b) Ti after the first-step, 

c) Ti after the second-step, and d) Ti after two-step anodic treatments. 

6.4. Conclusions 

A fast and simple two-step anodic treatment was used to obtain a macro-

porous surface structure covered with a micro-porous Ca- and P-rich anodic 

layer. By increasing the treatment time of the first-step anodic treatment, bigger 

and more interconnected macro-porosity was obtained. After the second-step 

anodic treatment by MAO, multi-scale (micro/macro) porous surfaces exhibited a 

lower tendency to corrosion and more stable COF values under sliding, together 

with improved wettability. Therefore, this two-step anodic treatment can be 

considered as a versatile and low-cost technique to obtain multi-scale porous 

surfaces having potential of improved bio-activity and mechanical interlocking, 

along with their improved resistance to tribocorrosion. Nevertheless, before 

considering this treatment for biomedical implants, biomechanical stability and 

biological response of these surfaces should be explored. 
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Abstract 

Recent studies have shown that titanium matrix composites have potential 

for load-bearing biomedical implants due to their improved tribocorrosion 

behaviour compared to Ti and its alloys. However, lack of bioactivity remains as 

a concern due to bioinert Ti matrix and the fact that most reinforcement phases 

are also bioinert. In this work, biofunctionalized Ti-Al2O3 composites were 

produced by performing micro-arc oxidation treatment on the Ti-Al2O3 composites 

processed by hot-pressing technique. The overall microstructure consisted of 

Al2O3 particles dispersed within a biofunctionalized Ti matrix having a micro-

porous structure rich in Ca and P elements. The corrosion behaviour of the 

composites was greatly improved after MAO treatment, whereas the 

tribocorrosion behaviour of the composites was also further improved after MAO 

treatment.   

7.1. Introduction 

Despite being widely used in hip-implants, Ti and its alloys still face some 

clinical concerns, such as low tribocorrosion resistance and lack of bioactivity. 

Regarding tribocorrosion resistance, it is well known that the addition of hard 

ceramic particles into a metal matrix can significantly improve the wear resistance 

of the metal matrix [1]. For that reason, titanium matrix composites (TMCs) have 

found several applications in the automotive and aerospace sectors and can also 

have potential in biomedical field, especially in load bearing orthopaedic implants. 

In the last few years some studies have reported that TMCs show a significant 

improvement on tribocorrosion behaviour compared to Ti, through reduced 

tendency to corrosion as well as reduced corrosion kinetics under a fretting or 

sliding action. Furthermore, a significant reduction in wear volume was also 

usually reported [2–4]. Among all the possible reinforcement phases, alumina 

(Al2O3), being a well know biomaterial, can be considered as an interesting choice 

to produce TMCs for biomedical applications. Alumina has been widely used in 

biomedical implants, being first used to replace the typical metallic femoral head 

of hip implants and today it is still used together with ultra-high molecular weight 

polyethylene which is a part of the acetabular component [5].  
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In total hip replacement, alumina-alumina bearings are known to be one of 

the most resistant to wear. Furthermore, low rate of osteolysis has also been 

reported due to exceptional wear resistance and low surface roughness of 

alumina [6–9]. Similar coefficient of thermal expansion (CTE) with Ti matrix and 

excellent compressive strength also make alumina a potential candidate for 

TMCs [10,11]. Ti-Al2O3 composites have shown good mechanical properties 

[12–14], overall good corrosion behaviour, even under acidic environments 

[15,16] and improved wear resistance [2], however tribocorrosion behaviour is 

still poorly understood.  

Since most reinforcement phases are bioinert, the bioactivity of such 

composites continues to be an issue. While Ti-hydroxyapatite or Ti- bioactive 

glass composites have been reported to improve the bioactivity of Ti [17–20] their 

tribocorrosion behaviour is still poorly understood.  

In order to improve the bioactivity, a range of surface modification 

techniques can be used, through thermal spraying, physical vapor deposition, 

chemical vapor deposition, coatings and anodic treatment (AT) [21,22]. AT is a 

promising technique since it can produce an oxide layer with tailored chemical 

and mechanical properties, as well with improved bioactivity and osteointegration 

capabilities [22–29]. Furthermore this technique has also been commercially 

used in dental implants [30]. Micro-arc oxidation (MAO) is a regime of AT, where 

several hundreds of volts are used to produce a porous, crystalline, and thick 

TiO2 layer that is recognized to improve the bioactivity of Ti [22–26]. Depending 

on the electrolyte composition, it is possible to incorporate bioactive elements on 

this layers, such as Ca and/or P. As an example, an electrolyte consisting of 

mixture of calcium acetate and beta-glycerophosphate disodium salt 

pentahydrate can be used to incorporate Ca and P and, depending on the 

processing conditions, Ca/P ratio can be controled [27,31]. In addition to the 

improved bioactivity, MAO layers also present other advantages that are of 

extreme importance for biomedical devices, such as reduced stiffness 

mismatches and additional corrosion and tribocorrosion resistance [32]. Ti-Al2O3 

composites with a biofunctionalized titanium matrix could have potential to 

improve both the tribocorrosion and bioactivity of Ti. While the advantages of 

MAO treatment on Ti and Ti alloys have been widely reported in the last years, 

its effect on TMC surfaces is unknown, not only from a structure standpoint, but 
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also its effects on the corrosion and tribocorrosion behaviour. One of the most 

critical aspects of TMCs resides in the interface between the Ti matrix and the 

reinforcement phases, as these interfaces will play an important role on the final 

properties of the composite, not only on the mechanical properties but also on 

the overall corrosion and tribocorrosion behaviour. Studies have shown that TiAl 

and Ti3Al intermetallic phases form between Ti and Al2O3 due to their reaction 

during processing [2,15,16,33]. Additionaly, the extention of this reaction will 

depend on the processing parameteres such as processing temperature.  Thus 

the objective of this work was to introduce biofunctionalized (MAO-treated) 

Ti-Al2O3 composites processed at two distinct temperatures as an alternative 

material for load-bearing implants and to study its corrosion and tribocorrosin 

behaviour.  

7.2. Materials and methods 

7.2.1. Processing 

Ti matrix composites reinforced with 5% vol. of Al2O3 particles were 

processed by powder metallurgy. Both Ti grade 2 and 99.8% purity Al2O3 

powders had irregular shapes (Fig. 7.1) with the particle size distribution 

presented on Table 7.1. Ball milling was used to mix the powders for 4 h at 120 

rpm with the help of Al2O3 balls (ø 10 mm), under Ar atmosphere. Powder blends 

were placed in a zirconia coated graphite mould (10 mm inner diameter) in order 

to process samples with 3 mm of thickness. Hot-pressing was then carried out at 

high vacuum (≤10-5 mbar) during 30 min under an applied pressure of 40 MPa. 

Two different sintering temperatures were used, namely 1000°C and 1100°C, 

1100°C was chosen based on a previous work [2], while 1000°C was chosen in 

order to reduce the degree of reaction between the Al2O3 particles and the Ti 

matrix and observe its effect on the corrosion and tribocorrosion behaviour of 

these composites. 

Unreinforced Ti samples were also processed under identical conditions 

and used as control group. Depending on the sintering temperature, samples 

groups are referred as Ti_1000C and Ti-5Al2O3_1000C, Ti_1100C and 

Ti-5Al2O3_1100C. Before characterization and testing all samples were ground 

down to 2400 mesh SiC papers and then mirror finished until 0.04 µm with 

colloidal silica suspension. Samples were then cleaned by propanol and distilled 
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water in an ultrasonic bath for 10 and 5 min, respectively, and kept in a desiccator 

for 24 h prior to each test to obtain similar surface conditions. 

Table 7.1. Particle size distribution for Ti and Al2O3 powders. 

 D[v,0.1] (µm) D[v,0.5] (µm) D[v,0.9] (µm) 

Ti 10 25 44 

Al2O3 17 42 71 

 

Figure 7.1. SE SEM images of the raw Ti and Al2O3 powders. 

7.2.2. Biofunctionalization 

Biofunctionalization was conducted in an electrochemical cell connected to 

a DC power supply (Agilent technologies N5772A), as shown in detail in Fig. 7.2. 

MAO treatment was performed under a turbulent regime by means of a magnetic 

stirrer spinning at 200 rpm. A constant voltage of 300 V was applied for 1 min 

with an imposed current limit of 2.5 A. A mixture of 0.35 M of calcium acetate 

monohydrate (CA, Sigma-Aldrich) and 0.02 M of β-glycerophosphate disodium 

salt pentahydrate (β-GP, Alfa Aesar) was used as electrolyte. Hereafter, ‘_MAO’ 

was added to the previous nomenclature in order to identify the biofunctionalized 

samples. 

7.2.3. Electrochemical tests 

The electrochemical behaviour was evaluated at body temperature 

(37 ± 2 °C) in phosphate-buffered saline (PBS) solution (0.24 g/l KH2PO4, 0.2 g/l 

KCl, 1.44 g/l Na2HPO4 8 g/l NaCl) having a pH was adjusted to 7.4.  Open circuit 

potential (OCP) was monitored until stabilization (∆E < 60 mV/h), followed by 

electrochemical impedance spectroscopy (EIS) measurements, which were 

scanned with a rate of 7 points per decade starting at 105 Hz until 10-2 Hz with an 

amplitude of the sinusoidal signal set at 10 mV. Finally, potentiodynamic 
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polarization tests were performed by scanning at 1 mV/s a potential range from 

−0.2 Vocp to 1.5 VAg/AgCl. For all electrochemical tests, a standard three-electrode 

setup was used consisting in a saturated Ag/AgCl reference electrode, a platinum 

(Pt) wire as counter electrode and the sample as working electrode. All the 

electrodes were connected to a Gamry Potentiostat/Galvanostat/ZRA (model 

Referece-600+). The general setup is described in Fig. 7.2.  

7.2.4. Tribocorrosion tests 

Tribocorrosion tests were performed in an identical PBS solution at body 

temperature. A tribo-electrochemical cell, placed in a tribometer (CETR-UMT2) 

with a ball-on-plate configuration and reciprocating stage, was used for all the 

tests, where an Al2O3 ball (ø 10 mm) slid against the untreated and MAO treated 

samples, as described in detail in Fig. 7.2. The OCP values were monitored 

before sliding until stabilization (∆E < 60 mV/h), under sling and after sliding for 

1800 s. Coefficient of friction (COF) values were also monitored during sliding. 

The sliding action was performed under a 1 N of applied normal load 

(corresponds to a maximum Hertzian contact pressure for CP Ti of 0.41 GPa) 

during 30 min with 1 Hz frequency and total stroke length of 3 mm. The 

electrochemical tests were performed using a Gamry 

Potentiostat/Galvanostat/ZRA (model Referece-600) with a two-electrode set-up, 

where the samples were connected as working electrode and saturated Ag/AgCl 

reference electrode.  

 

Figure 7.2. General setup used in MAO treatments, together with corrosion and tribocorrosion tests. 



Chapter 7: Tribocorrosion-resistant biofunctionalized Ti-Al2O3 composites  

 168 

7.2.5. Characterization 

The microstructures were analysed by field emission gun scanning electron 

microscope (FEG-SEM, FEI Nova 200), and the chemical compositions by EDAX 

energy dispersive X-ray spectroscopy (EDS). The crystalline structures of the 

MAO layers were evaluated by X-ray diffraction (Bruker D8 Discover 

diffractometer) at 40 kV with Cu Kα radiation. The overall hardness of the 

untreated samples was evaluated through Vickers macro-hardness tests 

performed using an Officine Galileo Mod. D200 tester by applying 30 kgf load 

during 15 s by a mean of 5 indentations per sample, using 3 samples per 

condition. After tribocorrosion tests, samples were cleaned with the same 

cleaning procedure used on the metallographic preparation. The microstructures 

of the worn surfaces were then evaluated parallel to the sliding direction with the 

same FEG-SEM equipment and the wear track profiles were obtained by 

profilometry (Veeco, Dektak 150).  

