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ABSTRACT 

The degradation of Ti implant surfaces in vivo, has remained a concern despite 

its perceived excellent corrosion resistance. Elevated levels of metal release 

have been detected both locally and systemically, often leading to unfavourable 

biological responses. Therefore, it is important to understand how and why the 

metal corrodes in physiological environments, and the nature of corrosion 

products that are likely to generated.  

The corrosion behaviour of Ti, Zr and their alloys (Ti6Al4V and TiZr) were 

studied in simulated physiological solutions. It was found that albumin, the most 

prevalent tissue fluid protein, induced a time-dependent dissolution of Ti6Al4V 

in the presence of H2O2, an inflammatory biomolecule commonly found in 

peri-implant sites, in 0.9% NaCl. However, the corrosion of Zr was observed to 

be unaffected by the presence of H2O2 and/or albumin in 0.9% NaCl. 

Furthermore, TiZr alloys have been shown to possess enhanced passivity in 

comparison to CP Ti in the various exposure conditions including highly acidic 

(HCl), oxidative environments (H2O2 in 0.9% NaCl) and cell cultures 

(macrophage).   

Corrosion products of Zr were characterised in situ by synchrotron X-ray 

methods and were found to be ZrOCl2 ∙ 8H2O, tetragonal ZrO2, and Zr metal 

fragments in 0.9% NaCl regardless of the presence or absence of H2O2 and/or 

albumin. The presence of Zr metal fragments as a result of an electrochemical 

corrosion process indicates the generation of metal species in the absence of 

mechanical wear.  
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1 INTRODUCTION 

Titanium (Ti) and its alloys are the most common metallic biomaterials used to 

manufacture dental or craniofacial implants (1). Ti has been selected as the 

material of choice due to its predictable and largely favourable interactions with 

biological tissues or fluids, together with its excellent corrosion resistance 

conferred by the presence of a stable passive oxide surface. For dental implant 

applications, the most commonly used grades of Ti are commercially pure (CP) 

ASTM Grade 2 or Grade 4. However, on occasion enhanced mechanical 

properties are required, such as for small diameter dental implants (≤ 3.5 mm) 

or patients exhibiting parafunctional (high loading) masticatory habits. In these 

circumstances, fatigue fracture of CP Ti implants is considered a risk which 

limits clinical applications (2, 3).  

As a consequence of the clinical need to use small diameter dental implants, Ti 

alloys with enhanced mechanical properties are being sought. The alloy of Ti 

most often used is Ti6Al4V (ASTM Grade 5), which possesses enhanced 

mechanical properties compared with CP Ti whilst maintaining excellent surface 

passivity (1). However, concerns have been raised regarding the constitutional 

elements, Al and V, which may be released in vivo and have been associated 

with local and systemic tissue responses (4, 5). Alternative Ti alloys that are V 

and/or Al free have been identified and contain elements that are considered as 

being less biologically significant, such as Zr, Nb, Ta, and Pd (2). Recently new 

TiZr binary alloys have attracted attention and have been demonstrated to 
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provide improved mechanical properties without deteriorating corrosion 

resistance and short-term biocompatibility when compared with CP Ti (2).  

It is widely recognised that the degradation of Ti implants in vivo is inevitable, 

and the deterioration of implant surfaces in physiological environment is often a 

slow and continuous process (6). Elevated levels of Ti have been reported both 

locally and systemically in subjects that have implants that have not been 

subjected to obvious mechanical damage (7-9). Ti species (both in oxidation 

and metallic states) have been found locally accumulated in the peri-implant 

soft tissues (7, 9), and systemically disseminated in body fluids (serum and 

urine) and distant organs (8, 10-12). It has been shown that Ti can be found in 

tissue fluids bound to biomolecules that are involved in cationic transport and in 

blood, Ti has been shown to be predominantly bound to serum transferrin (8).  

The identification of Ti ions bound to biomolecules, coupled with the size and 

chemistry of Ti degradation products found in many peri-implant environments 

which suggest they have not been generated through wear, has implicated 

corrosion as a mechanism leading to metal release in vivo. Therefore, more 

comprehensive studies are required for mechanistic understanding of the 

complex interplay between the metal surface and biological environment. In 

addition, in vivo metal release has been demonstrated to induce unfavourable 

local and systemic host responses, therefore it is of vital importance to 

characterise both physical and chemical forms of metal degradation products 

and how they can be manifested by exposure conditions in simulated 

physiological environment.   
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It has been identified that inflammation, associated with infiltration of immune 

cells into peri-implant tissues, can act to modify the corrosion resistance of Ti 

(13). Studies have reported that immune cells such as macrophages and 

neutrophils can increase corrosion of Ti associated with the cellular generation 

of reactive oxygen species (ROS) (14, 15). Many studies have reported that 

H2O2, a type of ROS species, significantly enhances the corrosion of Ti (16-22). 

However, there is a great variation in the levels of H2O2 exposure from the 

in vitro tests (17-21, 23), which are significantly higher than its physiological 

level (24, 25). Additionally, it has been reported recently that albumin, the most 

abundant protein in blood plasma (26), synergistically enhances the corrosion of 

Ti in the presence of H2O2 (17, 27). However, there is a lack of mechanistic 

understanding on the action of these two species, in combination. 

This thesis considers the current literature and addresses experimentally how 

differences in peri-implant environments that are not usually explored in pre-

clinical corrosion tests set by relevant ‘Standards’ will affect the corrosion 

behaviour of Ti6Al4V and TiZr alloys. Despite Zr being a common element used 

to manufacture biomedical implants (28, 29), its corrosion behaviour in 

physiological environments is poorly understood. The corrosion of Zr is 

therefore characterised to help interpretation of the findings from studies on TiZr 

binary alloys.  
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2 LITERATURE REVIEW 

2.1 Ti and its alloys as dental implants  

2.1.1 Commercially pure (CP) Ti and Ti6Al4V  

The American Society for Testing Materials (ASTM) endorsed 31 Grades of Ti 

and its alloys, among which 23 Grades are classified as biomedical materials. 

Manufacturers routinely use 6 different Ti-based biomaterials to fabricate dental 

implants, namely commercially pure (CP) Ti Grades 1-4 and Ti6Al4V Grade 5 

as well as Ti6Al4V extra low interstitial (ELI) (30). CP Ti Grades 1-4 refer to the 

unalloyed pure Ti which contain trace elements of carbon, oxygen, nitrogen and 

iron, and can be distinguished by variation in oxygen concentrations (Table 2-1) 

(30). Ti6Al4V is classified as Grade 5 which is commonly used in orthopaedic 

applications and, albeit less commonly, used for dental implants, for instance 

Axiom® (Anthogyr, Sallanches, France) (31). The mechanical and physical 

properties of Grade I-IV and the Ti6Al4V alloys are listed in Table 2-2 (30, 32).  

Ti has a close packed hexagonal phase (hcp, α) at room temperature and body 

centred cubic phase (bcc, β) at high temperature with a transformation 

temperature at around 883 °C (33). Alloying elements are categorised into 1) α 

stabilisers including Al; 2) β stabilisers including V and Fe; and 3) neutral 

stabilisers including Zr. CP Ti grades have structures consisting of α phase in 

equiaxed grains at room temperature. Ti6Al4V contains both the α stabiliser Al 

and the β stabiliser V and therefore contains a combination of α+β phases. The 

microstructure of Ti6Al4V can be modified by heat treatment and by its 
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thermomechanical processing history. For example, the microstructure of 

Ti6Al4V can be fully lamellar, consisting of laths of alternating α and β phases, 

or composed of fully equiaxed α grains, or composed of a ‘bimodal’ structure 

consisting of equiaxed primary α grains and transformed β depending on the 

processing history (34).  

Table 2-1. Composition (wt%) of CP Ti and Ti6Al4V alloys (30). 

 N C H Fe O Al V Ti 

CP Ti 
Grade 1 

0.03 0.01 0.015 0.02 0.18 - - Bal. 

CP Ti 
Grade 2 

0.03 0.01 0.015 0.03 0.25 - - Bal. 

CP Ti 
Grade 3 

0.0.3 0.01 0.015 0.03 0.35 - - Bal. 

CP Ti 
Grade 4 

0.03 0.01 0.015 0.05 0.40 - - Bal. 

Ti6Al4V ELI 0.05 0.08 0.012 0.10 0.13 5.5-6.5 3.5-4.5 Bal. 

Ti6Al4V 0.05 0.08 0.015 0.30 0.2 5.5-6.75 3.5-4.5 Bal. 
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Table 2-2. Mechanical properties of commercially pure Ti and Ti6Al4V (30, 32). 

 Modulus 
(GPa) 

UTS 
(MPa) 

Yield 
Strength 
(MPa) 

Elongation 
(%) 

Density 
(g/cc) 

Phase 

CP Ti 
Grade 1 

102 240 170 24 4.5 α 

CP Ti 
Grade 2 

102 345 275 20 4.5 α 

CP Ti 
Grade 3 

102 450 380 18 4.5 α 

CP Ti 
Grade 4 

104 550 483 15 4.5 α 

Ti6Al4V 
ELI 

113 860 795 10 4.4 α+β 

Ti6Al4V 
113 930 860 10 4.4 α+β 

 

 

Figure 2-1. Different microstructures of Ti6Al4V alloys obtained by 
thermomechanical processing histories with variation in forging temperature and 
subsequent heat treatment and cooling rates. Figure taken from (34).  
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2.1.2 TiZr binary alloys 

TiZr binary alloys have been recently developed for clinical usage and are 

intended to substitute CP Ti particularly for small diameter implant applications. 

Zr is in the same periodic group as Ti and possesses the same crystal structure 

with similar chemical properties (35). Zr is considered as a neutral stabiliser and 

has complete solubility in both phases of Ti. From the TiZr phase diagram (36), 

it can be seen that Zr reduces the melting point of Ti and slows the speed of 

phase transformation from β to α of Ti (33).  

As-cast structures of TiZr alloys containing 10, 20, 30, 40 wt% Zr additions are 

shown in Figure 2-2. All TiZr alloys were in hcp α phases exhibiting some lath-

like martensitic features (37). As the Zr addition increases, the number of 

acicular martensitic structures increases which is probably caused by a reduced 

martensitic transition temperature (38). The microstructure of Ti-10Zr is 

characterised in the form of packets of martensite, consisting of colonies that 

are resolvable optically and belong to the same variant of orientation relation. 