7.3. Results 

7.3.1. Characterization 

The overall microstructure of the as-processed composites, MAO treated Ti 

and MAO treated composites can be seen in the back scattered electron (BSE) 

and secondary electron (SE) SEM images presented in Fig. 7.3.  Both Ti-Al2O3 

composites presented a uniform distribution of reinforcement phases, with no 

signs of agglomerations. As it can be seen on the higher magnification images, a 

reaction zone between the Al2O3 particles and the Ti matrix was formed due to 

reaction between Ti and Al2O3. Comparing both processing temperatures, thicker 

reaction zones were obtained on Ti-Al2O3_1100C composites. On average, the 

thickness of the reaction zones was measured as 6 ± 1 and 11 ± 3 µm for 

composites processed at 1000 and 1100°C, respectively. 

Further inspection revealed that in both groups the reaction zone was 

formed by two distinct phases, marked in the figures as Z1 and Z2, where Z1 was 

much more predominant on composites processed at 1100 °C. The area ratio 

between the reaction zone and the Al2O3 particle increased with the increasing 

processing temperature, 1.16 and 2.95 for Ti-Al2O3_1000C and Ti-Al2O3_1100C, 

respectively. 
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EDS analysis showed that in both groups, Z1 and Z2 were constituted by a 

mixture of Ti and Al, with Z1 presenting Ti/Al at% ratios close to 1 and Z2 showing 

Ti/Al ratios close to 3. The reaction products of Ti + Al2O3 belong to the Ti-Al-O 

system, where compounds such as Ti3Al, TiAl, TiAl2 and TiAl3 and titanium oxides 

such as TiO and TiO2 can be formed at the interface [34]. However due to limited 

diffusion capability of oxygen and high instability of TiAl2 and TiAl3 compounds at 

high temperatures [34], the reaction products are almost always TiAl and Ti3Al 

[11,35,36], where the reaction sequence at 1100 °C is Al2O3/TiAl/Ti3Al/Ti [11,35]. 

The results obtained were highly in accordance with the literature since Z1 

corresponded to TiAl (Ti/Al ratio ≈ 1) and Z2 corresponded to Ti3Al (Ti/Al ratio ≈ 

3). It has also been reported that Ti3Al is the first to be formed and, after Al 

enrichment, the formation of TiAl occurs. With low residence time and/or low 

temperature, the formation of TiAl can be reduced or avoided [34,37], that was 

probably the case on Ti-Al2O3_1000C composites, where the reaction zones 

tended to be smaller and Z1 was much less predominant. Regarding the MAO 

treated groups, the typical volcano-like structure, usually reported in literature 

[31,38–40], was obtained for both unreinforced Ti groups, with no discernible 

differences between them. Ca/P at% ratios were calculated as 3.02 ± 0.05 and 

3.15 ± 0.12 for Ti_1000C_MAO and Ti_1100C_MAO respectively. XRD spectra, 

Fig. 7.3e, revealed a similar crystalline structure consisting of Ti and TiO2 in the 

form of anatase and rutile phases.  

For composite groups, MAO treatment led to the formation of the typical 

volcano-like structure. However, the MAO layer formed on the reaction zone 

seems to have some differences when compared with the one formed on Ti 

matrix, namely on the pores size and structure (Figs. 7.3d and 7.3f). 

In addition, the cross sections also revealed on Ti matrix the usual MAO 

layer structure composed of a thin compact film next to the substrate followed by 

an inner and an outer porous layer [31]. However, the MAO layer formed on the 

reaction zone seems to be more heterogeneous and it is not possible to 

distinguish the two porous layers. XRD spectra presented in Fig. 7.3e, revealed 

the same crystalline structure obtained for Ti, being a mixture of anatase and 

rutile phases, with no discernible differences between all of the groups. Ca/P at% 

ratio for composite groups were calculated as 2.96 ± 0.28 and 3.01 ± 0.07 for 
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Ti-5Al2O3_1000C_MAO and Ti-5Al2O3_1100C_MAO, respectively, which were 

also in the same value ranges as the ones obtained for Ti groups. 

 

Figure 7.3. Overall microstructure of the a,b) as-processed and b,c) biofunctionalized composites, e) XRD 

spectra for MAO treated groups, and f) cross section BSE images from Ti-Al2O3_1100C group. 

7.3.2. Corrosion behaviour 

Representative potentiodynamic polarization curves for untreated and 

biofunctionalized groups can be seen on Fig. 7.4. The average values obtained 

for OCP (Eocp), corrosion potential (E(i=0)) and passive current density (ipass) can 

be seen on Table 7.2. For untreated samples, all the groups presented a well-

defined passivation plateau, starting around 0.25 VAg/AgCl for groups processed at 

1000 °C and around 0.50 VAg/AgCl for groups processed at 1100 °C. Ti and 

composites processed at 1100 °C presented slightly lower ipass and higher Eocp 

values while E(i=0) values were very similar to groups processed at 1000 °C. 

Comparing the general corrosion behaviour of untreated groups, it was observed 

that Ti-Al2O3_1100C group presented a distinct behaviour, where an abrupt 

increase in corrosion current density values was observed at 1.07 ± 0.19 as 

VAg/AgCl. Reinforcement phases may improve the corrosion behaviour of the base 

material by acting as inert physical barrier to corrosion [3] or by grain refinement 
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of the metal matrix which may increase the quality of the native oxide film [41]. 

On the other hand, these reinforcement phases may also jeopardize the corrosion 

behaviour. Galvanic coupling between different phases including the metal 

matrix, reinforcement particles and/or phases formed at the reaction zones may 

lead to dissolution of the metal matrix and/or the reinforcement phases. [42]. On 

the other hand, the presence of porosity or defects at the interface between 

reinforcement/reaction zones/matrix interfaces may also lead to decreased 

corrosion resistance  by leading to the formation of heterogeneities on the native 

oxide film [43,44]. Recent studies by Bahraminasab et al. [15,16] showed that 

adding Al2O3 particles into a Ti matrix, may have a dual effect on the corrosion 

behaviour of the composites. On one hand the presence of Al2O3 particles lead 

to an improvement of the overall corrosion resistance when compared with 

unreinforced Ti, due to the formation of a higher quality native oxide film, however 

for higher percentages of reinforcement phases, the authors reported that the 

corrosion behaviour was lower than unreinforced Ti, probably due to higher 

percentages of TiAl and Ti3Al brittle phases which may have increased 

susceptibility to corrosion. Rocha et al. [35] showed that the corrosion behaviour 

of Ti/Al2O3 interfaces was heavily influenced by the presence of TiAl intermetallic 

phase, as this phase was found to be corrosion susceptible. Accordingly, the 

corrosion behaviour obtained for Ti-Al2O3_1100C group may be explained by the 

presence of more interfacial zones.  

After MAO treatment all the groups presented a considerable increase in 

corrosion resistance as can be seen by the almost 2 decades decrease in ipass 

values. The corrosion behaviour is characterized by a well-defined passivation 

plateau, where the current density values have a range of variation of about half 

a decade. A similar increase in corrosion resistance on MAO treated Ti has 

previously been reported [40,45].  

The improvement on the corrosion behaviour is associated to the formation 

of a triplex layer, having a dense barrier layer between the Ti substrate and the 

outer porous layers  with improved corrosion resistance [31,40]. By analysing the 

potentiodynamic polarization curves and the values presented on Table 7.2, no 

discernible differences between the MAO treated groups were observed. The 

presence of Al2O3 particles and adjacent reaction zones in the Ti matrix did not 

jeopardize the good corrosion behaviour of these layers, additionally the possible 
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adverse effect of the reaction zones observed on Ti-Al2O3_1100C group was 

completely avoided, as the Ti-Al2O3_1100C_MAO group presented similar 

behaviour to the other MAO groups. In addition, the heterogonies observed on 

the MAO layer for this groups did not affect the overall corrosion behaviour.  

 

Figure 7.4. Potentiodynamic polarization curves for all the conditions. 

Table 7.2. Ecorr, E(i=0) and ipass values for all tested groups. 

Group Ecorr (V) E(i=0) (V) ipass (μAcm2) 

Ti_1000C -0.14 ± 0.01 − 0.15 ± 0.02 8.35 ± 0.70 

Ti_1000C_MAO 0.39 ± 0.01 0.24 ± 0.01 0.06 ± 0.01 

Ti-Al2O3_1000C -0.15 ± 0.04 − 0.16 ± 0.01 9.64 ± 1.36 

Ti-Al2O3_1000C_MAO 0.33 ± 0.04 0.19 ± 0.04 0.07 ± 0.01 

Ti_1100C -0.03 ± 0.01 − 0.12 ± 0.01 6.24 ± 1.30 

Ti_1100C_MAO 0.27 ± 0.10 0.11 ± 0.10 0.07 ± .03 

Ti-Al2O3_1100C 0.02 ± 0.01 − 0.16 ± 0.03 4.63 ± 0.40 

Ti-Al2O3_1100C_MAO 0.36 ± 0.03 0.21 ± 0.05 0.07 ± 0.01 

7.3.3. Tribocorrosion behaviour  

Fig. 7.5 shows the evolution of OCP before, during and after sliding action, 

as well as the evolution of COF values during sliding for all the groups. Before 

sliding, all the untreated groups presented stable OCP values due to formation of 

a stable native oxide film. Immediately after sliding started, all the groups 

presented a sharp decrease in OCP values due to the mechanical damage given 
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to the native oxide film and consequence exposure of fresh metallic areas to the 

electrolyte. For Ti groups, OCP values dropped 670 ± 90 and 837 ± 50 mV for 

Ti_1100C and Ti_1000C respectively, while composite groups presented OCP 

drops of 490 ± 17 and 527 ± 81 mV for Ti-Al2O3_1100C and Ti-Al2O3_1000C 

respectively.  Overall, no significant differences were observed on OCP evolution 

between both Ti and composites groups.  

During sliding, large fluctuations on OCP and respective COF values were 

observed for all the untreated groups. This behaviour can be attributed to the 

continuous formation and breaking of discontinuous tribolayers, which can be 

seen on BSE SEM images shown in Fig. 7.6. These tribolayers, which were 

formed due to compaction of wear debris on the wear track, gave limited 

protection against corrosion, as they protected the metallic area to some extent, 

and consequently an increase in OCP values was observed. When these 

tribolayers reached a critical thickness and broke, fresh metallic areas were 

exposed to the electrolyte and a consequent decrease in OCP values was 

observed. This behaviour was also reflected on the COF values, where an 

increase in OCP is accompanied by an increase in COF, which is related with the 

increase in surface roughness due to formation of these tribolayers. Overall, COF 

values were lower for both composite groups, which can be attributed to the low 

COF alumina-alumina tribological contacts happening to some extent on the wear 

track, as well as the less formation of tribolayers, due to less metallic area being 

available for material pull-out and also due to overall higher hardness of the 

composite surfaces. Immediately after sliding, OCP values rapidly recovered to 

the ones observed before sliding due to repassivation of the worn zones.  

All the MAO treated groups presented a substantial improvement on the 

tribocorrosion behaviour. Before sliding, these groups presented considerably 

lower tendency to corrosion due to the protective nature of the MAO layers. 

During the entire time of sliding, no noticeable drops in OCP values were 

observed, suggesting that not enough mechanical damage was given to reach 

the bulk material. SE and BSE SEM images of the worn surfaces are given in 

Fig. 7.7 showing the typical volcano-like structure on the worn areas. The high 

wear resistance of MAO layers has been attributed to the high hardness of 

anatase and rutile phases, where rutile is probably more effective since it 

possesses higher hardness than anatase [38]. COF evolution was very similar 
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for all MAO treated groups, characterized by a run-in period in the initial 

200 - 600 s, and then a slowly increase in COF values were observed until the 

end of sliding.  

 

Figure 7.5. Evolution of OCP before, during and after sliding, together with the respective COF values 

registered during sliding. 

Fig. 7.6 shows representative BSE SE SEM images of the worn surfaces 

for untreated groups. Both Ti groups presented similar morphology, where the 

worn surfaces were composed of discontinuous tribolayers and parallel grooves 

to the sliding direction. During sliding, a considerable amount of metal may be 

pulled out from the wear track by the counter-body due to adhesive wear, as 

confirmed by the chemical analysis performed on the counter-body surfaces 

(Fig. 7.6). Consequently, this adhered material can transfer repetitively between 

the sliding surfaces and may be compacted on the wear track, leading to the 

formation of tribolayers, adhered to the counter-body and/or move freely on the 

wear track. Due to repetitive transfer of material, this adhered material tends to 

get harder and act as an abrasive, leading to the formation of grooves on the 

worn surfaces. Besides, non-adhered, freely moving wear debris can act as an 

extra abrasive. Composite groups also presented similar features, where 

discontinuous tribolayers and grooves were observed on the wear tracks. 