Similar characteristics are found in Ti-20Zr and Ti-30Zr but with further increase 

in solute (decrease in martensitic transition temperature) the martensite colony 

size decreases until the colonies totally degenerate to individual platelets at a 

sufficient solute concentration (38), as shown in Ti-40Zr. Complete solubility of 

Zr in Ti is expected to increase the mechanical properties of Ti by solid solution 

strengthening (35). Zr alloying additions in Ti have been shown to result in 

significantly better mechanical properties, such as increased elongation, 

hardness, flexural strength and fatigue strength (39). It can be seen from Figure 

2-3 that the hardness and tensile strength can be increased by the addition of 
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Zr by over two-folds. Commercial TiZr alloys, for instance Roxolid®
 (13-17% Zr), 

have been shown to provide a 40% increase in tensile strength and 13%~42% 

increases in fatigue endurance level compared with that of cold worked CP-Ti 

Grade 4 (2).    

 

Figure 2-2. Optical micrographs of (a) Ti-10Zr; (b) Ti-20Zr; (c) Ti-30Zr; (d) 
Ti-40Zr. The 10, 20, 30, 40 refer to at% of Zr in Ti. Figure taken from (37). 
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Figure 2-3 Vickers hardness and ultimate tensile strength (U.T.S) of TiZr alloys 
containing 0, 25, 50, 60, 75 and 100% of Zr. Symbols square and triangle are 
indicating hardness of the alloys as cast and as homogenised, respectively. 
Figure taken from (35).  

2.2 Corrosion of Ti and its alloys in in vivo conditions 

2.2.1 General corrosion  

Ti spontaneously forms a stable oxide surface layer on exposure to air (40). 

When the oxide layer forms, the metal is ‘passivated’ and the rate of corrosion 

is significantly reduced by the presence of the protective surface oxide film (41). 

It has been found that the oxide layer on Ti implant surfaces prepared by 

standard clinical practices (machining, ultrasonic cleaning and sterilization) 

predominantly consists of TiO2 with a thickness of 2-6 nm (42). Similarly the 

passive film found on Ti6Al4V is predominantly TiO2, but also contains Al as 

Al2O3 however no evidence has been shown for V(43). The air-formed oxide 
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film on the TiZr alloy surface has also been characterised and it was suggested 

that a preferential air-oxidation of Ti occurs relative to Zr (44).  

General corrosion refers to the dissolution of passive films i.e. the rate of ion 

transfer through the film, as well as the stability of the film against dissolution 

(45). The nature and stability of the passive film can be affected by the 

composition of the electrolyte, the redox conditions (e.g. free radicals and 

reactive oxygen species), the exposure time and the temperature (45).  

Ti and its alloys can be considered as some of the most corrosion resistant 

biomaterials due to the high stability of TiO2 in many electrolytes. However, Ti 

oxide surface film thickness and its composition are subjected to change when 

they are in contact with tissues and body fluids. It has been reported that the 

oxide film continues to grow after implantation (46), and studies have shown 

that the thickness can increase from 5 nm up to 200 nm following 6 years of 

implantation (47). One hypothesis for the increasing oxide film growth is 

attributed to interaction with Reactive Oxygen Species (ROS) including H2O2, 

which are produced by immune cells that infiltrate the peri-implant tissue (21, 

48), via complexation reaction with Ti and its oxides (16-22). Oxide composition 

has been reported to have changed in several studies. In vivo observation of 

the interface between human tissue and Ti-implant have shown incorporation of 

calcium phosphate into the oxide film TiO2 (46) and this has also been seen in 

in vivo studies where Ca and P were detected on the TiO2-electrolyte interface 

after the first hour of exposure in simulated body fluid (SBF) at 37 °C (49).  
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2.2.2 Localised corrosion  

Localised corrosion is typically initiated by inhomogeneities, either in the 

material or in the surrounding environment (45). A type of localised corrosion is 

pitting corrosion, which is caused by local dissolution of the metal and formation 

of cavities surrounded by an intact passivated surface (50). Ti and its alloys 

show very high pitting resistance in chloride containing environments, with 

pitting potentials up to 10 V (45). Therefore, it is unlikely for pitting corrosion of 

Ti to occur under physiological conditions where the potential is typically <1 V 

(45). However, metastable pitting of Ti has been reported by Burstein et al. in 

simulated physiological solutions where localised passivity breakdown below 

the pitting potential but with no permanent propagation of pits. It has also been 

shown that increasing temperature increases events of metastable pits and 

proteins such as albumin have been reported to stimulate the nucleation of the 

pits (51, 52). Although these metastable pits do not cause complete 

deterioration of the passivity, it should be noted that metal released from Ti 

implants is routinely detected in clinical samples (45).  

Zr is susceptible to pitting attack in halide ion-containing environments such as 

Cl¯ (53, 54). The effect of Cl¯ concentration on the pitting potential of Zr, based 

on several electrochemical methods, has been illustrated by Equation 2-1 (55) 

Ep (VSCE) = 0.134 – 0.088 log [Cl¯ N]    Equation 2-1  

where pitting potential is reduced by increasing the concentration of Cl ¯. It is 

understood that the pitting susceptibility of Zr is increased with increasing 

temperature and with decreasing pH. Pitting resistance of Zr can be increased 
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by alloying with other elements such as Ti (54). It has been reported that in the 

actively growing pits on Zr, a colourless viscous solution or white precipitate 

could be seen exuding from the corroded area inside the pit, in acidic or neutral 

basic Cl ¯ solutions (54). In addition, the formation of black precipitates and gas 

evolution were observed within the growing Zr pit. The black precipitate was 

shown to contain α-zirconium i.e. zirconium metal by X-ray analysis, and the 

evolution of H2 bubbles was speculated to be products from the reaction 

between the ‘bare’ surface of the ejected Zr metal particles and water (54, 56). 

The mechanism of pitting corrosion of Zr is not well understood and a number of 

mechanisms have been proposed. The role of chloride ions have been reported 

specifically, although the evidence available is based on different observation 

techniques (including scanning Auger electron spectroscopy, X-ray 

photoelectron spectroscopy, scanning transmission electron microscopy), there 

is no consensus on whether chloride ions enter the surface oxide film or act 

only at flaws (57), although, it is likely that material film entry by halides would 

be much slower than that at flaws (57).  

Crevice corrosion is a form of localised corrosion that is closely related to pitting 

corrosion. It occurs preferentially on the metal surface where mass transfer is 

limited, such as at surface deposits or in narrow crevices (45). In the confined 

space such as a crevice, an occluded cell is formed where the metal surface 

area is exposed to a volume of solution that is stagnated, and aggressive local 

chemistry can be developed due to restrictions of mass transport (58). When 

dissolved oxygen, which is used to maintain passivity, is used up in the 
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occluded cell, and cannot be refreshed by the bulk environment, crevice 

corrosion can be initiated (58). Dissolution of metal is supported by an O2 

reduction at the surface external to the crevice (58). Released metal ions will 

hydrolyse in the crevice and produce H+ ions (Equation 2-2 and Equation 2-3), 

which cause migration of anions such as Cl ¯ for electro-charge neutrality. 

Localised aggressive chemistry can be established containing high 

concentrations of H+ and Cl ¯ ions which favours metal dissolution over 

repassivation.   

Ti4+ + 2H2O ↔ [Ti(OH)2]2+ + 2H+     Equation 2-2 (58) 

Ti4+ + 4H2O ↔ Ti(OH)4 + 4H+    Equation 2-3 (42) 

The resistance to crevice corrosion of Ti is reported to be decreased with 

increasing temperature and reducing pH. A critical temperature of 65 °C has 

been reported for the initiation of crevice corrosion of Ti Grade 2 (58). In vivo, 

temperature clearly will not be the critical factor to cause crevice corrosion of Ti, 

however, low pH values in localised environments has been shown to result in 

crevice corrosion (45). Figure 2-4 shows evidence of localised attack on 

cemented Ti6Al4V hip implants where pH values were reduced due to the 

hydrolysis of metal ions in the crevice formed between bone cement and the 

implant surface (45, 59). Figure 2-5 shows pitting evidence on the distal end of 

a retrieved cemented Ti6Al4V stem (60).  
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Figure 2-4. Evidence of localised attack (indicated by arrow) on a cemented 
Ti6Al4V stem hip implant as a result of crevice corrosion (45, 58). Figure taken 
from (45). 

 

Figure 2-5 Scanning electron microscopy image shows signs of pitting on a 
retrieved primary cemented femoral Ti6Al4V implant. Figure taken from (60).  

2.2.3 Mechanically assisted crevice corrosion  

Mechanically-assisted crevice corrosion (MACC) refers to the corrosion damage 

of two closely pressing surfaces when they are subjected to small amplitude 

oscillatory motion and corrosion action (45). It should be emphasised that 

mechanical motion between the two pressed surfaces are in relatively small 
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scale (e.g. between 1 to 100 µm) such as that encountered at modular junctions 

of hip implants (61), resulting in progressive rupture of passive films of the metal 

couple in a crevice environment (45). The two closely fitting surfaces form a 

narrow crevice. Unpassivated metal will quickly and spontaneously repassivate 

which consumes O2 in the crevice solution. Ultimately when free O2 is depleted, 

the crevice corrosion condition is readily established where the metal ion 

concentration is increased and Cl ¯ ions are attracted for charge balance (62). 

Aggressive solution chemistry is developed and maintained in the geometrically 

confined narrow crevice, favouring dissolution of passive films and results in 

active attack of Ti and bursts of metal dissolution. A schematic diagram for the 

mechanism of MACC is shown in Figure 2-6. 

 

Figure 2-6. Schematic of the Mechanism of Mechanically Assisted Crevice 
Corrosion (MACC). Figure reproduced from (63). 
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MACC can drastically alter the corrosion behaviour of a substrate by 

mechanically disrupting the passive film and significantly increasing its 

corrosion rate. It should be noted that MACC is different from tribocorrosion, 

which is defined as conjoint action of mechanical wear and corrosion attack on 

the metal surface (45). However, the mechanical wear in tribocorrosion occurs 

on rather small contact areas in two relative large surfaces of metals and the 

mechanical motion is on a relatively large scale such as the sliding wear motion 

of pin-on-disc type apparatus (64). The mechanical motion between the two 

sliding surfaces destroys the passive film however the amplitude of motion is 

large enough, so that fresh solution can be replenished in the contact 

environment resulting in rapid repassivation of the surface.  

MACC has been identified as an important, but under-explored factor when 

studying implant corrosion (23). Clinical evidence in the form of retrieved 

modular Ti alloy implants has associated MACC directly with prosthesis failure 

(62, 63, 65). Relative motions at the modular connections and consequent 

abrasive loss of the passive oxides facilitate the MACC conditions (65). Gilbert 

et al., showed that approximately 16-35% of 148 retrieved orthopaedic implants 

exhibited moderate to severe fretting corrosion at head-neck tapers in both 

mixed (Co-Cr/Ti6Al4V) and same (Co-Cr/Co-Cr) stem-head hip implants (62).  

Rodrigues et al. reported that retrieved hip implants with Ti6Al4V/Ti6Al4V 

modular taper interfaces showed evidence of severe corrosion with signs of 

etching, pitting, preferential dissolution of β phase of Ti6Al4V and as well as 

hydrogen embrittlement induced surface cracking as a result of MACC (Figure 

2-7) (66). Cemented Ti6Al4V Furlong stem hip implants were also reported to 
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be degraded possibly under MACC mechanism where micro-movement 

between the stem and cement initiated the progressive abrasion of the 

protective oxide layer followed by a subsequent MACC cascade (60). Therefore 

the mechanical integrity of the oxide films that form on these alloys is critical for 

implant survival and long-term stability (65).  

 

Figure 2-7 SEM images taken on retrieved modular Ti6Al4V hip implants 
showing signs of localised corrosion with (a) large and deep pits; signs of 
general corrosion with (b) crystallographic etching of microstructure with etched 
α grains and selective dissolution of β phase at the modular female taper 
interfaces as a result of MACC. Figures taken from (66). 

2.3 In vitro corrosion studies of Zr, Ti and its alloys  

2.3.1 Introduction  

The physiological environment into which metallic implants are placed varies 

according to site, time and from patient to patient. However, the peri-implant 

environment should always be considered to be a complex system which 

contains inorganic ions, amino acids, protein, living cells and sometimes 

bacteria (15). This environment interacts directly with the implanted device, and 

its contents are frequently associated with implant degradation during service. 

The individual or combined effects of biologically relevant species on corrosion 
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of Ti as well as binary TiZr alloys are frequently reported. Factors mediating 

corrosion that have been studied include; F¯ ions which can be found in oral 

hygiene products (67, 68), pH (5, 22), H2O2 which can be produced during 

inflammation (19), tissue fluid proteins such as albumin (69, 70), 

lipopolysaccharide (LPS) a constituent of Gram-negative bacteria which can be 

found in implant biofilms (71), inflammatory cells such as macrophages (14) and 

acidogenic and peroxide producing bacteria (72). In the following sections, the 

effect these factors that have been suggested to modify and mediate the 

corrosion of Zr, Ti and its alloys in vivo, are reviewed and discussed.   

2.3.2 The effect of environmental acidity, chloride and hydrogen peroxide     

2.3.2.1 Effect of hydrochloric acid (HCl)  

Lowering of pH values could be expected during the inflammation process, as a 

result of infiltration and activation of inflammatory cells which demands 

increased energy and oxygen leading to accelerated lactic acid secretion(73-

75). Localised acidification could also be expected in the crevice geometry of 

implants and can be established by crevice corrosion and MACC (section 

2.2.3). Retrieved Ti6Al4V hip implants have shown direct evidence of extreme 

acidification occurring in vivo with pH measurements taken immediately on 

fixture retrieval reported as being as low as 1.7 (59). Local build-up of acidity 

and chloride ions primarily cause accelerated passive dissolution and/or 

depassivation and active dissolution of the implant surface. Therefore, HCl is 

often used to simulate a local occluded cell environment to test in vitro the 

stability of passive films on Ti alloys (44, 76, 77).   
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Oxide films on Ti are susceptible to destabilization in concentrated reducing 

acids. Dissolution of air-formed or anodic Ti oxides (TiO2) has been proposed to 

either form Ti3+ species (e.g. TiOOH) by reducing TiO2 or direct chemical 

dissolution to Ti4+ species (e.g. TiO2+, Ti (OH)3
+) which would then lead to active 

dissolution of the bare metal surface and accelerated metal ion release (77). 

Studies have shown that Ti oxides can be destabilised and chemically dissolved 

when immersed in deaerated 5 M HCl, as indicated by abruptly decreased open 

circuit potential (OCP) measurements of CP Ti (Figure 2-8), followed by ‘surface 

activation’ where the bare metal surface becomes exposed to the electrolyte 

with subsequent active dissolution (77). However, such abrupt drops in OCP 

have shown to be delayed for Ti-50%Zr alloy and such behaviour is not seen for 

CP Zr (Figure 2-8), which suggests a better resistance to dissolution of Zr 

oxides in deaerated 5 M HCl (77). As the OCP value of Zr is within the 

thermodynamically stable range of Zr4+ according to the E-pH diagram Figure 

2-9 (78), it has been suggested that Zr oxides are kinetically resistant to 

chemical dissolution (77). 
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Figure 2-8. Open Circuit Potentials of CP Ti, CP Zr, CP Nb, Ti-45% Nb, and 
Ti-50% Zr, initially with air-formed oxides in deaerated 5 M HCl at 37 °C. 
Figures taken from (77).  

Dissolution of Ti oxide films has also been shown to increase with a decrease in 

pH. (77) It was shown that in the concentration range of HCl from 0.1 to 10 M, 

the higher HCl molarity decreases the time required for surface activation of CP 

Ti, indicating higher dissolution rates of oxides in the more concentrated HCl 

solutions. This behaviour can be related to the thermodynamically stable state 

of Ti (Ti3+)  at the relevant potential and low pH (Figure 2-10) (76). For a 

Ti-50%Zr alloy, it was shown that the OCPs also showed similar features of 

accelerated ‘surface activation’ with reducing pH, however longer time periods 

were required, and the minimum molarity of HCl for ‘surface activation’ was also 

higher, when compared with that of CP Ti (77).  
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Figure 2-9. Potential-pH (E-pH) equilibrium diagram for Zr-H2O system at 25 °C. 
Figure taken from (78).  

 

Figure 2-10. Potential-pH (E-pH) equilibrium diagram for Ti-H2O system at 
37 °C. Lines (a) and (b) define the region of water stability. Figure taken from 
(76).  
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It has been speculated that the delayed surface activation exhibited by Ti-50% 

Zr when compared with CP Ti is due to a slower dissolution rate of Zr 

incorporated within Ti oxides relative to TiO2 (77). It has been proposed that 

incorporation of Zr in the Ti oxide may result in an amorphous double 

oxyhydroxide similar to that found for Mo-Zr, and the oxide film is highly 

resistant to chemical dissolution because of its thermodynamic and/or kinetic 

stability where Ti is still active (77). 

As a consequence of the ‘surface activation’ of CP Ti at OCP, the underlying Ti 

metal surface will be subjected to anodic dissolution in HCl solutions. There is 

no consensus on whether actively dissolved Ti species exist in the form of Ti3+ 

or Ti4+ ions (77, 79, 80). It has been shown that once Ti oxides become 

dissolved i.e. ‘surface activated’, the Ti surface undergoes an active/passive 

transition under anodic polarisation in HCl solution (44). In addition, alloying of 

Zr in Ti reduces the rate of anodic dissolution, where the net value for critical 

current density (icrit) of Ti-50% Zr becomes lower than that measured for CP Ti 

(44). The improved resistance of Ti-50% Zr to active anodic dissolution in 

comparison with CP Ti has been found not to be attributed to the artefact of a 

possible enhanced cathodic reaction (44), which promotes passivity such as 

that observed for Ti-Pd system (81).  

2.3.2.2 Effect of hydrogen peroxide (H2O2) 

Reactive Oxygen Species (ROS) such as hydrogen peroxide (H2O2) are 

produced by immune cells such as neutrophils and macrophages that are found 

in abundance in inflamed peri-implant tissues (13). Figure 2-11 demonstrates 

the mechanism of ROS production by phagocytic cells. The generation of ROS 
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is governed by the NADPH (Nicotinamide adenine dinucleotide phosphate) 

oxidise complex which is bound to the cell membrane (13). Oxidation of NADPH 

transfers an electron across the cell membrane and reduces oxygen molecules 

to superoxide anions. Superoxide anions can further produce more active 

species such as H2O2 by dismutation when the concentration is high enough, 

otherwise it can be catalysed by oxygen dismutase (82). It was reported that 

neutrophils, the front line cells in the immune system, can generate significant 

amounts of superoxide anion with estimated concentrations of 1 M to 4 M in 

phagosomes and its steady state concentration was estimated to be in µM 

range as a result of its dismutation to H2O2 (83, 84).  

 

Figure 2-11. Generation of ROS species in mononuclear phagocytic cells. 
Figure taken from (13).  

Due to the nature of the short half-lives of ROS species, and the fact that signal 

transduction often take place on the subcellular scale over periods of seconds 
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or minutes, reliable quantitative of ROS detection is difficult and there is a need 

for detection methods with temporal and spatial resolution (83). An example of 

spatial variation of H2O2 concentration has been shown by the real time 

mapping of H2O2 production across a peroxide producing polymicrobial biofilm. 

It was shown that concentration of H2O2 varied from 31 µM in the bulk 

electrolyte but increased to 1.6 mM close to the biofilm surface after 8 h (85).  

Quantification of the levels of H2O2 produced in the peri-implant environment is 

difficult and there is a great variation of H2O2 exposures used in simulated 

in vitro corrosion tests. However, it is accepted that peak concentrations of H2O2 

can be reached when ROS release is confined in environmental niches, such as 

sub-cellular phagosomes or extracellularly between and adherent cell and a 

material surface. H2O2 is known as a strong oxidant and acts to modify the 

corrosion resistance of Ti. Studies that have been carried out to investigate the 

effects of H2O2 on the corrosion of Ti alloys, typically use concentrations 

ranging from 33 mM to 300 mM of H2O2 (17-21, 23). 

The redox nature of H2O2 means that it can be both oxidised and reduced via 

the following reactions (78): 

H2O2 + 2H+ + 2e− → 2H2O      Equation 2-4  

H2O2 → O2 + 2H+ + 2e−      Equation 2-5  

It is expected that H2O2 can modify both anodic and cathodic reactions of Ti. DC 

electrochemical studies have shown that addition of H2O2 in 0.9% NaCl 
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increases OCPs of CP Ti and Ti6Al4V (15, 17), which is dominated by 

enhanced cathodic reaction rates (17) by Equation 2-5. 

Anodic polarisations of Ti also have shown increased passive current densities 

in the presence of H2O2 (27). Furthermore, metal ion release from CP Ti and 

Ti6Al4V has been shown to be increased with increasing concentrations of 

H2O2 (17-21, 23), attributed to the complexation reaction of Ti (and TiO2) with 

H2O2 (23, 86). The surfaces morphologies of Ti6Al4V after immersion in saline 

with addition of different levels of H2O2 were observed that the metal surfaces 

were covered with precipitated corrosion products which seem to be thicker at 

higher H2O2 concentrations (17). Further AFM studies have also revealed 

preferential attack of the β phase on Ti6Al4V surface by H2O2 (17).  