Additionally, it was observed that Ti-Al2O3_1100C group presented some Al2O3 

particle detachments and small cracks perpendicular to the sliding direction, 

whereas these features were not observed on Ti-Al2O3_1000C group. Fig. 7.8 
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shows optical microscope images of representative Vickers indentation for each 

composite group. As can be seen, the indentations performed on Ti-Al2O3_1100C 

group lead to the formation of cracks at the corners of the indentation, which are 

in accordance with a Palmqvist crack system, also reported by other authors on 

Ti-Al2O3 systems [12]. The length of these cracks may be used to estimate 

fracture toughness (Kc) by the means of Eq. (7.1), where Hv is Vickers hardness, 

𝑎 is half of the diagonal of the Vickers indentation, 𝑙 is the length of the crack 

starting from the corner of the indentation and E is the Young´s modulus. The E 

values used in the calculations were estimated by rule of mixtures by taking in 

consideration reported Young´s modulus from CP Ti 2 and Al2O3 (around 120 

GPa and 380 GPa, respectively [12]). 

𝐾𝐶 = 0.0264(𝐻𝑣𝑎) (
𝐸

𝐻𝑉
)

0.4

(𝑙−0.5)                                                        (7.1) 

The Kc values for Ti-Al2O3_1100C group were estimated as 

6.6 ± 0.4 MPa.m0.5 , which are considerably lower than the ones usually observed 

for CP Ti grade 2 (≈ 60 MPa.m0.5 [46]). Since these cracks were not present on 

Ti-Al2O3_1000C group, it was not possible to estimate Kc values by this method. 

However, it is reasonable to assume that this group presented higher fracture 

toughness by the fact that these cracks around the indentations were not 

observed. Bahraminasab et al. [14] reported that the low fracture toughness of 

Ti-Al2O3 composites was often associated with the formation of Ti3Al and TiAl 

intermetallic phases, characterized by their brittle nature. In addition, these 

phases may also lead to Al2O3 particle pull-out due to low strength ceramic/matrix 

interface. The morphology observed on the wear tracks for Ti-Al2O3_1100C group 

are most probably related to these factors. Due to higher processing temperature, 

a higher amount of TiAl and Ti3Al intermetallic were obtained, due to higher area 

of reaction zones. During sliding, even relatively lower contact pressures may 

induce the formation and propagation of cracks. If these cracks are propagated 

through the intermetallic phases surrounding the Al2O3 particles, particle pull-out 

may occur. Thus, due to lower amount of such intermetallic phases on 

Ti-Al2O3_1000C group and consequently higher fracture toughness, no visible 

cracks were formed during sliding, at least under these conditions.  
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Figure 7.6. BSE and SE SEM images of the worn surfaces for untreated groups after tribocorrosion tests 

together with SE SEM images of the Al2O3 balls used as counter-body and respective overall chemical 

composition of these surfaces. 

The worn surfaces of MAO treated groups can be seen on Fig. 7.7. Under 

these conditions, no significant wear was observed for any of the treated groups, 

hence, BSE images showing no evidence of considerable metallic area being 

exposed to the electrolyte. The worn surfaces presented a smoother appearance 

once the outer pores were compacted/abraded by the counter-body. Additionally, 

the adjacent pores on the lower topographic planes served as wear debris 

reservoirs, where wear debris compacted inside the pores could be seen. 

Important to note that for Ti_1000C_MAO group, some detachments of the outer 

porous layer were observed, where the volcano-like structure was lost. 

Nevertheless, chemical analysis in these zones still showed considerable amount 

of Ca and P elements, although the Ca/P ratio decreased to about 0.99. SE SEM 

images and chemical analysis of the counter-body surfaces are also presented 

in Fig. 7.7. Very small amounts of Ti were found on the counter-body surfaces, 

probably due to some material transfer from the TiO2 MAO layer during sliding 

action. 

No considerable differences were observed between the MAO treated 

composites. As can be seen on the SE SEM images given in Fig. 7.7, the majority 

of Al2O3 particles were in lower topographic planes than the outer porous layer 
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and under these testing conditions, no significant wear damage was done on the 

MAO surfaces exposing the reinforcing particles to the counter-material. Thus, 

under these tribological testing conditions, on MAO treated composites, direct 

role of the reinforcing particles on wear resistance by the load-carrying effect was 

not significantly occurred. Instead, indirect effect of the particle incorporation 

probably improved the overall wear resistance by strengthening the matrix and 

increasing the hardness of the base material.  

 

Figure 7.7. BSE and SE SEM images of the worn surfaces for MAO treated groups after tribocorrosion tests. 

 

Figure 7.8. Representative optical microscope (OM) images of Vickers indentations for each composite 

group. 
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Representative wear track profiles together with the average wear volume 

values for untreated groups can be seen on Fig. 7.9. Since no significant wear 

was observed on the MAO treated groups, it was not possible to measure wear 

volume loss for these groups. Ti groups presented practically the same behaviour 

with no differences on the average wear volume loss values. Composites 

presented about 50% reduction in wear volume loss, with Ti-Al2O3_1000C group 

showing the lowest values, which is probably attributed to the increased fracture 

toughness compared to the other composite group.  

 

Figure 7.9. a) Representative wear track profiles and b) average wear volume loss values calculated from 

wear profiles. 

The corrosion and tribocorrosion behaviour of Ti-Al2O3 composites were 

improved after MAO treatment, with an expected improvement on biological 

behaviour considering that the overall structure of the MAO layers, in terms of 

chemical/phase composition as well as morphology, were very similar to the ones 

already reported on Ti [47].  Even though, before considering these composites 

for load-bearing implants in contact with bone, the tribological consequences of 

the relative motions on bones against these composites should be investigated 

in depth. Afterwards, surface composition and topography should be optimized in 

order to obtain the optimum tribo-electrochemical and biological performance. 
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7.4. Conclusions  

Ti-Al2O3 composites with a biofunctionalized Ti matrix were successfully 

produced by performing MAO treatment on Ti-Al2O3 composites. The extension 

of the reaction zone formed due to Ti and Al2O3 reaction influenced the corrosion 

and tribocorrosion behaviour of the as processed composites. In addition, these 

reaction zones lead to some heterogeneities in the structure of the MAO layer. 

After MAO treatment, composites presented a significant improvement on 

the corrosion behaviour, and the possible negative effect of the reaction zone 

was avoided. Composites showed an improvement on tribocorrosion behaviour 

compared to unreinforced Ti through reduced overall wear volume losses. After 

MAO treatment the tribocorrosion behaviour was further improved  
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Abstract 

Titanium matrix composites have improved tribocorrosion resistance 

compared to Ti, however, biocompatibility for biomedical applications remains an 

issue. Micro-arc oxidation (MAO) and thermal oxidation (TO) treatments are 

simple techniques to improve the bioactivity of Ti. However, their effect on 

composite surfaces, particularly the matrix/reinforcement interface is poorly 

understood. In this work, MAO and TO treatments were carried out on Ti-B4C 

composites processed by hot-pressing. Treated composites presented improved 

corrosion and tribocorrosion behaviour compared to the untreated ones.  

However, both treatments also led to B4C particle detachment due to the growth 

of an oxide layer on the interface between the B4C particles and the reaction 

zones.  

8.1. Introduction 

Ti and its alloys are among the most used materials for load bearing 

biomedical implants owning to their biocompatibility, good corrosion resistance 

and adequate mechanical properties. However, these materials still present poor 

tribological behaviour and lack the bioactivity to promote adequate 

osteointegration with adjacent bone [1,2]. Titanium matrix composites (TMCs) 

provide improved wear resistance over the base Ti or Ti alloy. In addition, low 

density and high specific strength made these materials find their use in 

aerospace and automotive applications [3]. These materials may also have 

potential for load bearing biomedical implants. Over the years, studies have 

shown that reinforcement phases can effectively improve the tribocorrosion 

behaviour of Ti and its alloys without jeopardizing the corrosion properties of the 

base material.  

In a previous study by some of the present authors [4], it was shown that 

TMCs reinforced with a relatively small amount (3% vol.) of B4C reinforcement 

particles have improved tribocorrosion behaviour through reduced tendency to 

corrosion and corrosion kinetics during sliding action, in addition to considerably 

reduced wear volume loss. Nevertheless, lack of bioactivity is yet to be overcome 

once most reinforcement phases are bioinert. 
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Several techniques can be used to improve the bioactivity of Ti. Among 

them, MAO and thermal oxidation TO techniques are well known simple 

techniques to produce thick TiO2 oxide layers with tailored properties that can 

improve bioactivity [5,6]. MAO, consists of the application of several hundreds of 

volts through an electrolyte rich in bioactive elements such as calcium (Ca) and 

phosphorous (P) to produce a micro-porous oxide layer with improved 

osteointegration capabilities [7,8] together with increased bioactivity [9–11]. MAO 

treatment has also been performed on TMCs surfaces with promising results. In 

a previous study by some of the present authors, the effect of MAO treatment on 

Ti-Al2O3 composite surfaces was studied. The biofunctionalized composites 

comprised Al2O3 reinforcement particles dispersed within a biofunctionalized 

titanium matrix surface with a micro-porous structure. In addition to a 

considerable improvement in corrosion behaviour, biofunctionalized composites 

also presented improved tribocorrosion behaviour over the untreated composites. 

Çaha et al. [12] performed MAO treatment on Ti-TiN composites and reported 

that both reinforcement phases and the Ti matrix were covered by the typical 

volcano-like structure obtained by MAO treatment. Overall, the authors reported 

an improvement in both corrosion and tribocorrosion behaviour for the 

biofunctionalized composites.   

TO treatment is also a cost-effective and straightforward technique that 

takes advantage of the high reactivity of Ti with air and/or water to promote the 

growth of the native TiO2 passive layer and alter its properties in terms of 

topography, chemical composition and crystal structure, leading to improved 

bioactivity [13–16].  

The effect of these techniques on the properties of Ti and its alloys have 

been thoroughly researched in the last years, in terms of corrosion, 

tribocorrosion, and biological properties. However, their effect on TMC surfaces 

is still relatively unknown. In this work, MAO and TO treatments were carried out 

on TMCs reinforced with B4C particles, and the effect of these treatments on the 

composite surfaces was studied in terms of morphology, corrosion, and 

tribocorrosion behaviour. 
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8.2. Materials and methods 

8.2.1. Processing 

Ti-1.9 wt.% B4C composites were processed by mixing Ti grade 2 and B4C 

powders with irregular shapes and average particle sizes of 25 and 42 µm, 

respectively. Samples were processed by hot-pressing at 1100 °C for 30 min, 

under an applied pressure of 40 MPa and under high vacuum (≤10-5 mbar). A 

more detailed description of the processing method was given previously [4] 

Before characterization and testing, untreated composite samples were ground 

down to 2400 mesh SiC papers and then finished until 0.04 µm with colloidal 

silica suspension. Samples were then cleaned by propanol and distilled water in 

an ultrasonic bath for 10 and 5 min, respectively, and kept in a desiccator for 24 h 

prior to each test to obtain similar surface conditions. 

For MAO treatment, mirror finished samples were placed in an 

electrochemical cell connected to a DC power supply (Agilent technologies 

N5772A), with an exposed area of 0.38 cm2, distanced 80 mm from an Pt cathode 

having an exposed area of 1.77 cm2. MAO treatment was then performed under 

a turbulent regime using a magnetic stirrer spinning at 200 rpm. A constant 

voltage of 300 V was applied for 1 min with an imposed current limit of 2.5 A. A 

mixture of 0.35 M of calcium acetate monohydrate (CA, Sigma-Aldrich) and 

0.02 M of β-glycerophosphate disodium salt pentahydrate (β-GP, Alfa Aesar) was 

used as an electrolyte.  

For thermal oxidation treatment, samples were ground down to 600 mesh 

SiC paper, cleaned as described previously and then placed in a tubular furnace 

with open atmosphere. The thermal cycle was set to 800 °C for 20 min, with both 

heating and cooling rates set to 5 °C/min.  