Discoloration of Ti surfaces can be observed after incubation in saline with 

addition of H2O2, especially, at acidic pH (18). The discoloration of Ti surfaces is 

associated with the thickness of oxide films (interference film), and a correlation 

between discoloration and metal ion release was found for CP Ti (18). Depth 

profiles using Auger Electron Spectroscopy (AES) on CP Ti specimens after 

immersion in acidic saline solutions with addition of 150 mM H2O2 resulted 

in10 times higher oxide thicknesses than that of specimens without the 

presence of H2O2
 (18), indicating the role of H2O2 in enhancing oxide film 

growth (21).  

The surface roughness and topography of CP Ti have also been shown to be 

modified in the presence of H2O2 (22). It was found that surface of Ti after 

incubation in artificial saliva with the addition of H2O2 becomes rougher and 
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more irregular compared with that of Ti surfaces incubated in artificial saliva 

alone. It has been further suggested that the increases in surface roughness 

reached a plateau after 3 days of immersion, during 9 days of incubation period 

(22). 

The interaction between H2O2 and surface oxides of Ti has also been studied by 

electrochemical impedance spectroscopy (EIS). It was observed that the 

polarisation resistance (Rp) was significantly reduced following introduction of 

H2O2 into an electrolyte of phosphate buffered saline (20, 87), resulting in an 

enhanced dissolution/oxidation rate. Pan et al. proposed a double oxide film 

structure of CP Ti following the interaction with H2O2, which contains a thin 

barrier-type of inner layer and porous outer layer (19-21).  

To date, the effect of H2O2 on the corrosion of Zr is poorly characterised. 

Interactions between ZrO2 and H2O2 have been investigated by measuring 

metal ion release and the potentiodynamic behaviour of a Zr2Sn alloy in artificial 

saline with and without addition of H2O2 has been studied. It was found that in 

the presence H2O2 in artificial saliva, the passive current densities for 

(thermally-treated) Zr2Sn alloy (whose oxide was composed of almost 

stoichiometric ZrO2) was approximately two magnitudes lower than that of CP Ti 

and the metal ion release was at least 200-fold less than that of CP Ti (88). 

Therefore, it can be expected that the interaction between ZrO2 and H2O2 is 

different from the observation of its complexation with Ti (and Ti oxides).  
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2.3.3 Effect of proteins   

2.3.3.1 Effect of albumin  

The metal implant surface is exposed to blood and tissue fluids following 

implantation which result in rapid adsorption of proteins including albumin onto 

their surface. Albumin is the most abundant protein (4.2 – 5.3%) in blood 

plasma and extracellular tissue fluid (26), and is known to interact with metal 

oxides. Rapid adsorption of albumin onto Ti surfaces has been characterised 

using infrared spectroscopy and XPS (89, 90). Furthermore, using 125I radio 

labelling, it was found that albumin absorbs on oxidised Ti surface from the 

early stages of its immersion with the majority of adsorption taking place within 

the first few minutes (91).  

It is generally agreed that albumin inhibits cathodic reactions of Ti as well as Zr 

by adsorbing onto the metal surfaces and covering the reaction sites and/or 

blocking the mass transport of dissolved O2 (17, 70, 92-95). Many studies have 

been carried out to investigate the effects of albumin on the corrosion of Ti (92-

99). In contrast only a small number of investigations have considered ZrTi 

binary alloys (100) and CP Zr (70). However, conflicting results are reported. It 

has been claimed that albumin can increase (17, 92, 96), decrease (94, 95) , or 

have no effect (98, 101, 102) on the corrosion of Ti. Similar contradictory results 

were also found for other metallic biomaterials such as stainless steel (103, 

104), Mg and Fe (105). The influence of albumin on the electrochemical 

behaviour of Zr was studied by Wang et al. It was found that albumin increases 

the corrosion rate and reduces pitting potentials of Zr in PBS attributed to its 

adsorption and complexation with the metal surface (70). However, a further 
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study by Mareci et al. reported that albumin seems to act as a protective film 

and prevent attack of halide ions on ZrTi alloys in a medium of acidified artificial 

saliva (100).  

Metal-protein interactions are generally attributed to two effects: adsorption and 

chelation. In the case of adsorption, dissolution of Ti has shown to be inhibited 

by a layer of adsorbed albumin film (94, 95). In the case of chelation, dissolution 

of Ti can be enhanced by formation of soluble metal-protein complexes (92, 

106, 107). It was further found that protein-induced metal ion release is a time 

dependent process and is determined by adsorption and desorption of 

metal-protein complexes, which is a rate limiting process and depends on 

several factors such as the ionic strength and the protein concentration (108, 

109).   

Contradictory evidence exists in the scientific literature regarding the role of 

albumin on the corrosion of Ti and Zr alloys. Further studies are required to be 

carried out to understand these complex systems since both surface properties 

and the behaviour of the adsorbed protein are likely to change over time (106).    

2.3.3.2 The effect of albumin and hydrogen peroxide (H2O2) 

Whilst the effect of albumin and H2O2 on corrosion of Ti (and its alloys) have 

been studied individually, limited work has considered the effects of exposures 

to the combination of species on corrosion/oxide film properties of Ti. It is 

known that exposing Ti surfaces to H2O2 modifies, subsequent interactions with 

adsorbed proteins such as albumin: Nagassa et al. showed H2O2 pre-treated Ti, 

enhanced the adsorption of plasma proteins to its surface, and the efficiency of 
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protein adsorption was correlated with surface roughness (110). Sousa et al. 

demonstrated differential binding affinities of albumin to a sputtered TiO2 

surface when compared with a TiO2 surface that had been modified by H2O2 

(89). It was shown that the TiO2 surface treated by H2O2 absorbed less albumin 

but with a higher work of adhesion than that of the sputtered TiO2 surface, 

which was attributed to its more hydrophilic surface properties (89). It was 

further observed that exchangeability of the adsorbed albumin changed with 

time: After 24 h the adsorbed albumin molecules on the H2O2-treated TiO2 

surface were less exchangeable than those adsorbed on the sputtered TiO2 

surface, however, after 72 h nearly all the adsorbed albumin molecules 

effectively exchanged with other albumin molecules (89). This observation 

suggests that longer times are needed for exchange of albumin molecules 

adsorbed on surface of H2O2-TiO2 complexes and this should be accounted for 

in experiments investigating the influence of albumin on corrosion behaviour.    

The effect of albumin and H2O2 on the corrosion of Ti6Al4V has been studied 

directly, by measuring metal ion release after long-term incubations (17). Yu et 

al. showed that the rate of metal ion release was significantly higher in the 

presence of both albumin and H2O2 than in the presence of either species alone 

(17). However, short-term electrochemical studies showed that albumin 

inhibited both anodic and cathodic reaction rates possibly due to an adsorption 

effect (17). The contradictory observation can be partially explained by a 

proposed mechanism illustrated by the Evans diagram reproduced in Figure 

2-12. It can be seen that the anodic and cathodic reaction of Ti6Al4V in 

physiological saline (solid black line) gives an intersection of point A which 
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defines Ecorr and icorr. Addition of H2O2 are proposed to increase both the anodic 

and the cathodic reaction of Ti6Al4V (dashed blue line), with an intersection of 

point C in the passive region giving a higher Ecorr and higher icorr. Addition of 

albumin and H2O2 slightly reduces the anodic reaction and supresses the 

cathodic reaction taking the potential into an ‘active’ region of Ti, with the 

interaction point of D, leading to much higher value of icorr.  

 

Figure 2-12. Schematic Evans diagram to illustrate effect of H2O2, albumin and 
combination of the two species on corrosion potential (Ecorr) and corrosion 
current density (icorr) of Ti6Al4V in physiological saline (0.15 M NaCl) (17).  

2.3.4 Effect of cellular induced corrosion  

Upon insertion, the metal implant comes directly into contact with the host 

tissues. Initial implantation is associated with inflammation with rapid infiltration 

of inflammatory cells dominated by neutrophils. In the long term implants can 

often be associated with chronic inflammation amongst which macrophages can 
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be abundant (111). Macrophages are innate immune cells that arise from 

monocytes and are responsible for phagocytosis of microbes and debris during 

which ROS species are generated (13). Macrophages can be differentiated into 

different functional phenotypes including a pro-inflammatory M1 state and a 

tissue-repair M2 state (13, 112). M1 macrophages differentiate in order to 

counter an external challenge such as microbes and if present, implant debris 

(113). In the more advanced stages of inflammation, the macrophage 

population tends to shift towards an M2 phenotype which suppress pro-

inflammatory cytokines and has a functional focus on tissue remodelling and 

repair (113). M1 and M2 phenotypes of macrophages are associated with 

differential ROS release. In theory M1 macrophages are more active and tend 

to trigger an enhanced bactericidal response which involves enhanced ROS 

production when in contact with pathogen whereas M2 macrophages are 

associated with functions of wound healing and tissue reconstruction 

accompanied by reduced ROS production (114).  

Osteoclasts (OC) are multinucleated and are responsible for bone resorption. 

They have long been debated to corrode implant surfaces(115). Osteoclasts are 

often identified by their expression of tartrate-resistant acid phosphatase 

(TRAP) (116), which is essential for their function of bone resorption, and are 

reported to produce hydrochloric acid (117) and ROS species (118). It has been 

demonstrated that in vitro osteoclast precursors can grow and differentiate 

towards mature osteoclasts on the Ti surface, which are able to directly cause 

corrosion of Ti, as detected intracellularly (115). It was suggested that functional 
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OC can generate a low pH in resorption compartment, which could destabilise 

the oxide film and cause corrosion.  

The effect of inflammatory cell-induced corrosion is increasingly studied, 

introducing a new and critical element on interaction between the implant and 

host environment which has not been previously fully appreciated. Limited work 

has been carried out on macrophages induced corrosion of Ti alloys (14, 119). 

Mu et al. showed Ti metal ion release was increased by the presence of 

macrophages and further accelerated by the presence of macrophages with 

phagocytosed particles (14). ROS species such as superoxide anions and H2O2 

are known to accumulate in the micro-crevice environment between the 

adhered cell the metal surface, promoting dissolution of Ti metal surface(14). In 

contrast, Lin et al. reported that cultures of Ti6Al4V with macrophages resulted 

in reduced corrosion (119). However, it was pointed that longer testing times 

were needed to better approximate in vivo conditions. To date, no work has 

been carried out comparing the effects of macrophage phenotype, associated 

with different stages of peri-implant inflammation, on the corrosion of Ti and TiZr 

alloys.  

2.4 Clinical failure and biological impact of implant metal release  

2.4.1 Failure of Ti dental implants  

The failure of dental implants due to biological causes, for instance 

osseointegration manifested implant mobility, either occurs early (< 6 months) 

following initial surgical implantation, or after several years of successful use as 
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a consequence of the development of chronic peri-implant inflammation. Early 

dental implant failures, are associated with a failure of osseointegration (120) 

which can be attributed to post-surgical infection,  or impaired bone healing that 

is influenced by the host response and by surgical variables (121, 122). In 

contrast, chronic biological failures of osseointergrated dental implants, such as 

peri-implant inflammation, are often associated with biological responses, which 

are not well-defined and remain poorly understood. There is however 

consensus that the prevalence of peri-implant inflammation is high, affecting up 

to 48% of dental implants (123). Peri-implant diseases are classified as either 

peri-implant mucositis or peri-implantitis. Peri-implant mucositis refers to 

establishment of a reversible inflammatory lesion in the peri-implant mucosa (9). 

Peri-implantitis is diagnosed with an inflammatory response around an implant, 

including soft-tissue inflammation and progressive loss of supporting bone (124, 

125), which can further lead to failure of osseointegration and loss of the 

implant. Peri-implant implant inflammatory diseases are understood to be driven 

by the host-immune response to microbial colonisation of the implant surfaces, 

however there is increasing evidence that implant derived products act as 

immunomodulators and may influence the persistence of inflammation (116).  

2.4.2 Release and toxicity of metal degradation products     

Interactions between metallic biomaterials and local biology environment should 

always be reminded that are in two-ways: corrosion causes biology and biology 

causes corrosion (13). When the implanted device is conformed to degrade in 

the complex physiological environment, degradation products generated will 
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adversely cause potential damaging/toxic effects on human tissues and/or cells. 

The tissue reaction can be anything ranging from mild response e.g. 

discolouration of the surrounding tissue to a severe response such as 

inflammatory reactions resulting in pains and osteolysis (64). The biological 

risks of metal ion release include wear debris, free metal ions, inorganic metal 

salts or oxides, and complexes formed between metallic species and organic 

biomolecules (45).  

2.4.2.1 Metal ions, debris and wear particles   

In many cases, metal ion release is related to the combined mechanical and 

chemical effects such as MACC (see section 2.2.3 ). Metal ions can be released 

through remaining oxide films and furthermore when surface oxide films are 

disrupted by mechanical wear, where the amount of release is governed by 

regeneration of oxide films (126). Toxicity of metal ions is associated with their 

subsequent interaction with biomolecules in extracellular environment (126). 

Released free metal ions can be transformed depending on their solubility (1).  

It was reported that Ti ions are highly reactive and once released it can 

immediately combine with a water molecule or an anion near the ion to form 

oxide, hydroxide or inorganic salt, which are less toxic compared with that of 

metal bonded biomolecule complexes (126) or Ti ion bonded serum transferrin 

in blood (8).  

Metal debris and wear particles have been identified in small micron and 

sub-micron size from retrieved peri-orthopaedic prosthesis (59, 127). Particles 

of corrosion products were found in peri-prosthetic tissue as well as those within 

macrophages and foreign-body giant cell. As-produced wear particles at the 
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interface of bone cement and the Ti6Al4V stem implant became phagocytosed 

by macrophages, and when a sufficient amount of wear particles is given, 

macrophages accumulate into granulomas and release inflammatory mediators 

and stimulate bone resorption with consequent osteolysis and aseptic loosening 

(59). Whilst release of metal ions and generation of metal debris were identified 

and have been associated with unfavourable body host responses, both Zr and 

Ti degradation products are considered to be relatively more biocompatible 

when compared with those of stainless steel or of CoCrMo alloy (128).  

2.4.3 Current understandings of in vivo metal degradation  

Whilst it has been generally accepted that degradation of metal implants is 

associated with complexity of chemical and mechanical processes such as 

tribo-corrosion and MACC, it has been reported that metal degradation products 

can be generated when the implant devices are not subjected to significant 

mechanical wear. Addison et al. observed a scattered and heterogeneous 

distribution of Ti speciation including fine metallic fragments and oxides (both 

anatase and rutile) in inflamed tissues taken from around failing 

skin-penetrating Ti BAHA (bone anchored hearing aid) implants (7). The 

quantities, size and speciation of Ti debris were demonstrated to be 

pro-inflammatory in nature. The degradation products were proposed to be 

produced by micro-motion and localised corrosion in surface crevices (7). This 

observation is also supported by in-situ synchrotron characterisation of 

dissolving Ti artificial corrosion pits, which simulated the process of localised 

corrosion such as pitting, and inside the pit cavity metallic Ti fragments and 
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TiO2 were found to be generated by purely electrochemical process. Metal 

fragments were proposed to be generated by localised undercutting process 

where base metal is undermined during localised corrosion and TiO2 was 

produced by reaction of free Ti ions and the electrolyte (129). Therefore, despite 

concerns over the likely biological effects of released metal ions and debris as a 

consequence of wear and/or corrosion process, the mechanism underpinning 

in vivo release of Ti ions and particles need to be carefully investigated to 

understand premature loss of implanted devices.  

2.5 Current standards of corrosion testing of biomedical materials  

Current ASTM standards on corrosion testing of biomedical materials include 

electrochemical measurements in standard testing solutions such as 0.9% 

NaCl, phosphate buffered saline, Ringer’s and Hanks (130-134). OCPs, anodic 

polarisations and cyclic (forwards and reverse) potentiodynamic polarisation are 

commonly measured in in vitro tests of corrosion of metallic biomaterials, to 

obtain reliable results from controlled methods and enable cross-comparison of 

the behaviours of different metallic biomaterials to be made (130, 132).  

However, extrapolation of such in vitro standard testing is often difficult, and 

may result in underestimation of corrosion that can occur in vivo (17).  For 

instance biological factors encountered in peri-implant environment including 

cells and proteins are not considered in the artificial physiological electrolytes, 

although reported to modify the corrosion resistance of implant surfaces; 

standard electrochemical tests are designed to reach conditions that cause 

severe breakdown of the testing materials (e.g. at very high potentials) that may 
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not be encountered in vivo; degradation in vivo  is a slow and continuous 

process however the standard electrochemical testing is often associated with 

short term periods. Therefore, it is important that the corrosion resistance of 

metallic biomaterials should not be only assessed using standard short-term 

electrochemical testing, but factors that mediate corrosion including solution 

chemistry (sections 2.3.2-2.3.4) and extended time periods (135) should be 

considered when predicting in vivo performance.  

2.6 Synchrotron X-ray radiation techniques  

2.6.1 Introduction  

A synchrotron light source is used to generate light of high brilliance, usually in 

the form of X-rays. A schematic diagram of a synchrotron is shown in Figure 

2-13. Electrons are generated by an electron gun and accelerated by a linear 

accelerator, the Linac into a booster ring. The booster ring further accelerates 

the electrons to their final energy following which they are introduced into a 

storage ring, which maintains their energy. The storage ring is equipped with an 

array of bending magnets, focusing magnets and insertion devices (third 

generation of synchrotron radiation facility), which forces the path of electrons to 

change and which results in the emission of X-rays which are then directed 

toward beamlines.  
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Figure 2-13. A schematic diagram of synchrotron radiation facility (136). 

2.6.2 X-ray diffraction (XRD)  

Synchrotron X-ray measurements have been widely used in corrosion systems 

to obtain structural and speciation information of the corrosion species formed 

in wet environments (137-140). Rayment et al. developed the experimental 

approach to enable in-situ X-ray diffraction measurements to be obtained on 

salt layers formed on the dissolving interfaces of Ni, Fe and stainless steel, 

which were controlled electrochemically on ‘artificial pit’ electrodes (137). 

‘Artificial pits’ have been developed to provide a simple and reproducible 

geometry which allows modelling of localised corrosion processes such as the 

pitting of stainless steel (141). The approach provides access to regions of 

interest at or close to a corroding interface by a fine beam of synchrotron X-rays 

(137). X-ray diffraction measurements are then used to obtain structural 

information at identifiable and discrete regions within the artificial pit. Diffraction 

measurements allow characterisation of species including its chemistry and 
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structure to be made in-situ in wet environments, with the potential to measure 

transient events on timescales as short as 10 ms (137).  

2.6.3 X-ray absorption spectroscopy (XAS)  

X-ray absorption spectroscopy (XAS) includes the measurement of transitions 

of electrons of the metal from core states to excited states, known as X-ray 

absorption near edge structure (XANES), and to the continuum, which is known 

as extended X-ray absorption fine structure (EXAFS) (142). From Figure 2-14, 

XAS spectra is characterised by sudden increases in absorption at specific 

X-ray photon energies characteristic of the absorbing element. The sudden 

increases of absorption energy are known as absorption edges. The absorption 

edge, post-edge peaks as well as pre-edge characteristics featured in XANES 

spectra provide information of the oxidation state and coordination environment 

of the metal atoms (142). The significant advantage of XAS over XRD is that the 

local structural information of the element can be obtained even from disordered 

samples such as solution species (142).   
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Figure 2-14. An example of Mn K edge XAS spectra illustrating XANES and 
EXAFS regions. Figure taken from (142). 
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2.7 Summary 

Commercially pure (CP) Ti and Ti6Al4V are commonly used for dental implants. 

However, for specific applications such as small diameter dental implants, CP Ti 

is susceptible to mechanical failure. Ti6Al4V is currently the most commonly 

used alternative to CP Ti for dental implants and whilst it possesses enhanced 

mechanical properties including yield strength, there remains concern over the 

biological effects of its constituent alloying elements, Al and V. Binary TiZr 

alloys have been developed as an alternative to Ti6Al4V and possess improved 

mechanical properties with corrosion resistance and biocompatibility reported to 

be at least equivalent to that of CP Ti. 

Although electrochemical studies have been carried out characterising the 

corrosion resistance of TiZr alloys with discrete compositions, there is a lack of 

previous investigation into the impact of systematic additions of Zr on the 

corrosion of Ti. The corrosion of TiZr alloys has been studied in a limited 

number of electrolytes such as artificial saliva, but their behaviour in more 

aggressive chemical species such as HCl and H2O2 is yet to be fully 

characterised. The role of cellular mediated corrosion by inflammatory cells 

such as macrophages has been studied on Ti surfaces, but to date no such 

similar characterisation has been performed for TiZr. Previous studies into the 

corrosion environments induced by macrophages, have failed to control for 

variations in their phenotype which is seen in the peri-implant tissues and 

determines their ROS production behaviour. Accordingly, aim 1 of this thesis is 

to investigate systematically, the effect of Zr additions on the corrosion of Ti. 