8.2.2. Electrochemical tests 

Electrochemical tests were carried out in phosphate-buffered saline solution 

(PBS: 0.24 g/l KH2PO4, 0.2 g/l KCl, 1.44 g/l Na2HPO4, 8 g/l NaCl) with pH 7.4 at 

body temperature (37 °C). The electrochemical cell was placed in a climate 

chamber to keep the temperature constant and at the same time to act as a 

Faraday cage in order to avoid any external currents. OCP was first monitored 

until stabilization of the system (∆E < 60 mV/h) and then potentiodynamic 

polarization tests were performed from a potential of −0.2 VOCP to 1.5 VAg/AgCl with 
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a scanning rate of 1 mV/s. Cyclic polarization scans were also performed on the 

untreated composites. After the potentiodynamic scan, the sweep direction was 

reversed at 1.5 V using the same potential range and scanning rate. In addition, 

potentiostatic tests for 1 h at 1 and 1.4 V were also carried out in the untreated 

composites (potential values were chosen based on the PD curves obtained). All 

tests were performed using a standard three-electrode setup consisting of a 

saturated Ag/AgCl reference electrode, a platinum counter electrode and the 

sample as working electrode with an exposed area of 0.1 cm2. All electrochemical 

tests were carried out in a Gamry Potentiostat/Galvanostat/ZRA (model 

Referece-600+).  

8.2.3. Tribocorrosion tests 

Tribocorrosion tests were performed in a tribometer (CETR-UMT2) with a 

ball-on-plate configuration and reciprocating stage, using an identical PBS 

solution at body temperature. Two distinct loads, 0.5 and 10 N, corresponding to 

a maximum Hertzian contact pressure of 342 and 930 GPa, respectively, for Ti, 

were used. Before sliding, OCP values were monitored until stabilization 

(∆E < 60 mV/h), and following the stabilization, OCP values were monitored 

under sliding for 3600 s and also after sliding for the same period of time. 

Coefficient of friction (COF) values were also observed during sliding. Sliding 

time, frequency and stroke length were set as 60 min, 1Hz and 3 mm, 

respectively, for both loads. The electrochemical measurements were performed 

using a Gamry Potentiostat/Galvanostat/ZRA (model Referece-600) with a two-

electrode set-up, where the tested material acted as a working electrode and a 

saturated Ag/AgCl electrode used as reference electrode. All samples after 

tribocorrosion tests were cleaned with the same cleaning procedure described 

previously. 

8.2.4. Characterization 

The microstructure of the untreated composites and MAO and TO treated 

composite surfaces was analysed by FEG-SEM (FEI Nova 200). In order to 

investigate the microstructure in more detail of the untreated composite more in 

detail, lamella for transmission electron microscope (TEM) observation was 

obtained by focused ion beam (FIB, Tescan-Lyra 3 dual beam) with gallium (Ga) 
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ion source attached to the same FEG-SEM equipment. Afterwards, TEM analysis 

was performed in a TEM equipment (JEOL 2100F) operating at 200 kV equipped 

with CCD camera (GATAN Orius) and EDS (Noran Seven). XRD analysis was 

conducted in a diffractometer (Bruker D8 Discover) with Cu-Kα radiation 

(λ = 1.54056 Å) at 40 kV and 40 mA scanning from 20 to 80 ° at 0.04°/2 s. Vickers 

micro-hardness of the cross-section of TO treated composites was accessed to 

evaluate the hardness of the oxygen diffusion zone (ODZ). An indenter 

(EMCOTEST Durascan) was used by applying a 25 g load during 15 s (at least 

5 indentations were performed in order to assure repeatability of the results). The 

worn surfaces obtained after tribocorrosion were observed by FEG-SEM (FEI 

Nova 200) and the chemical composition was evaluated through EDAX energy 

dispersive X-ray spectroscopy (EDS). 2D wear track profiles were obtained by 

profilometry (Veeco, Dektak 150), which were used to estimate wear volume loss 

values using a procedure described elsewhere [17]. 

8.3. Results and discussion 

8.3.1. Microstructure 

The overall microstructure of the as-processed composites was composed 

of B4C particles dispersed within a Ti matrix, with the formation of a reaction zone 

between reinforcement particles and the Ti matrix (Fig. 8.1a). A similar 

microstructure was reported in previous work by some of the present authors, 

where composites were processed under identical conditions [4]. The reaction 

zone was composed of a mixture of TiB and TiC phases, as suggested by XRD 

and TEM analysis, which have been widely reported to be the main reaction 

products resulting from the reaction of Ti and B4C powders [18–21]. The 

B4C/reaction zone interface (Fig. 8.1c) was characterized by a gradual decrease 

in Ti and an increase in B and C elements. 

After MAO treatment (Fig. 8.2), the composite surfaces were covered by a 

micro-porous oxide layer with a volcano-like structure incorporating Ca and P 

elements from the electrolyte. B and C elements could also be detected, although 

it is rather possible that these could come from the substrate. Ca/P atomic ratio 

was calculated as 3.24 and XRD analysis revealed a mixture of anatase and rutile 

phases (Fig. 8.3), which are in accordance with previous works on CP Ti surfaces 

using identical MAO parameters [5,22].  
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B4C Particle depleted zones, where the continuity of the MAO layer was 

interrupted were observed on the surfaces and can be seen in more detail on the 

cross-section optical microscope image shown in Fig. 8.2b. Images show that 

some B4C particles were pulled out from the surface during MAO treatment, 

leading to the formation of these particle depleted zones. The MAO layer also 

covered the zones left behind. Besides these particle depleted zones, some B4C 

particles surrounded by the MAO layer were also observed (Fig. 8.2c), where the 

MAO layer grew on the reaction zones and trapped the B4C particles within the 

surface. 

The overall microstructure for TO treated composites can be seen in 

Figs. 8.4a and 8.4b, as well as in the cross-section SEM images presented in 

Figs. 8.4c-e. TO treatment led to the formation of a thick TiO2 layer on the 

composite surfaces, which was mostly composed of rutile phase (Fig. 8.3). TO 

treatments performed at high temperatures (usually above 700 °C) on Ti and Ti 

alloys are reported to form TiO2 oxide layers rich in rutile phases [23,24], while at 

lower temperatures, anatase or a mixture of rutile and anatase phases are usually 

observed [25]. Similar to MAO treated composites, B4C particle depleted zones 

were also observed within the surfaces. In this case, it was also clear that the 

reaction zones were still present and only the B4C was ejected from the surface. 

These zones can be seen more clearly on the cross-section SEM images shown 

in Fig. 8.4c. B4C particles surrounded by an oxide layer were also observed 

(Fig. 8.4e), where B and C elements from the reaction zone were also detected. 

TO treatment also lead to diffusion of oxygen into the Ti matrix, and thus the 

formation of an oxygen diffusion zone (ODZ) with an average depth of 12 µm, 

Fig. 8.4f, which lead to an increase in the overall hardness of the Ti matrix from 

411 ± 18 to around 597 ± 17 HV0.025 in this zone.  
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Figure 8.1. a and b) Backscattered electron (BSE) SEM images of the untreated composite, c) dark-field 

TEM image of the B4C and reaction zone together with line EDS scan, and diffraction pattern for TiB and 

TiC phase. 

 

 

Figure 8.2. a) BSE and secondary electron (SE) SEM images of the composite surfaces after MAO 

treatment, and b) cross-section optical microscope (OM) images of composites after MAO treatment. 
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Figure 8.3. XRD patterns for untreated, MAO and TO treated Ti-B4C composites. 

 

Figure 8.4. a,b) BSE and SE SEM images of composite surfaces after TO treatment and c,d,e,f) BSE SEM 

images of cross-sections obtained for TO treated Ti-B4C composites. 
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Overall, the morphology of the composites after MAO and TO treatments 

was composed of a functionalized Ti matrix plus reaction zones, with B4C particle 

depleted zones, where these zones were also covered by the MAO and TO oxide 

layers. All in all, these results suggested for Ti-B4C composites that after a 

specific potential, or temperature in the case of TO treatment, an oxide layer is 

formed at the B4C/reaction zone interface which can result in the detachment of 

B4C particles from the composite surfaces. Either by application of temperature 

or through an applied potential, the formation of TiO2 oxide layer on TiB and TiC 

phases has been reported before [18,26]. At 800 °C the oxidation reactions 

reported in air are given below [18]: 

𝑇𝑖 (𝑠) + 𝑂2 (𝑔) =  𝑇𝑖𝑂2 (𝑠)                                                                  (8.1) 

4 7⁄ 𝑇𝑖𝐵 (𝑠) + 𝑂2 (𝑔) =  4 7⁄ 𝑇𝑖𝑂2 (𝑠) + 2 7⁄ 𝐵2𝑂3 (𝑔)                (8.2) 

  1 2⁄ 𝑇𝑖𝐶 (𝑠) + 𝑂2 (𝑔) =  1 2⁄ 𝑇𝑖𝑂2 (𝑠) + 1 2⁄ 𝐶𝑂2 (𝑔)                (8.3) 

At these temperature ranges, these reactions have negative values of Gibbs 

free energy (ΔG) [18], meaning that these reactions are favourable. Moreover 

reaction 8.2 and 8.3 have higher ΔG values than reaction 8.1, thus reinforcement 

phases have higher oxidation resistance than the Ti matrix. Regarding B2O3, due 

to the amorphous structure and the fact that it evaporates easily, these are 

usually not observed in the composition of the oxide layers [27–29]. 

The effect of MAO treatment on TiB and TiC phases is still rather unknown, 

especially on TMCs reinforced with these phases. Zhang et al. [26] studied the 

effect of MAO treatment on an aluminium matrix composite (AMC) reinforced with 

8 wt.% TiB2 (TiB2/A201) by using an aluminate-based electrolyte and a constant 

current density of 10 A/dm2. The authors observed that in an earlier stage of the 

MAO treatment (150 – 200V) the TiB2 particles oxidized into TiO2 and with time 

these particles tended to be fully transformed into TiO2. In a previous study by 

some of the present authors [22], Ti-Al2O3 composites were also 

biofunctionalized using identical MAO parameters and a distinct behaviour was 

observed. The overall morphology of the untreated composites was quite similar, 

which was composed of Al2O3 particles dispersed within a Ti matrix with the 

formation of a reaction zone (mixture of TiAl and Ti3Al phases) around the Al2O3 

particles. After MAO treatment, the resulting microstructure consisted of Al2O3 
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particles dispersed within a biofunctionalized Ti matrix with the same volcano-like 

structure, no detachment of Al2O3 particles was observed.  

In the case of the present composites, the proposed mechanism (Fig. 8.5) 

is as follows. Due to applied potential or temperature, a TiO2 oxide layer starts to 

form on the Ti matrix and the adjacent reaction zones (TiB + TiC). With time, the 

thickness of this layer increases, meanwhile, this layer also propagates through 

the B4C/reaction zone interfaces. The formation of an oxide layer on the (TiB + 

TiC) reaction zone leads to the detachment of B4C particles from the surface once 

the formation of the oxide layer leads to the breakdown of the B4C/reaction zone 

interface (Fig. 8.2b). In some cases, only the tip of the B4C particle stays on the 

outmost surface. In this way, the oxide layer propagates through the reaction 

zone around the B4C particle. In the end, a B4C particle surrounded by an oxide 

layer is obtained (Fig. 8.2c).   

 

Figure 8.5. Proposed mechanism for the oxidation behaviour of Ti-B4C composites. 

8.3.2. Electrochemical behaviour 

 Representative potentiodynamic polarization curves for all groups can be 

seen in Fig. 8.6. Untreated composites presented the typical passive behaviour 

of Ti or its alloys, characterized by a well-defined passivation plateau between 

0.25 and 1.1 V due to the formation of a passive oxide film. However, for 

potentials above 1.1 V a sudden increase in corrosion current density was 

observed. This behaviour was not observed for unreinforced Ti processed under 

the identical conditions [22]. After MAO and TO treatments, a considerable 

reduction in the current density values was observed, due to the protective nature 

of the MAO and TO oxide layers, which are well reported to improve the corrosion 

resistance of Ti-based materials [5,30–32]. An increase in current density values 

for potentials above 1.1 V was still observed for the treated composites. Although 
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the results could point to localized corrosion, the CP scan for the untreated 

composites revealed that this was not the case once lower current density values 

were observed in the reverse scan. To further investigate this behaviour, 

potentiostatic tests at 1 and 1.4 V were performed on the untreated composites 

for 60 min. 1 V was chosen to study the behaviour in the passive zone, while 

1.4 V was selected to study the corrosion behaviour where the passive film 

seems to lose its integrity Fig. 8.7 shows the evolution of current density for both 

applied potentials, as well as OM images of the composites surfaces before and 

after the potentiostatic tests. Corrosion current densities measured at 1 V applied 

potential were significantly lower than the ones observed at 1.4 V, as is in 

accordance with potentiodynamic polarization results. For 1 V, corrosion current 

densities stabilized shortly after the potential was applied, that was not the case 

for the tests carried out at 1.4 V, where corrosion current densities tended to 

decrease during the whole testing period. No considerable changes were 

observed on the composite surfaces after 1 h at 1 V, however, when 1.4 V was 

applied, a significant amount of B4C particles were detached from the surface. 