Given the variation in the corrosion of Ti reported in different electrolytes, a 
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secondary aim is to characterise the corrosion behaviour of TiZr binary alloys in 

HCl solutions (to allow comparison with previously reported data), in 

physiological saline with absence and presence of H2O2, and in cellular 

corrosion conditions with differentiated M1 or M2 phenotypes of macrophages.  

A recent study has shown that albumin, the most prevalent protein in blood and 

extracellular tissue fluid, accelerates the corrosion of Ti6Al4V in the presence of 

H2O2. The behaviour was not predicted by corrosion measurements following 

exposures of Ti6Al4V to albumin or H2O2 in isolation, but did not take into 

account potential temporal variations that may occur. Therefore, aim 2 of the 

thesis is to understand the mechanism of the apparent synergistic effect of H2O2 

and albumin on the corrosion of Ti6Al4V, and how their interactions with the Ti 

surface might be influenced by time. This work aims to better estimate the 

corrosion resistance of Ti6Al4V in an improved approximation of the peri-

implant environment under inflammatory conditions.  

In this thesis, the impact of Zr additions on the corrosion resistance of Ti 

explored, however there is an insufficient understanding of the localised 

corrosion of unalloyed Zr that may be expected in vivo. Accordingly, aim 3 of 

the thesis is to characterise the corrosion behaviour of Zr, and the corrosion 

products formed, in a simulated physiological environment. The aim is to 

characterise both the solution chemistry and corrosion products in Zr artificial 

pits which are used as study model of pitting corrosion, in physiological saline 

with and without addition of H2O2 and/or albumin.  
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3 MATERIALS AND METHODS 

3.1 Materials  

Binary TiZr alloy rods (diameter 10 mm) containing 5, 15, and 50% Zr (at%) 

were commercially sourced (American Elements®, USA). These are referred to 

as Ti5Zr, Ti15Zr, Ti50Zr, respectively. All Grades were cast and melted at least 

three times to ensure homogeneity. CP Ti (ASTM, Grade 2, Titanium Products 

Ltd, UK)) discs (diameter 10 mm and thickness 1 mm) and CP Zr (Grade 702, 

GoodFellow, UK) rod (diameter 10 mm) were obtained. The compositions of the 

five alloys are listed in Table 3-1.  

Ti6Al4V (ASTM Grade 5) was commercially sourced in disc shape specimens of 

14 mm diameter and 1.2 mm thickness (Titanium Products Ltd, UK). The 

composition (max. wt%) was 0.05 N, 0.08 C, 0.015 H, 0.3 Fe, 0.2 O, 3.5-4.5 V, 

5.5-6.8 Al, with the balance Ti.  

Zr foil (25 µm thickness) was commercially sourced (Advent Research 

Materials, UK) in temper annealed condition with 99.8%wt Zr.  

 



44 
 

Table 3-1 The composition (wt%) of TiZr binary alloys (Certificate of Analysis, American Elements®), CP Ti (Grade 2) and 
CP Zr (Grade 702) (manufactures compositional certificates), (-, is not detected). 

Alloys Fe Ni Mg Al Si Cu Hf Cr C O N H Zr Ti  

CP Ti  0.03 - - - - - - - 0.01 0.13 <0.01 0.002 - Bal. 

Ti5Zr 0.075 0.002 0.002 0.018 0.005 0.016 - - < 0.01 < 0.08 - - 9 Bal. 

Ti15Zr 0.069 0.002 0.002 0.016 0.005 0.015 - - < 0.01 < 0.08 - - 25 Bal. 

Ti50Zr 0.048 0.002 0.003 0.012 0.007 0.009 - - < 0.01 < 0.08 - - 66 Bal. 

CP Zr 0.07 - - - - - 2.36 0.01 0.015 0.11 0.007 0.002 Bal. - 
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3.2 Sample and surface preparation  

All alloys were machined into 1 mm thickness for subsequent characterisations 

and testing. Specific sample and surface preparations, for different 

characterisation methods or measurements, are described in the following 

subsections.  

3.2.1 Samples for metallographic characterisation   

Samples for optical and electron microscopy characterisation were hot-mounted 

in conductive Bakelite resin (Struers, UK), then wet polished using sequentially 

400, 800, 1200, 2500, and 4000 grit SiC abrasive grinding papers (MetPrep, 

UK). Final finishing was undertaken using OP-S colloidal silica suspension 

(0.04 μm) (Struers, UK) on an MD-Chem cloth (Struers, UK) to obtain a 

consistent mirror surface finish. All samples were rinsed and sonicated with 

deionised water (>15 MΩcm, Millipore, USA) and methanol, respectively for 

10 min at each stage. Finally samples were dried in an air stream before further 

characterisation.  

Prior to optical and microscopy characterisation, the as-polished CP Ti, Ti5Zr 

and Ti15Zr samples were etched in Kroll’s agent (2% HF, 6% HNO3 and 92% 

H2O). Ti-50Zr was etched separately in diluted Kroll’s agent (0.5% HF, 5% 

HNO3, balanced with H2O). CP Zr and Ti6Al4V samples were characterised in 

an as-polished surface condition.  
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3.2.2 Samples for electrochemical measurements  

Samples for electrochemical tests were cold-mounted in a non-conductive resin 

(VARI-SET, MetPrep, UK), where an electrical cable was connected to the non-

exposed sample surface with silver paint and conductive copper tape prior to 

the embedding in epoxy resin to maintain the electrical contact. The mounted 

samples were polished to mirror surface finishes using the methods described 

in section 3.2.1. The surfaces of prepared samples were rinsed with deionised 

water and 100% methanol and dried in an air stream. To ensure consistency in 

the surface oxide layer formed on different samples, each sample was exposed 

in ambient laboratory air for a fixed time of 15 min following final surface 

polishing, prior to the electrochemical characterisation.  

3.2.3 Samples for cell culture immersion tests  

Samples for immersion measurements in cell culture were prepared by wet 

polishing from 400, 800, 1200 to 2500 grit and finished with 4000 grit using 

endotoxin free water (sterile filtered, <0.005 EU/mL, Sigma Aldrich, UK) as the 

lubricant. Polished discs were then sonicated with methanol and endotoxin free 

water for 10 min sequentially in sterilised glassware.  

3.2.4 Samples of Zr artificial pits for in situ synchrotron characterisation  

Zr foil artificial pits and electrochemical cells were prepared according to the 

method described by Rayment et al. (137). The working electrode was made of 

25 µm thick, 3 mm wide strips of Zr foil, which were embedded in Araldite epoxy 

resin and attached to a PVC plastic reservoir by Kapton adhesive tape. The 
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reservoir contained a Ag/AgCl reference electrode, a Pt wire auxiliary counter 

electrode and 20 mL electrolytes. A schematic diagram is shown in Figure 3-1. 

 

Figure 3-1. Schematic diagram of a Zr artificial pit and electrochemical cell for 
in-situ characterisation of corrosion using synchrotron X-ray methods. 

3.3 Electrochemical measurements and testing solutions  

3.3.1 General procedure  

A standard, double wall three-electrode cell was used for both direct current 

(DC) and alternating current (AC) electrochemical tests. Cold mounted and 

surface prepared (section 3.2.2) electrochemical samples were used as the 

working electrode. Pt mesh was used as the counter electrode and a Saturated 

Calomel Electrode (SCE) was used as the reference electrode. The cell was 

maintained at a temperature of 37 ± 1 °C by a circulating heated water jacket 

supplied from a calibrated water bath (Bennett Scientific Ltd, UK).  
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A Gill AC potentiostat (ACM instruments, UK) was used for DC electrochemical 

tests (potentiodynamic and potentiostatic polarisations) and a Gamry PCI4 

potentiostat (Gamry instruments, USA) was used for AC electrochemical tests 

(Electrochemical Impedance Spectroscopy). All electrochemical tests were 

repeated at least two times using newly prepared samples and solutions, to 

confirm the consistency of the measurements.  

 

 

Figure 3-2. Illustration of the standard double wall three-electrode cell used in 
this study. 
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3.3.2 Potentiodynamic Polarisation  

3.3.2.1 Ti, Zr and TiZr binary alloys  

Naturally aerated 2 M HCl solutions were prepared from reagent grade HCl 

(30 wt% in H2O, Fisher Scientific, UK) and diluted with deionised water. 

Physiological saline (0.15 M NaCl, 0.9 wt%) was prepared by dissolving NaCl 

(Sigma Aldrich, UK) in deionised water. H2O2 (30 wt % in H2O, Sigma Aldrich, 

UK) was added to 0.9% NaCl solutions to give a concentration of 0.1 M. The 

reagent 30 wt% H2O2 solutions) were stored at 4 ± 2 °C to keep fresh.  

The Open Circuit Potential (OCP) of samples including CP Ti, Ti5Zr, Ti15Zr, 

Ti50Zr and CP Zr were measured following immersion in the previously 

described test solutions for 1 h. Anodic polarisations were then performed 

from -50 mV (vs. OCP) at a scan rate of 1 mV/s. Cathodic polarisations were 

also performed, separately, after 1 h immersion at OCP in the testing solutions 

from 50 mV (vs. OCP) at a scan rate of 1 mV/s. 

3.3.2.2 Ti6Al4V alloy 

Physiological saline (0.9% NaCl, 0.15 M) solutions were again prepared by 

dissolving NaCl in deionised water. H2O2 (30 wt.% in H2O, Sigma Aldrich, UK) 

was added to 0.9% NaCl to give a concentration of 0.1% (0.03 M). Bovine 

serum albumin (≥98%, lyophilized powder, Sigma Aldrich, UK) was dissolved in 

0.9% NaCl containing 0.1% H2O2 to provide a concentration of 4% albumin.  

OCPs of Ti6Al4V samples were measured by immersing samples in the 

previously described testing solutions for 1 h, followed by anodic polarisations 

from -50 mV (vs. OCP) at a scan rate of 1 mV/s.  
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3.3.3 Potentiostatic Polarisation  

3.3.3.1 Ti, Zr and TiZr binary alloys  

The effect of H2O2 on dissolution rate was studied by performing potentiostatic 

polarisation at 500 mV (vs. SCE) following 1h immersion at OCP in 0.9% NaCl. 

At 1000 s, a solution of 0.9% NaCl containing H2O2 was added to generate a 

final concentration of 0.1 M H2O2, which was stirred to ensure complete mixing. 

Further experiments were performed in parallel where the solution was stirred at 

the same time points without any addition of H2O2, to control for any effect of 

electrolyte agitation on the recorded measurements.   

3.3.3.2 Ti6Al4V alloy 

To study the effect of H2O2 and the combination of albumin and H2O2 species 

on dissolution rate, potentiostatic polarisation was performed at 400 mV (vs. 