Important to note that after the PD tests, no detachment of B4C particles was 

observed once the time spent at these potentials was relatively short compared 

to the potentiostatic tests. 

The results show increased corrosion kinetics for potentials above 1 V. 

Considering that Ti composites reinforced with TiB, TiC, and TiB2 phases do not 

present this behaviour at these potential ranges [33,34], this response is most 

probably related to the B4C/interface. The results point to the degradation of this 

interface at these potentials and thus detachment of B4C particles from the 

surface. This behaviour was also observed on the MAO and TO treated 

composites suggesting that there is still an electrochemical response coming 

from these interfaces.  



Chapter 8: Effect of micro-arc oxidation and thermal oxidation treatments on Ti-B4C composite surfaces intended for 

biomedical applications 

 198 

 

Figure 8.6. Potentiodynamic polarization curves for all tested groups together with a CP scan for the 

untreated composite. 

 

Figure 8.7. a) Evolution of current density during potentiostatic tests for the untreated composites; optical 

microscope (OM) images of composite surfaces b) before and c) after potentiostatic tests at 1 V; and OM 

images of composite surfaces d) before and e) after potentiostatic tests at 1.4 V. 
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8.3.3. Tribocorrosion behaviour 

The evolution of OCP before, during and after sliding, together with 

evolution of COF during sliding for 0.5 N and 10 N applied loads can be seen in 

Fig. 8.8. For the untreated composites, after sliding started, a sudden decrease 

in OCP values was observed for both loads, due to removal of the passive oxide 

film and exposure of the fresh metallic surface to the electrolyte. For 0.5 N load, 

soon after sliding started, OCP values partially recovered and displayed a 

relatively horizontal course except for some occasional drops in OCP, which were 

accompanied by an increase in COF. In Ti-based materials, sudden changes in 

OCP and COF values during tribocorrosion tests are usually related to the 

continuous formation and breaking down of compacted oxide debris, which 

changes the overall topography of the worn surfaces, and thus COF values, and 

also give limited protection against corrosion as these oxides protect the metallic 

substrate. 

For 10 N condition, OCP values during sliding were considerably lower, 

while COF values were higher, due to more significant wear damage on the 

composite surfaces. In addition, no sudden drops in OCP and COF values were 

observed. It may be expected that under harsher conditions, stabler OCP and 

COF values can be observed once most wear debris tends to be pushed outside 

the wear tracks and thus does not contribute to the formation of compacted oxide 

debris [35]. Once sliding finished, OCP values also quickly increased to those 

observed before sliding due to repassivation of the worn zone.  

For MAO and TO treated groups tested under 0.5 N load, no changes in 

OCP values were observed during sliding once no considerable wear damage 

was given to the functionalized surfaces under these conditions (Fig. 8.9). 

Accordingly, only a relatively low amount of Ti was transferred to the counter-

body surfaces (Fig. 8.9). The overall COF values for TO groups were lower than 

the ones observed for MAO groups due to smother and compact nature of the 

TO oxide layer. Additionally, higher amount of rutile phase can also contribute to 

lower COF values since rutile has been reported to present a self-lubrication 

behaviour [36].  

Significant differences were observed between the treated groups for 10 N 

load. TO treated composites presented a sharp OCP drop on the onset of sliding, 
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suggesting that considerable damage was done to the oxide layer. Nevertheless, 

the OCP drop was considerably lower than the one observed for the untreated 

group. After a few minutes of sliding and adjustment of contacting surfaces, OCP 

and COF values tended to decrease and stabilize towards the end of sliding 

action. On the other hand, MAO treated composites presented a distinct 

behaviour, where a gradual decrease in OCP values was observed on the onset 

of sliding, suggesting a relatively better wear resistance on the MAO layers in an 

earlier stage. However, the lowest OCP values were registered for this group 

after some time, which remained until the end of sliding. After sliding, OCP values 

for TO group reached the values obtained before sliding. In contrast, values for 

the MAO treated groups only reached similar OCP values as the ones observed 

for the untreated group. The higher OCP values for TO groups are most probably 

related to the presence of the ODZ, which is reported to have higher corrosion 

resistance than Ti due to incorporation of oxygen accelerating the formation of 

the native oxide passive film [31]. Under these conditions, COF values for TO 

group were lower and the evolution was smother than those observed for MAO 

group. At the same time, the untreated composites also presented a smother 

behaviour and COF values between TO and MAO groups.  

 

Figure 8.8. OCP evolution before, during and after sliding, together with the evolution of COF during sliding. 
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Figure 8.9. SE SEM images of the worn surfaces together with SE SEM images and EDS analysis of the 
Al2O3 balls used as counter-body for 0.5 N. 

BSE and SE SEM images of the worn surfaces for 10 N condition together 

with SE SEM images and EDS spectra of the Al2O3 balls used as counter-bodies 

can be seen in Fig. 8.10. The untreated groups presented scratches and 

ploughing grooves parallel to the sliding direction due to combination of adhesive 

and abrasive wear mechanisms, once transferred material from the wear track to 

the counter-body (adhesion) damaged the surface resulting in grooves. On the 

other hand, loose wear debris can act as a third-body abrasive and lead to the 

formation of sharp scratches parallel to the sliding surface. MAO treated groups 

presented very similar mechanisms in the centre of the wear tracks, where the 

MAO layer was completely removed, and the counter-body slid against the bare 

composite. On the edges of the wear track, considerable deposition of wear 

debris was observed, possibly trapped in the adjacent MAO layer. The MAO layer 

adjacent to the wear track was also damaged, where the volcano-like structure 

was not observed. It seems than in these areas, the MAO layer could not follow 

the deformation of the substrate due to high applied load, leading to detachments 

in these zones. Even though, as shown by the BSE images, only the outmost 

porous layer was detached in these zones. 

Wear tracks for TO treated composites presented significant differences 

compared to the other groups, as neither significant number of scratches nor 

ploughing grooves were observed within the wear tracks. In addition, EDS 

analysis suggested much less adhered titanium to the counter-body surfaces 

compared with the untreated and MAO treated groups, as well reduced visible 
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wear damage on the counter-body surfaces. Representative wear profiles and 

wear volume loss values for 10 N condition can be seen in Fig. 8.11. MAO treated 

composites presented the highest wear volume values, which are in accordance 

with the lower OCP values observed during sliding. Meanwhile, TO treated 

composites presented the lowest wear volume values. All in all, these results 

suggest significant reduction in adhesion and abrasion mechanisms for the TO 

treated groups. 

 

Figure 8.10. BSE/SE SEM images of the worn surfaces together with SE SEM images and EDS spectra of 

the Al2O3 balls used as counter-body for 10 N. 
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Figure 8.11. a) Representative 2D wear profiles for all the groups together with b) wear volume values 

estimated from wear profiles. 

Overall, MAO and TO treated composites presented considerably improved 

tribocorrosion behaviour under 0.5 N with no noticeable changes in tendency to 

corrosion during the sliding action. In addition, no considerable wear volume loss 

was observed. On the other hand, when 10 N was applied, while TO treated 

composites presented improved behaviour compared to the untreated composite, 

the MAO treated composites presented an overall worse behaviour, through both 

higher tendency to corrosion under sliding as well as higher wear volume losses. 

The improved tribocorrosion behaviour for TO treated samples under 10 N 

condition can be attributed the presence of the ODZ below the TO oxide layer, 

which has improved wear resistance due to higher overall hardness. Once the 

TO oxide layer was destroyed at the onset of sliding (as suggested by the sharp 

drop in OCP values) the counter-body slid against a harder substrate, and thus 

wear damage was lower and OCP values were higher (Fig. 8.12c). Untreated and 

MAO treated composites presented roughly the same wear mechanisms being a 

mixture of adhesive and abrasive wear, which lead to the formation of ploughing 

grooves and scratches parallel to the sliding direction (Fig. 8.12a and 12b). MAO 

treated composites presented the overall worse tribocorrosion behaviour which 

can be attributed to increased third-body wear due to freely moving hard oxide 

wear debris from the MAO oxide layer (Fig. 8.12b). Although MAO treated 
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composites presented a worse tribocorrosion behaviour under these conditions, 

the evolution of OCP values may suggest that in the first minutes of sliding, this 

group showed better behaviour. The slower decay on OCP values on the onset 

of sliding may suggest better wear resistance than TO layers. However, with time 

wear debris from the MAO layer led to a significant increase in wear volume loss 

and thus higher tendency to corrosion under sliding.  

The results showed that Ti-B4C composites might not be suitable for this 

functionalization treatment due to the detachment of B4C particles during the 

functionalization process. Nevertheless, it was shown that these treatments might 

be promising to improve corrosion, tribocorrosion and even biological properties 

of Ti-based composites for biomedical applications. It is suggested for further 

studies to fully react B4C with Ti matrix to produce in-situ Ti-(TiB+TiC) composites 

to avoid the reaction zone/B4C interface. 

 

Figure 8.12. Main wear mechanisms observed for a) untreated composites, b) MAO treated composites and 

c) TO treated composites under 10 N condition. 
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8.4. Conclusions 

MAO and TO treatments have the potential to improve both corrosion and 

tribocorrosion behaviour of TMCs. However, detachments of B4C particles from 

the Ti matrix were observed due to the grow of an oxide layer at the interface 

between the reaction zone and B4C particles. Thus, future research should 

consider in-situ Ti-TiB-TiC composites to avoid the interface with B4C particles.   
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Abstract 

Titanium matrix composites (TMCs) have shown potential for load bearing 

implants due to their promising mechanical, corrosion and particularly 

tribocorrosion behaviours. However, the lack of bioactivity remains a problem, 

once that most reinforcement phases are bioinert.  Micro-arc oxidation (MAO) 

and thermal oxidation treatment (TO) are well-known techniques used to improve 

the bioactivity of Ti through the formation of a thick TiO2 oxide layer with tailored 

properties. In this work, MAO and TO treatments were carried out on in-situ 

Ti-TiB-TiC composite surfaces and compared to MAO and TO treated Ti. 

Corrosion and tribocorrosion behaviour was studied in phosphate buffered saline 

solution (PBS) at body temperature. No significant changes were observed in the 

overall structure of the MAO and TO layers from unreinforced Ti to composite 

groups. However treated composites presented considerably lower corrosion 

resistance as compared to the unreinforced treated Ti. Tribocorrosion resistance 

was higher for the composite groups as they tended to present less tendency to 

corrosion under mechanical action and a significant decrease in wear volume 

loss as compared to the treated Ti.  

9.1. Introduction 

Lack of bioactivity and poor tribocorrosion resistance of Ti and its alloys still 

affect load-bearing biomedical implants. To achieve a lasting implant, these 

devices must possess good osteointegration with the adjacent bone and an 

adequate tribocorrosion resistance to reduce implant degradation under the 

physiological conditions in which they are inserted. In order to improve the 

tribocorrosion resistance of Ti and its alloys, a variety of techniques can be used, 

including surface coatings or surface modification techniques [1–4] and 

incorporation of hard ceramic particles (reinforcements) into a Ti matrix to 

produce titanium matrix composites (TMCs) [5,6].  

In the last years, research has been made on TMCs to be considered for 

load bearing biomedical implants, showing promising mechanical, corrosion and 

tribocorrosion behaviours. Among all the reinforcement phases that can be 

successfully used to produce these composites, in-situ TiB whiskers (TiBw) and 

TiC particles (TiCp) have been recognized for being excellent options, mainly due 
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to their compatibility and strong interfacial bonding with Ti. Furthermore, they also 

possess desirable mechanical and electrochemical properties such as high 

hardness, low density and good corrosion resistance [7–9]. It is well reported that 

the addition of these phases can improve the mechanical properties of titanium 

[10,11], however,  studies on corrosion and tribocorrosion are still very limited. 

Compared to ex-situ composites, in-situ composites generally present 

cleaner and stronger matrix/reinforcement interfaces in addition to a more 

homogeneous distribution of reinforcement phases [12,13]. In-situ TiB and TiC 

phases can be easily and economically processed by mixing Ti and B4C powders 

using powder metallurgy-based techniques [14–17]. To obtain a full reaction with 

the Ti matrix, B4C particles with smaller particle size distributions (typically 

between 1 and 10 µm) are generally used.  

Ti implants do not possess the necessary bioactivity to achieve adequate 

osteointegration with the adjacent bone. Most of the reinforcement phases are 

bioinert. Therefore, lack of bioactivity may continue to be an issue regarding 

TMCs for load-bearing biomedical implants [18,19]. Surface modification 

techniques can be used to tailor the implant surface in terms of topography and 

chemistry, to allow Ti implants to address the specific requirements necessary to 

promote positive interaction between the bone and implant surface, leading to 

improved osteointegration, bone ingrowth, and cell proliferation and 

differentiation [20–23].  

Among the various techniques that can be used,  anodic treatment (AT) has 

an excellent potential to produce implants with adequate topography and 

chemistry [24–27]. Micro-arc oxidation (MAO) is one of the most known forms of 

AT, where several hundreds of volts are used to produce a micro-porous, 

crystalline, and thick TiO2 layer with improved osteointegration capabilities and 

improved bioactivity  [21,28–31].On the other hand, thermal oxidation (TO) 

treatment is a cost-effective and straightforward technique that can also improve 

the bioactivity of titanium surfaces. This method takes advantage of the high 

reactivity of Ti with air and/or water to promote the growth of the native TiO2 

passive layer and alter its properties, such as crystal structure, topography, and 

chemical composition, to improve bioactivity [22,23,32,33].  

In addition to improved bioactivity, MAO and TO oxide layers also have 

improved corrosion and tribocorrosion resistance due to the formation of hard 
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and wear resistant crystalline phases such as anatase and rutile [34–38]. The 

effect of MAO and TO treatments on the properties of Ti has been extensively 

researched; however, their impact on TMCs surfaces is still mostly unknown. 

Biofunctionalized TMCs may have improved tribocorrosion resistance compared 

to biofunctionalized Ti and its alloys and enhanced bioactivity. Thus, the objective 

of this work was to study the effect of MAO and TO treatments on the surface of 

Ti-TiB-TiC composites and study their corrosion and tribocorrosion behaviour.  

9.2. Materials and methods 

9.2.1. Processing 

In-situ Ti composites reinforced with 10 vol.% of (TiB +TiC) phases were 

processed by mixing of Ti grade 2 and 1.9 wt.% B4C powders according to 

Eq. (9.1) [39], with average particles sizes of 25 and 9 µm, respectively. Powders 

were mixed through ball milling for 4 h at 120 rpm with the help of Al2O3 balls 

(ø 10 mm), under Ar atmosphere to minimize oxidation. After mixing, the powder 

blends were placed in a zirconia coated graphite mould (10 mm inner diameter) 

in order to process samples with 3 mm of thickness. Hot-pressing was then 

carried out at high vacuum (≤10-5 mbar) for 120 min at 1100 °C with heating and 

cooling rate of 5°C/min and 10°C/min, respectively. An applied pressure of 40 

MPa was applied through all the cycles. Before characterization and testing, 

untreated samples were ground down to 2400 mesh SiC papers and then mirror 

finished until 0.04 µm with colloidal silica suspension. Samples were then cleaned 

by propanol and distilled water in an ultrasonic bath for 10 and 5 min, respectively, 

and kept in a desiccator for 24 h prior to each test to obtain similar surface 

conditions. In addition to composites, unreinforced Ti was also processed to be 

used as the control group. 

5𝑇𝑖 + 𝐵4𝐶 → 4𝑇𝑖𝐵 + 𝑇𝑖𝐶                                                               (9.1) 

For MAO treatment, Ti and composite samples were placed in an 

electrochemical cell connected to a DC power supply (Agilent technologies 

N5772A). An exposed area of 0.38 cm2 was distanced 80 cm from an Pt cathode 

with 1.77 cm2 of area. MAO treatment was then performed under a turbulent 

regime through a magnetic stirrer spinning at around 200 rpm. A constant voltage 

of 300 V was applied for 1 min with an imposed current limit of 2.5 A. A mixture 
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of 0.35 M of calcium acetate monohydrate (CA) and 0.02 M of β-

glycerophosphate disodium salt pentahydrate (β-GP) was used as electrolyte. 

Hereafter, MAO treated samples will be referred to as Ti_MAO and 

Ti-TiB-TiC_MAO, for Ti and composite groups, respectively. 

The samples were ground down to 600 mesh SiC paper for thermal 

oxidation treatment, cleaned as described previously and then placed in a furnace 

with an open atmosphere. The thermal cycle was set to 800 °C for 20 min, with 

both heating and cooling rates set to 5 °C/min. The stage temperature and time 

were chosen based on a previous work by Dalili et al. [40], where a uniform, wear 

resistant and well adhered oxide layer was obtained on Ti-6Al-4V/TiC composites 

by using the same temperature and time. Hereafter, thermally oxidized samples 

will be referred to as Ti_TO and Ti-TiB-TiC_TO for Ti and composites groups, 

respectively.  

9.2.2. Electrochemical tests 

Electrochemical tests were carried out at body temperate (37 ± 1 °C) in an 

electrochemical cell containing phosphate-buffered saline (PBS) solution 

(0.24 g/l KH2PO4, 0.2 g/l KCl, 1.44 g/l Na2HPO4, 8 g/l NaCl – pH 7.4). Open circuit 

potential (OCP) was first monitored until stabilization (∆E < 60 mV/h), followed by 

electrochemical impedance spectroscopy (EIS) measurements, with a scanning 

rate of 7 points per decade from 105 Hz until 10-2 Hz with an amplitude of the 

sinusoidal signal of 10 mV. After EIS, potentiodynamic polarization tests were 

performed by scanning a potential range from −0.2 VOCP to 1.5 VAg/AgCl at 1mV/s. 

All the electrochemical tests were performed using a standard three-electrode 

setup consisting of a saturated Ag/AgCl reference electrode, a platinum (Pt) 

counter electrode and the sample as a working electrode with an exposed area 

of 0.1 cm2. All the tests were carried out in a Gamry 

Potentiostat/Galvanostat/ZRA (model Referece-600+). 

9.2.3. Tribocorrosion tests 

Tribocorrosion tests were performed in a tribometer (CETR-UMT2) with a 

ball-on-plate configuration and reciprocating stage, using an identical PBS 

solution at 37 ± 1 °C. Two distinct loads (0.5 and 10 N), each corresponding to a 

maximum Hertzian contact pressure for c.p. Ti of 342 and 930 GPa, respectively, 
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were used in the tests. Before sliding, OCP values were continuously monitored 

until stabilization (∆E < 60 mV/h), during sliding for 1 h, and after sliding for an 

additional 1 h. Coefficient of friction (COF) values were also monitored during 

sliding. Sliding time, frequency and stroke length were set to 60 min, 1 Hz and 3 

mm, respectively, for both conditions. Electrochemical data was monitored using 

a Gamry Potentiostat/Galvanostat/ZRA (model Referece-600) with a two-

electrode set-up, where the samples were connected as working electrode and 

saturated Ag/AgCl reference electrode. 

9.2.4. Characterization 

Microstructure and chemical composition of Ti and composites surfaces 

after MAO and TO treatments was investigated by FEG-SEM (FEI Nova 200) 

equipped with EDS (EDAX energy dispersive X-ray spectroscopy). Phase 

identification was performed by XRD (Bruker D8 Discover diffractometer) 

operating at 40 kV and 40 mA using Cu Kα radiation by scanning a range (2θ) 

from 20° to 80° with a step size of 0.04°/s. After tribocorrosion tests, the worn 

surfaces were characterized using the same FEG-SEM equipment. Wear track 

profiles were obtained by profilometry (Veeco, Dektak 150), and were used to 

estimate wear volume loss values following the procedure described elsewhere 

[41].  

9.3. Results and discussion 

9.3.1. Microstructure 

The overall microstructure of Ti and composite surfaces after MAO and TO 

treatments can be seen on the secondary electron (SE) SEM images shown in 

Fig. 9.1. MAO treatment led to the formation of a micro-porous oxide layer with a 

volcano like structure on both Ti and composite surfaces, with no discernible 

differences between the two groups. Back-scattered electron (BSE) SEM images 

of the cross-sections (Fig. 9.2a) revealed that the MAO layer was formed on the 

top of both Ti matrix and reinforcements phases (mixture of TiB and TiC0.59 

phases according to XRD pattern presented on Fig. 9.2d. This MAO layer formed 

three distinct zones, an inner and an outer porous layers  and a thin and compact 

oxide layer formed just after the bulk material, as in accordance with previous 

works by some of the present authors, where MAO treatments were performed 
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on Ti surfaces using the same parameters [35,37,42]. Ca/P atomic ratios were 

calculated as 3.15 ± 0.14 and 3.21 ± 0.06 for Ti and composite groups, 

respectively, above the stoichiometric ratio for hydroxyapatite (HA) present in the 

bone [43]. A considerable amount of B and C elements (33 ± 3 at% and 

15 ± 5 at% for B and C, respectively) were also detected for the MAO treated 

composites. Still, XRD analysis revealed a very similar phase composition for 

both groups, which were composed of a mixture of anatase and rutile phases.  

The effect of the B element on the structure of MAO layers has been studied 

by Sopchenski et al. [44]. The authors produced MAO layers on Ti substrates 

using an Ca, P, and B-rich electrolyte and reported that the presence of B element 

did not change the structure of the MAO layer in terms of morphology, roughness, 

and phase composition. In the same study, the authors also studied the effect of 

the B element on the biological behaviour of these layers. Compared to the boron-

free MAO layer, these layers presented similar cell viability and activity with 

improved anti-bacterial properties against S. aureus and P. aeruginosa.  

After TO treatment, a homogeneous oxide layer was formed on the surface 

of both groups, with no evidence of defects such as cracks and/or detachments. 

Cross-section images for TO treated Ti and composites (Figs. 9.2b and 9.2c) 

showed a similar oxide layer for both groups, which presenting around 3.8 µm of 

thickness. Similar to MAO treatment, the TO oxide layer was formed on the top 

of the Ti matrix and reinforcement phases, with no discernible differences in terms 

of structure and chemical composition. For both Ti and composite groups, the 

formation of an oxygen diffusion zone (ODZ) was also observed, which is often 

reported for TO treatment performed on Ti-based substrates [2,34,45,46]. This 

ODZ presented considerably higher hardness values compared to the bulk 

material. For Ti the hardness increased from 354 ± 21 to 614 ± 14 HV0.025, as for 

the composite group, the hardness of the Ti matrix increased form 665 ± 25 to 

812 ± 28 HV0.025. Regarding phase composition, only peaks related to the rutile 

phase were observed for Ti and composite groups, with no significant differences 

between the two groups. 
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Figure 9.1. Representative SE SEM image of MAO and TO treated Ti and composite groups  
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Figure 9.2. a) BSE/SE SEM image of a representative cross-section of MAO treated composite, b and c) 

BSE SEM image of a representative cross-section of TO treated Ti and composite, respectively, and d) XRD 

patterns for untreated composite and MAO and TO treated Ti and composite groups. 
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9.3.2. Electrochemical behaviour 

Representative potentiodynamic polarization curves for MAO and TO 

treated Ti, and composite groups are presented in Fig. 9.3. The average values 

of E(i=0) and ipass (taken at 0.75 VAg/AgCl) are given in Table 9.1. Ti_MAO group 

presented the typical behaviour expected for MAO layers formed under these 

conditions, which is characterized by the formation of a passivation plateau, with 

a substantial increase in E(i=0) values together with a decrease of around two 

orders of magnitude for corrosion current density values when compared to 

commercial titanium. The improvement in corrosion behaviour is attributed to the 

formation of a TiO2 layer with overall higher corrosion resistance, mainly 

attributed to the formation of a barrier layer between the Ti substrate and the inner 

porous layer. Similar behaviour for MAO treated Ti was reported before by some 

of the present authors [35,37]. MAO treated composites presented considerable 

different behaviour, despite E(i=0) values being similar to those observed for 

Ti_MAO, ipass values were considerably higher. In addition, the evolution of 

current density with the applied potential is quite different. For Ti_MAO, the 

passive plateau starts to form shortly after the E(i=0) is reached, however there is 

a significant delay for composite groups. Similiar behaviour was observed for TO 

groups, however the average E(i=0) values were considerably lower than MAO 

treated groups, while ipass values were very similar.  