SCE) after 1 h immersion at OCP in 0.9% NaCl, followed by sequential 

additions of 0.1% H2O2 with and without 4% albumin. Solutions were stirred 

during the addition of species to ensure complete mixing. A solution of 0.9% 

NaCl containing H2O2 was added at ~0.6 h to give a final concentration of 0.1% 

H2O2 and a solution of 0.9% NaCl containing albumin was added at ~0.74 h to 

give a final concentration of 4% albumin. The control solution without any 

addition of species was stirred at the same times to ensure consistency in the 

experimental approach. 

To measure metal release at constant potentials, Ti6Al4V samples were 

potentiostatically polarised at 90 or 200 mV (vs. SCE) for 24 h after 1 h 
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immersion at OCP in 0.9% NaCl with presence of 0.1% H2O2 or a combination 

of 0.1% H2O2 and 4% albumin. 

3.3.4 Electrochemical Impedance spectroscopy (EIS)  

EIS measurements were performed on Ti6Al4V samples at OCP in the same 

solutions as described in section 3.3.2.2, perturbing with a 10 mV RMC AC 

signal with a wide frequency range from 10-3 to 105 Hz. The acquisition rate was 

10 points per decade. Measurements were taken following immersion in the 

solution at 24 h intervals up to 120 h. Additional samples were held at constant 

potentials of 40, 90, 110, 150, or 200 mV (vs. SCE) for 20 h after which EIS was 

measured at the constant potential. A two-time constant electrical circuit (Figure 

3-3) was used to fit the EIS data, which consisted of two parallel Constant 

Phase Element (CPE) and resistor pairs in series with solution resistance (Rs). 

(77, 143). Fitting of the EIS data was performed using Gamry Echem Analyst 

software employing the simplex algorithm method, and the quality of fitting was 

judged by a chi-squared test (χ2) < 0.001. Quantitative parameters were 

obtained. Polarisation resistance was calculated from the sum Rhf and Rlf, 

corresponding to the resistances of the inner compact and outer porous passive 

layer respectively.  

The capacitance (C) was converted from the CPE component (Y0, Figure 3-3) 

using the Mansfield equation (144):  

𝐶 = 𝑌0(ω
"

𝑚
)𝑎−1       Equation 3-1  

whereω"
m is the angular frequency at which the imaginary part of impedance 

has a maximum (144), ‘Y0’ is the CPE parameter and its physical significance is 
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not often discussed (144), and ‘a’ has no real physical bases and its value 

varies between 0 to 1. For an ideal capacitor a=1 and C=Y0. 

 

Figure 3-3. Equivalent two-time constants circuit in generation of simulation 
data.  

R.E. refers to reference electrode; W.E. refers to working electrode; Rs refers to 

solution resistance; Ylf and Yhf refer to CPE component at low frequency (lf) and 

high frequency (hf) respectively; Rlf and Rhf refer to resistive component at low 

frequency (lf) and high frequency (hf) respectively.  

3.3.5 Electrochemical measurements of Zr artificial pits and bulk Zr 

samples  

The electrochemical cell used for Zr artificial corrosion pit measurements is 

shown in Figure 3-1. 20 mL of electrolyte was used which contained 0.9% NaCl 

with or without addition of 0.1 wt.% H2O2 (30 wt.% in H2O, Sigma Aldrich, UK), 

or 4 wt.% albumin (≥98%, lyophilized powder, Sigma Aldrich, UK), or their 

combination. Prior to in-situ synchrotron characterisation, the working electrode 

(Zr foil) was electrochemically dissolved at 0.8 V (Ag/AgCl) for 3 h at an ambient 
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temperature of 23 ± 1 °C. The potential was controlled by a potentiostat (Ivium 

Compactstat, Netherlands).  

Complementary electrochemical measurements on bulk Zr samples were 

carried out in the same electrolytes as those used in the artificial pit 

experiments. Samples with surface prepared according to section 3.2.2, were 

immediately immersed in the solutions followed by OCP measurements for 1 h 

at 37 °C. Anodic polarisations were performed after 1 h at OCP scanning 

from -50 mV (vs. OCP) at a rate of 1 mV/s. The current limit was set at 

1 mA/cm2 following which the measurement was stopped. Samples after anodic 

breakdown were stored in a desiccator prior to SEM characterisation.  

3.4 Immersion tests  

3.4.1 Corrosion (ion release) in macrophage cell culture 

Surface prepared metal discs including CP Ti, Ti5Zr, Ti15Zr, Ti50Zr and CP Zr 

(section 3.2.3) were sterilised by incubating in 70% ethanol for 1 h followed by 

rinsing in endotoxin free RPMI-1640 medium (R8758, Sigma Aldrich, UK). 

Sterilised discs were placed into 24 well plastic plates which had been 

pre-blocked with RPMI-1640 medium supplemented with 10% fetal bovine 

serum (FBS) overnight. A culture medium of RPMI-1640 with addition of 10% 

fetal bovine serum (FBS), amphotericin B (2.5 μg/mL), penicillin (100 units/mL), 

streptomycin (100 µg/mL) and phorbol 12 myristate 13 acetate (PMA) 

(10 ng/mL) was prepared. THP-1 cells, a human monocytic cell line, were 

differentiated into macrophage-like cells using PMA. To differentiate THP-1 cells 
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into M1 and M2 phenotypes (representative of their more or less active state 

respectively), the bulk medium was supplemented by lipopolysaccharide (LPS) 

(100 ng/mL) and interferon gamma (IFN-γ) (50 ng/mL) to differentiate a M1 

phenotype, or interleukin 4 (IL-4) (10 ng/mL) to differentiate a M2 phenotype 

(145). THP-1 cells were grown to passage 15 and the initial cell density was 

counted using a light microscope (LeitzLaborlux S, Germany) and a 

haemocytometer (Neabauer, Reichart, Germany). The viability of THP-1 cells 

was determined using Trypan Blue exclusion (Sigma Aldrich, UK) and was 

typically >95%. A starting concentration of 6.7x105 cell/mL was used. 1.5 mL of 

the cell suspension was incubated in wells with each metal disc. Cell culture 

medium was also incubated with the metal samples as a control condition. 

Control groups with no metal discs were also prepared in parallel, containing 

1.5 mL of M1 cells with the bulk medium, 1.5 mL of M2 cells with the bulk 

medium and the bulk medium alone, respectively. Six groups of incubation 

assays, with triplicated samples for each group, were incubated in a 

thermostatic incubator at 37 °C, 5% CO2 and 100% humidity. After 4 days of 

incubation, 1 mL of medium was removed from each well and replaced with 

1 mL of fresh medium with appropriate cytokines. The extracted media from the 

wells were individually stored and frozen at -20 °C. This process was repeated 

3 times for each consecutive 4 day period. At the end of 13 days incubation, 60 

µL of the cell lysing agent, 10% sodium dodecyl (lauryl) sulphate (SDS) was 

added into all wells (including the control groups) and 1.5 mL medium which 

included supernatants and cell lysates were collected from each well and frozen 

at -20 °C.  
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For inductively coupled plasma-mass spectroscopy (ICP-MS) analysis, the 3 

media aliquots (3 mL) collected during the incubation and the 1.5 mL aliquot 

collected at the end of incubation were pooled together, from which 3.4 mL was 

taken for solution analysis. The remaining media (~1.1 mL) was reserved as a 

contingency for potential verification assays.  

3.4.2 Incubation of Ti6Al4Vin H2O2 and/or albumin containing solutions to 

investigate morphology of surface oxide layer  

Ti6Al4V discs were mirror polished on both sides using the methods described 

in section 3.2.1 and ultrasonically cleaned with deionised water and methanol 

for 10 min respectively. The prepared discs were incubated in saline with 10% 

H2O2 solution for 3 days in thermostatic chamber at 37 ± 1 °C. The H2O2 treated 

samples were then transferred to 0.1% H2O2 saline solutions with and without 

addition of 4% albumin for 7 days. Following the immersion period, surfaces 

were visualised using methods described in section 3.6.2 

3.4.3 Quantification of metal release 

3.4.3.1 Determination of metal release of Ti, Zr and TiZr samples in cell 
culture  

The retrieved pooled sample solutions (section 3.4.1) were kept frozen at -20 °C 

prior to analysis. The elemental concentrations of Ti and Zr in the retrieved 

samples were quantified from the undiluted sample solutions using a Thermo 

iCAPTM 7000 ICP-AES (inductively coupled plasma-atomic emission 

spectroscopy) system (Thermo Fisher Scientific, UK), which was calibrated 

against serially diluted Ti and Zr standards (Fisher Scientific, UK). ICP-AES 
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determines the elemental concentration by using inductively coupled plasma to 

excite atoms and ions which emit electromagnetic radiation at wavelength 

characteristic of a particular element. The system was rinsed with 10% HNO3 in 

between each sample analysis. The detection limit was 0.3 ppb for Ti and 

0.4 ppb for Zr.  

3.4.3.2 Determination of metal release from Ti6Al4V polarised at constant 
potentials  

Solutions were retrieved following potentiostatic measurements (section 3.3.3.2) 

and elements of interest (i.e. Ti, Al, V) were detected using inductive coupled 

plasma mass spectroscopy (Agilent 8800 ICPMS triple quad, Butterworth 

Laboratories, UK). The working quantitation limit for Ti was 10 µg/L, Al was 

100 µg/L and V was 10 µg/L. 5 mL sample aliquots were measured and diluted 

up to 1000 mL with water and diluent containing 1.5 mL of Triton-x-100, 

0.15 mL of 20% ammonia and 15 mL of 1.4 mM EDTA. The elemental 

concentration for each solution were compared across the potentials through 

one-way analysis of variance (ANOVA) at a significance level of α=0.05. 

3.5 in situ characterisation of Zr artificial corrosion pit using synchrotron 

X-ray methods  

3.5.1 X-ray diffraction  

Established ‘growing’ Zr artificial pits (section 3.3.5) were characterised in-situ 

using X-ray diffraction measurements, which were conducted at the micro-focus 

spectroscopy beamline, I18 at the Diamond Light Source (Harwell, Oxford, UK) 

(146) An incidence energy of 17,950 eV (corresponding to a wavelength of 
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0.691 Å) and beam spot size of 3 µm (v) x 10 µm (h) were used.  

Measurements were taken with a CCD detector (2x1 sCMOS camera, Photonic 

Science, UK) providing a pixel size resolution of 26 µm x 26 µm. The 

electrochemical cell was mounted on a precision positioning stage which allows 

diffraction measurements to be taken at any location with respect to the 

corroding metal solution interface. Prior to measurements, the metal solution 

interface was focused and the sample was positioned where the incident X-ray 

beam was positioned in the electrolyte above any formed corrosion products. 