For TO treatment, the improvement in corrosion resistance is also attributed 

to the formation of thick oxide layer, which separates the metallic substrate from 

the electrolyte, and thus, serves as a physical barrier against corrosion [47]. 

Although no significant differences were observed in the morphology of the MAO 

and TO layers between Ti and composite groups. The ipass values obtained for 

composite groups were significantly lower than the ones observed for treated Ti 

groups The ipass values observed for composite groups were slightly higher than 

those usually observed for untreated CP-Ti, which typically present ipass values 

between 3 and 10 µA.cm-2 [35,37]. Once the corrosion behaviour of MAO layers 

is dependent mainly on the properties of the inner barrier layer [48], the results 

suggest that for composite groups, this layer is not as protective as the ones 

formed on the unreinforced Ti groups. This is possibly due to the different state 

of the barrier layer at the reinforcement/MAO layer interface (Fig. 9.2a). As for 
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TO treated composites, results show that oxide layers formed on the composite 

substrates have overall less corrosion resistance. 

 

Figure 9.3. Representative potentiodynamic polarization curves for all the groups. 

Table 9.1. Average values of E(i=0) and ipass values for all the groups. 

 Ti_MAO Ti-TiB-TiC_MAO Ti_TO Ti-TiB-TiC_TO 

E(i=0) (V vs Ag/AgCl) 0.11 ± 0.07 0.11 ± 0.03 -0.16 ± 0.03 -0.34 ± 0.03 

ipass (7.26 ± 2.66) х 10-8 (1.13 ± 0.03) х 10-6 (5.05 ± 2.85) х 10-8 (1.56 ± 0.25) х 10-6 

9.3.3. Tribocorrosion behaviour 

The evolution of OCP before, during and after sliding for all the groups can 

be seen in Fig. 9.4 together with the evolution of COF during sliding. Before 

sliding, all the groups presented stable OCP values due to presence of the oxide 

layer formed on MAO and TO treatments. Under 0.5 N condition, no substantial 

changes in OCP values were observed during sliding action once no considerable 

wear damage was done to the MAO or TO oxide layers (Fig. 9.5). Moreover, no 

difference was observed between Ti and composite groups. In fact, under these 

conditions, the oxide layers only presented a very low amount of abrasion due to 

the rubbing counter-body. Overall, lower COF values were obtained for TO 

treated groups, with no differences between Ti and composites. These 

differences were probably related to the differences in morphology between MAO 

and TO oxide layers, since the MAO layer usually tends to present rougher 
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surfaces due to the formation of micro-pores. In addition, a higher amount of rutile 

phase for the TO oxide layer may contribute to lower COF values once this phase 

is reported to have low shear strength and thus decreased friction [49].  

Under 10 N, the evolution of OCP values for all the groups could be divided 

into two distinct zones: the first consists in a substantial decrease in OCP values 

on the onset of sliding. In contrast, the second one corresponds to the evolution 

of OCP values during the remaining sliding time. For MAO treated groups, the 

first zone lasted around 700−1200 s, where a gradual decrease in OCP values 

was observed. On the other hand, TO treated groups presented a sharp decrease 

in OCP values. Comparing Ti_MAO and Ti-TiB-TiC_MAO groups, OCP values 

decreased at a slower rate for the composite group, suggesting increased wear 

resistance for this group. On the second zone, the OCP values for both groups 

were in the range of untreated CP-Ti tested under similar conditions [50], 

suggesting that considerable damage was done to the MAO layers and the 

electrochemical response was coming mostly from the Ti and composite 

substrates. Comparatively, the OCP values in this zone tended to be slightly 

higher for the composite groups, probably due to the higher wear resistance of 

the substrate material. Some oscillations in OCP and COF values were also 

observed in this zone which can be attributed to the formation and breakdown of 

compacted wear debris zones within the wear tracks, which can be seen on the 

SEM images of the worn zones (Fig. 9.6). These compacted wear debris gave 

limited protection against corrosion and, at the same time, led to changes in the 

overall roughness of the surfaces, leading to a consequent increase or decrease 

in COF values. After sliding ended, OCP values started to increase, as a native 

TiO2 passive oxide film started to grow on the worn zones.  

The sharp decrease in OCP values for TO groups suggests that substantial 

damage was done to the TO oxide layers on the onset of sliding. Ti group 

presented the highest OCP drop. Afterwards, OCP values stabilized and 

remained relatively constant until the end of sliding for the Ti_TO group. In 

contrast, for the Ti-TiB-TiC_TO group, a gradual decrease in OCP until the end 

of sliding was observed. For the most part, OCP values tended to be higher for 

the composite groups in the second zone suggesting improved tribocorrosion 

resistance.  
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Compared to MAO treated groups, more stable and higher OCP values 

were observed in the second zone for TO treated groups together with more 

stable COF values. This was probably related to the presence of the ODZ for the 

TO treated groups. Compared to the base materials, increased wear resistance 

can be expected on the ODZ due to its higher overall hardness. It has also been 

reported that the ODZ has superior corrosion resistance than the base Ti or Ti 

alloy due to higher oxygen content which might accelerate the formation of the 

native passive film [51]. 

After sliding ended, OCP values rapidly increased due to repassivation of 

the worn zones. Interestingly, after roughly 60 min for both Ti and composite 

groups, OCP values reached the same values observed before sliding, even 

though the damaged TO oxide layer cannot regenerate. Considering that the 

potential measured after sliding is a mixed potential between the worn and 

unworn zones and the fact that the ODZ has superior corrosion resistance, it is 

quite possible that the extension of wear damage (Fig. 9.6 and 9.7) was not 

enough to observe significant changes in OCP values, given enough time for the 

ODZ to repassivate.  

 

Figure 9.4. OCP evolution before, during, and after sliding for both conditions under 0.5 and 10 N, together 

with the evolution of COF during sliding. 

The overall morphology of the wear tracks and Al2O3 balls used as counter-

body for 10 N condition can be seen in Fig. 9.6. For MAO treated groups, the 
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BSE/SE SEM images of the worn surfaces clearly show that the MAO layer was 

destroyed and the Ti and composite substrate were exposed to the electrolyte. 

The formation of grooves and compacted wear debris were observed on the worn 

substrates for both groups. These features are usually a consequence of 

adhesive wear. During sliding, Ti can be adhered to the counter-body, as can be 

seen on the SEM and EDS analysis of the counter-body. In this case, it is also 

quite possible that part of the MAO layer was mixed with the adhered Ti from the 

substrate. This transferred material might then abrade to the surface and led to 

the formation of ploughing grooves. Additionally, removed material from the worn 

surfaces can also be compacted on the wear track and give limited protection 

against wear and corrosion. This process is usually repeated several times during 

sliding, leading to oxidation of the transferred material and an increase in its 

overall hardness. Some amount of wear debris also tends to be pushed-out of 

the wear track. In this case, a considerable amount of wear debris was 

accumulated on the edges of the worn zones, trapped inside the micro-pores of 

the adjacent MAO layer. In fact, the only considerable differences between Ti and 

composite groups were observed on the edge of the wear tracks. For Ti_MAO 

group, the worn Ti substrate was followed by a zone of compacted wear debris 

and the MAO oxide layer. However, for Ti-TiB-TiC_MAO group, the zone with 

compacted wear debris was followed by a zone where the MAO layer was 

partially damaged, where the outer porous layer was detached form the surface, 

once no micro-pores were observed. These detachments hint at a brittler surface 

due to the higher hardness of the composites. 

TO treated groups presented overall less wear damage than MAO treated 

groups, especially for Ti groups. As suggested by the evolution of OCP, the TO 

oxide layer was destroyed during sliding and the ODZ was exposed to the 

electrolyte, as evidenced by the EDS analysis of Z1 (Fig. 9.6). Comparing the 

worn surfaces between TO and MAO groups, it is possible to observe a key 

difference, as no ploughing grooves were observed for both TO groups. SEM and 

EDS analysis of the counter-bodies also revealed considerably less transferred 

Ti to the counter-body surfaces, meaning that adhesive wear was considerably 

reduced. This can be explained by the presence of the ODZ for TO groups, which 

was the main contact surface after the removal of the TO oxide layer. This can 

be confirmed by the wear track profiles shown in Fig. 9.7, where the depth was 
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considerably lower than the thickness of the ODZs shown in Fig. 9.2b and 9.2c. 

Due to the substantial higher hardness of the ODZ compared to the base 

substrate, wear damage and thus adhesive wear was considerably reduced. 

Similar to MAO groups, compacted wear debris was also observed within the 

worn surfaces, mainly on Ti_TO surfaces, as confirmed by the EDS analysis of 

Z2 (Fig. 9.6), where there was also incorporation of elements from the PBS 

electrolyte. Nevertheless, these were not enough to cause significant changes in 

OCP and COF values. In addition, the higher tribocorrosion resistance of the ODZ 

may also hide the overall impact of these wear debris on the evolution of OCP 

and COF values. Comparing Ti_TO and Ti-TiB-TiC_TO groups, no significant 

differences were observed in the morphology of the wear tracks meaning that 

both groups presented roughly the same wear mechanisms, being a mixture of 

adhesive and abrasive wear.  

 

Figure 9.5. Worn surfaces for all the groups tested under 0.5 N condition. 

Representative wear profiles and the average wear volume loss values for 

10 N condition can be seen in Fig. 9.7. Ti-TiB-TiC_MAO group presented approx. 

a 70 % reduction in wear volume loss compared to Ti_MAO, while the 

Ti-TiB-TiC_TO group showd approx. a 30 % reduction compared to Ti_TO.  
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For the Ti_MAO group, after the MAO layer was removed, a considerable 

amount of Ti from the substrate was lost to wear. Due to the higher wear 

resistance of the composite substrate, the Ti-TiB-TiC_MAO group presented 

considerably lower wear volume loss values. The same was observed for TO 

treated groups. However, due to the formation of an ODZ in both groups, the 

effect of increased wear resistance of the composite was not as drastic as the 

MAO groups.  

 

Figure 9.6. SEM images of the worn surfaces and Al2O3 balls together with EDS analysis from Al2O3 balls 

for 10 N. 
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Figure 9.7. Wear profiles and average wear volume loss for 10 N applied load. 

The scope of this work showed that the MAO treated and TO treated 

Ti-TiB-TiC composites may have the potential for load bearing implants. The 

overall structure and phase composition of these layers were very similar 

between Ti and composites groups. After tribocorrosion tests, biofunctionalized 

composites presented considerably reduced wear damage compared to 

biofunctionalized Ti. The slighter decrease in OCP values under sliding for MAO 

and TO treated composite groups also suggests that the harder composite 

substrate may provide better support for these layers once the transition in 

mechanical properties between these layers and the substrate is not so sharp as 

the one observed between MAO and TO layers and the soft Ti substrate. In 

addition, once these layers are removed, the higher wear resistance of the 

composite substrate leads to considerably reduced wear damage, especially for 

MAO groups.  

9.4. Conclusions 

MAO and TO treated Ti-TiB-TiC composites presented improved 

tribocorrosion behaviour compared to MAO and TO treated Ti through the 

reduced tendency to corrosion under mechanical action as well as overall lower 
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wear volume loss values. Thus, it can be concluded that composites may provide 

better support for these layers due to increased hardness and wear resistance. 
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General discussion, conclusions, and future work 

10.1. General discussion 

Although THR is one of the most successful orthopaedic surgeries, as 

discussed in the previous chapters, there are still some major problems that must 

be overcome. To further improve the implant lifespan, the development of new 

materials with improved mechanical, corrosion, and tribocorrosion properties and 

enhanced biological response is necessary.  

Despite Ti and its alloys being widely used in producing these implants, 

these still face some concerns such as poor tribocorrosion resistance and lack of 

bioactivity. From chapters 3 to 5, it was shown that by introducing a relatively 

small percentage of hard reinforcement phases into a Ti matrix to produce TMCs, 

it was possible to improve the overall tribocorrosion resistance of Ti. Therefore, 

with a considerable reduction in wear volume loss and considerably less amount 

of wear debris released to the surrounding environment. TMCs also tended to 

present a reduced tendency to corrosion as well as reduced corrosion kinetics 

during sliding action. However, some considerations still need to be taken into 

account. The corrosion behaviour of Ti can be significantly affected by the 

addition of reinforcement phases once these can react with the Ti matrix and form 

intermetallic compounds that may be more susceptible to corrosion. In the end, 

the corrosion behaviour can be considerably lower than that of unreinforced Ti. 

This was specially the case for Ti-Al2O3 composites (chapters 3 and 7), where it 

was shown that the formation of TiAl and Ti3Al intermetallic phases could 

considerably jeopardize the corrosion behaviour. On the other hand, it was also 

shown in chapter 7 that by reducing the amount of these intermetallic phases, in 
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this case by using lower processing temperatures, it was possible almost to avoid 

this problem.  

Besides, it was also shown that choosing an appropriate processing method 

is essential to produce such composites successfully. Porosity played an 

essential role in the overall corrosion resistance of the composites. As it was 

shown in chapter 4, Ti-B4C composites processed by hot-pressing presented very 

similar corrosion behaviour to that of Ti. However, the same composites 

processed by conventional powder metallurgy showed a higher amount of 

porosity leading to a significantly reduced corrosion resistance. Besides the 

increased corrosion kinetics, the typical passivation plateau of Ti was also lost for 

these composites. Ti-Al2O3 composites processed by conventional powder 

metallurgy (chapter 3) also presented considerably reduced corrosion resistance 

when compared with the same composites processed by hot pressing in 

chapter 7.  

Even though, Ti-B4C composites processed by hot-pressing (chapter 4) 

presented similar corrosion behaviour to that of Ti up to a certain potential range. 

For higher potential values (above 1 V) there was a sudden increase in corrosion 

kinetics, due to degradation of the interface between B4C particles and the 

reaction zone, which could lead to particle detachment (chapter 8). Nevertheless, 

the relevant potential region in the human body is lower than 1 V [1], additionally 

it has been reported that breakdown potentials above 1 V are not a decisive 

criteria to approve or reject materials for biomedical applications [2]. On the other 

hand, different processing parameters can also result in different mechanical 

properties, influencing the overall tribocorrosion behaviour of the composites. In 

chapter 7, Ti-Al2O3 composites processed at 1100 °C presented considerably 

lower fracture toughness than the same composites processed at 1000 °C, 

leading to the crack’s formation during tribocorrosion tests and higher wear 

volume losses.  

Overall, the in-situ composites processed in chapter 5, obtained by fully 

reacting Ti and B4C powders, presented the overall best corrosion behaviour, 

where their corrosion resistance was very similar to unreinforced Ti. In addition, 

the problematic corrosion behaviour observed at higher potentials for Ti-B4C 

composites was not observed. Preliminary biological tests also showed similar 

biocompatibility to that of Ti and results also hinted at improved bioactivity 
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probably due to changes in the overall chemical composition and hardness of the 

composite surfaces.  

Anodic treatment is a simple and versatile technique that allows tailoring the 

surface of Ti-based materials. As shown in chapter 6, it is possible to combine 

different anodic treatments to obtain both macro and micro-pores in order to 

improve the bioactivity of Ti. It was shown that the macro-porous surfaces still 

retain the characteristic passive behaviour of Ti. Through MAO treatment, using 

an electrolyte rich in bioactive Ca and P elements, it was possible to form a micro-

porous oxide layer rich in Ca and P elements as well as hard anatase and rutile 

phases. Besides improved corrosion resistance, the MAO layers also showed 

improved tribocorrosion behaviour, wettability, and reduced ion release during 

sliding action compared with untreated Ti.  

In chapter 7, the same MAO treatment was applied to Ti-Al2O3 composite 

surfaces. After treatment, the overall microstructure consisted of Al2O3 

reinforcement particles dispersed within a biofunctionalized matrix, with the same 

characteristics of the MAO layers processed in chapter 6, in terms of morphology, 

chemical and phase composition as well as corrosion behaviour. Similar to Ti 

surfaces, biofunctionalized composites also presented a considerable 

improvement in corrosion behaviour, which was in the same order of magnitude 

as the one observed on Ti surfaces. It was also possible to observe that through 

this treatment, the negative effect of intermetallic TiAl and Ti3Al phases on the 

corrosion behaviour was avoided entrirely, once these phases were also covered 

by the MAO layer. On the other hand, it was observed that these intermetallic 

phases also affected the microstructure of the biofunctionalized composites 

where higher amount of these phases can lead to heterogeneities in the micro-

porous structure of the MAO layer. Even though no significant effect of those 

heterogeneities was observed on the results in terms of corrosion and 

tribocorrosion behaviour. Overall, it was shown that biofunctionalized composites 

have improved the corrosion and tribocorrosion behaviour.  

As could be seen in chapters 8 and 9, performing the same MAO treatment 

on Ti-B4C and Ti-TiB-TiC in-situ composite surfaces led to different overall 

microstructures. After performing MAO treatment on the in-situ composites, both 

reinforcement phases and Ti matrix were covered by the micro-porous oxide 

layer, which was not the case for Ti-Al2O3 composites where reinforcement 
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particles were clearly visible. This was most probably related to the different 

nature of the reinforcement particles, while Al2O3 is a very stable compound, 

characterized as chemical inert [3], titanium borides and titanium carbides can 

oxidize under dry or H2O environments [4,5]. 

In the case of in-situ Ti composites, no apparent differences were observed 

in terms of morphology between the MAO layer formed on the top of 

reinforcement phases and the Ti matrix. Similar behaviour was observed for 

thermal treatments, where both reinforcement phases and Ti matrix were covered 

by the oxide film, with no significant differences in terms of overall morphology. 

Treated composites presented improved corrosion resistance over the untreated 

composites (chapter 5). However, this improvement was not as significant as the 

one observed on unreinforced Ti or the Ti-Al2O3 composites studied in chapter 7. 

The results suggest that the oxide layers formed on these surfaces have overall 

lower corrosion resistance, possibly due to heterogeneities at the 

reinforcement/oxide layer interface. Nevertheless, additional characterization is 

needed to have a definitive answer.  

Regarding tribocorrosion behaviour, no significant differences were 

observed between treated unreinforced Ti and treated composites under low 

contact pressures. However, at higher contact pressures, treated composites 

presented improved tribocorrosion behaviour, in addition to a slower drop in OCP 

values during tribocorrosion tests, as well as considerably lower wear volume 

loss values compared to treated unreinforced Ti.  

MAO and TO treatments carried out on Ti-B4C composite surfaces led 

detachment of B4C particles from the composite surfaces. For both treatments, 

the overall morphology consisted of a functionalized surface, where instead of 

B4C particles, a functionalized pore was observed. It was shown that in both 

cases, the reaction zones were still present, where an oxide layer was also 

formed. Combining the results of both treatments as well as corrosion tests, it 

was reasonable to assume that the weak point was located at the interface 

between B4C particles and the reaction zone, where after a certain potential or 

temperature, a degradation of these interfaces and/or oxides can be formed, 

growth and eventually lead to detachment of the B4C particles. Still, treated 

composites presented improved tribocorrosion behaviour compared to treated Ti 

under the same conditions (chapter 9), as well as compared to the untreated 
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composite. Comparing both MAO and TO treatments, both presented its 

advantages and disadvantages. While the improvement in corrosion behaviour 

was quite similar for both treatments, distinct tribocorrosion behaviours were 

overserved. Under lower normal loads (0.5 and 1 N), no considerable wear 

damage was observed for both treatments. However, for higher loads (10 N), TO 

treated groups presented considerably lower wear volume loss values as well as 

reduced tendency to corrosion under sliding for both unreinforced treated Ti and 

composites groups. This behaviour was attributed to the formation of an oxygen 

diffusion zone with increased hardness and thus improved wear resistance. In 

chapter 8, it was shown that MAO treated composites can in fact presented higher 

wear volume losses compared to the untreated composites, once wear debris 

from the MAO layer could act as an extra abrasive. However, it is also important 

to note that MAO treated composites presented a noticeable delay in OCP drops 

on the onset of sliding action, which may indicate superior wear resistance, at 

least in an earlier stage under high loads. It is also important to consider that the 

contact pressures observed in-vitro after THR are relatively lower (most of the 

time below 100 MPa [6,7]). Still, the abrasive effect from the wear debris 

prevenient from the MAO layers should not be forgotten in further studies. 

Besides corrosion and tribocorrosion behaviour, MAO treatment also has 

the advantage of providing more tailored surfaces for biomedical applications. In 

addition to micro-pores, it is also possible to incorporate bioactive elements as 

well as antibacterial elements into its composition, all of which can be controlled 

by changing processing parameters, mainly electrolyte composition.  
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10.2. Conclusions 

The main hypothesis of this work was that biofunctionalized titanium matrix 

composites could improve both the tribocorrosion behaviour and bioactivity of Ti. 

By adding reinforcement particles into a Ti matrix, to produce TMCs, it was 

possible to improve the tribocorrosion resistance of Ti significantly. However, 

depending on the reinforcement phase or processing parameters, the corrosion 

behaviour of Ti can be jeopardized.  

The overall structure of biofunctionalized composite surfaces is strongly 

dependent on the properties of the base composite. The overall nature of the 

reinforcement phases, reaction products (due to reaction with the Ti matrix) as 

well the interface between these materials can lead to differences in morphology 

of the oxide layers obtained for both MAO and TO treatments, all of which may 

affect the overall corrosion and tribocorrosion behaviour.  

Although it was not possible to perform biological tests on the 

biofunctionalized composites, preliminary tests on the untreated in-situ 

composites showed promising results once they hint at improved bioactivity. Still 

an improvement in bioactivity is expected for biofunctionalized composites, once 

the overall structure of the oxide layers is similar to the structures already 

reported in the literature for an improved biological response on Ti and its alloys. 

Thus, within the limitations of this work, the main hypothesis of this thesis 

can be accepted and therefore it can be concluded that biofunctionalized titanium 

matrix composites may be promising for load bearing biomedical implants.  
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10.3. Future works 

Biofunctionalized TMCs are promising materials for load bearing biomedical 

implants. However, further studies are still needed, thus the following studies are 

suggested: 

1. The chemical and phase composition of MAO and TO oxide layers 

should be further investigated, especially for in-situ composites, as 

they may hint to the differences observed in corrosion behaviour. 

Techniques such as XPS, EBSD and TEM are recommended.  

2. Young’s modulus is still one of the main concerns of load bearing 

biomedical implants, once they are directly connected to stress shield 

effects. On the other hand, fatigue resistance is also of outmost 

importance once these implants are subject to cyclic loads 

throughout their life-span. Thus, the investigation of the mechanical 

behaviour of untreated and biofunctionalized composites, mainly 

Young’s modulus and fatigue resistance should be investigated with 

techniques such as compression tests or standard stress-strain 

experiments. For oxide layers, nano-indentation tests could be 

performed to evaluate the mechanical properties.  

3. In real conditions, implants are surrounded by complex environments 

containing proteins and micro-organisms, all of which can affect the 

overall corrosion and tribocorrosion behaviour. Thus, in further tests 

it is suggested to use more complex electrolytes by the addition of 

proteins and/or micro-organisms.  

4. Although there are studies on the biological response of MAO and 

TO treatments on unreinforced Ti and Ti alloys, the biological 

response of biofunctionalized composites might be different. Thus, 

the biological response of biofunctionalized composites needs to be 

studied. 

5. The main goal of reinforcement particles is to improve the 

tribocorrosion resistance of Ti, thus these are only relevant on the 

surface of the implant. One of the main concerns of TMCs is the 

increase in Young’s modulus due to incorporation of reinforcement 

phases. Therefore, it is suggested to process a functional graded 
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material (FGM) in future works, with a Ti core and a gradual increase 

in reinforcement content towards the surface. 
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