Diffraction patterns were collected from the electrolyte towards the metal 

solution interface by moving the sample stage at 100 µm increments. A 

schematic diagram (Figure 3-4a) illustrates the approach which enabled the 

measurements of all different regions of the corroding interface to be made. 

Corrosion products close to the dissolving metal interface were also measured 

with a reduced step size of 10 µm (Figure 3-4b) enabling changes at a higher 

spatial resolution to be identified. Both sets of diffraction measurements were 

repeated in each electrolyte solution. The exposure time was limited to 30 s to 

reduce beam damage. The position of each diffraction pattern is correlated with 

a ‘live’ optical image of the corroding artificial pit to allow exact correlation of the 

diffraction pattern relative to the moving (due to continued corrosion) 

metal-electrolyte interface. X-ray diffraction patterns were integrated and 

analysed in DAWN (Version 2.0.0, 2010-2016) (147) and fullprof software 

(Version 3.00, 2015) (148).    
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Figure 3-4. Schematic diagram of the XRD scan path through different regions 
of corrosion products inside Zr artificial pit. (a) order of a coarse XRD scan at 
100 µm spacing from electrolyte through corrosion products into Zr foil; (b) order 
of a fine XRD scan at 10 µm spacing through corrosion products region 2 close 
to dissolving metal interface.  

3.5.2 X-ray absorption near edge structure (XANES) 

XANES was used to study solution Zr species. XANES measurements were 

taken for Zr standard compounds and at various regimes at the artificial pit in a 

fluorescence geometry using the same beamline, I18, immediately following 

XRD measurements. A Zr reference foil was used for energy calibration for the 

XANES measurements. Zr reference compounds included ZrO2 (98.5%, Fisher 

Scientific, UK), ZrOCl2 ∙ 8H2O (reagent grade 98%, Scientific Laboratory 

Supplies, UK) and Zr(OH)4 (97%, Sigma-Aldrich, UK), were prepared from the 

as-received powder form. 
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XANES spectra were obtained using a Si (111) double crystal monochromator 

which produced a focused X-ray beam with energy ranging from 17,900 eV to 

18,400 eV. The beam spot size was maintained at 3 µm (v) x 10 µm (h). 

Fluorescence data were collected using a 4-element Vortex Si drift detector. To 

maximize the signal to noise ratio, 206 energy points were used across the 

absorption edge with an irradiation time of 1s per point. The resulting spectra 

were background corrected and normalised using Athena software (Version 

0.9.24) (149).  

3.6 Surface characterisation  

3.6.1 Surface coverage of cells on Ti, Zr and TiZr substrates  

Cell adherence and the cell morphologies of THP-1 cells on each metal 

substrate including CP Ti, Ti5Zr, Ti15Zr, Ti50Zr and CP Zr were characterised 

using a Zeiss EVO MA-10 (Carl Zeiss, Germany) scanning electron microscope 

(SEM) in secondary electron mode with an energy of 10 keV. Surface coverage 

of cells (which was considered to reflect the percentage of the surface exposed 

to cell-generated ROS conditions) was examined by SEM imaging of the 

retrieved metal substrates after culturing with unstimulated THP-1 cells for 7 

days for each alloy composition. The morphologies of M1 and M2 phenotypes 

of THP-1 cells were characterised on retrieved CP Ti substrates after culturing 

with the cells in their respective media for 24 h. All the retrieved discs were 

prepared by fixation and dehydration prior to SEM characterisation. The 

retrieved metal substrates with adhered cells were washed with Hank’s 

balanced salt solution gently 3 times and fixed by incubation in 1.5 mL of 2.5% 
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glutaraldehyde (EM Grade, Agar Scientific, UK) in 0.1 M sodium cacodylate for 

10 min at room temperature. The disks were then dehydrated by sequential 

immersion in 1 mL of 20, 30, 40, 50, 60, 70, 90, 95, 100% (twice) ethanol for 

10 min, followed by incubating with 0.2 mL of hexamethyldisilazane which was 

allowed to evaporate overnight. 

Image analysis on standardised SEM images (cell morphology and surface 

coverage) was performed using Fiji software (ImageJ, National Institutes of 

Health, USA) using a previously validated method (150). Briefly, the cells were 

segmented from the surface using Trainable Weka Segmentation with 

segmentation filters previously described in (150). The training features include 

Gaussian blur, sobel filter, hessian, difference of Gaussians and membrane 

projections, mean, minimum, maximum and median. Other settings were 

unchanged from the default including membrane thickness 1, membrane patch 

size 19, minimum sigma 1.0, and maximum sigma 16.0.  

The segmented images were converted into binary images so that the 

histogram of pixels corresponding to cells could be calculated. Objects that 

were less than 30 pixels in size were assumed to be noise and were removed 

using ‘Analyse Particles’ plugin (150). The cell spread area was then calculated 

by percentages of number of pixels. Differences between samples were 

detected using a one-way analysis of variance (ANOVA) at a significance level 

of α=0.05.   
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3.6.2 Surface morphology of Ti6Al4V and Zr after corrosion  

Ti6Al4V samples preceeding and following incubation (section 3.4.2) in H2O2 

and/or albumin containing solutions were examined by SEM JEOL 6060 (Japan 

Electron Optics Laboratory Ltd., Japan) using an acceleration voltage of 20 kV 

in both secondary electron (SE) and back scattered electron (BSE) mode. 

Energy Dispersive X-ray spectroscopy (EDX) (Oxford instruments, UK) was 

used to analyse these compositions of surface corrosion products.  

Top-down surface morphology of an in-situ grown Zr artificial pit (section 3.3.5) 

and bulk Zr samples following anodic breakdown (section 3.3.5) were examined 

by SEM in secondary electron mode using a JEOL 7000 (Japan Electron Optics 

Laboratory Ltd., Japan) with an operating energy of 20 keV. The corroded Zr 

artificial pit which was previously embedded in epoxy was immersed into 

methanol for 10 min to allow the epoxy resin to be removed. The exposed foil 

was cleaned with methanol and deionised water in an ultrasonic bath for 10 min 

respectively, followed by mounting on an Al sample stub with the corrosion 

interface facing upwards. 

3.7 Transmission electron microscopy  

Zr corrosion products from an established artificial pit were collected and 

characterised by Transmission Electron Microscopy using a FEI TalosTM system 

with an operating energy of 200 keV in conjunction with an energy dispersive x-

ray spectroscopy (EDS) detector for high resolution morphology 

characterisation and chemical analysis. Corrosion products were collected from 
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a Zr artificial pit which was grown at 0.8 V (Ag/AgCl) in 0.9% NaCl for ~3 h 

ambient temperature. The collected corrosion products were rinsed with 

deionised water into a 30 mL plastic tube, where settlements of corrosion 

products were obtained after 24 h. The supernatant was discarded and the 

pellet of corrosion products was dispersed onto a gold TEM sample grid using a 

microliter syringe. The TEM sample grid with deposited corrosion products was 

placed in a desiccator before characterisation.  
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4 THE EFFECT OF ZR ADDITION ON THE CORROSION OF TI 

IN SIMULATED PHYSIOLOGICAL CONDITIONS  

4.1 Introduction  

The aim of the work described in this chapter is to systematically investigate the 

effect of Zr additions to Ti on its corrosion resistance in simulated physiological 

solutions that may be encountered in the peri-implant environment. These 

measurements are complemented by preliminary work on cellular induced 

corrosion by studying metal ion release associated with inflammation. The 

rationale behind the work is to address the knowledge gap regarding the 

corrosion resistance of new TiZr binary alloys, which have been developed to 

provide improved mechanical properties for small diameter implants, in a better 

approximation of peri-implant environment.  

In this work, the effect of systematic additions of Zr (ranging from 0, 5, 15, 50 

through to 100 at%) on the corrosion of Ti was studied in solutions that could 

represent conditions encountered in the peri-implant environment. 2 M HCl was 

used to simulate localised acidification as a result of processes such as 

mechanically assisted crevice corrosion (MACC). H2O2 was used to simulate 

inflammatory environment where Reactive Oxygen Species (ROS), including 

H2O2, are produced by immune cells and certain bacteria which form implant 

surface biofilms. The inflammatory environment was approximated by the 

introduction of 0.1 M H2O2 in 0.9% NaCl (ASTM standards) in this study. To 

simulate complex corrosion conditions as a consequence at cellular 

modification of the immediate implant environment, THP-1 cells, a human 
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monocytic cell line, were induced into a pro-inflammatory M1 phenotype or into 

a tissue-repair M2 phenotype to mimic the different functional behaviour of 

macrophages during acute and chronic stages of inflammation. The corrosion 

behaviour of the five types of alloys (CP Ti, Ti5Zr, Ti15Zr, Ti50Zr and CP Zr) 

were characterised by electrochemical measurements including Open Circuit 

Potential (OCP), potentiodynamic polarisations (anodic and cathodic) as well as 

potentiostatic polarisations (anodic) in solutions including 2 M HCl, or 0.9% 

NaCl with and without the presence of H2O2. The corrosion of the five different 

alloy compositions were also characterised in the presence of stimulated THP-1 

cells (M1 or M2 phenotypes), by measuring metal release over long-term 

incubation in this cellular environment. Factors influencing metal release such 

as cell adherence and surface coverage on the different substrates, as well as 

cell morphologies in M1 or M2 phenotypes were characterised using SEM 

combined with quantitative image analysis and therefore correlated with 

corrosion measurements.     
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4.2 Microstructure Characterisation  

Optical micrographs of etched CP Ti and binary TiZr alloys discs are shown in 

Figure 4-1. CP Ti consists of equiaxed α grains. Ti5Zr has coarse as-cast grains 

within which there are primary α lamellae in colonies. With increases in Zr 

content, as shown in the case for Ti15Zr and Ti50Zr, finer needle-type 

structures are exhibited. The acicular structure identified in Ti-50Zr is 

characteristic of martensite, which is often formed by diffusionless 

transformation.  

As-polished CP Zr and TiZr alloy discs were examined by SEM under BSE 

mode. Alloy partitioning can be observed on the Ti5Zr and Ti15Zr surfaces 

(Figure 4-2), where the brighter (whiter in the Figure 4-2) area of lath 

boundaries were associated with higher concentrations of Zr confirmed by EDX. 

The as-polished Ti50Zr surface showed a finer needle-type structure which is 

consistent with its etched structure. The CP Zr surface showed features of α 

grains with a uniform distribution of second phase particles with a size of 1-5 µm 

(Figure 4-2). A higher resolution BSE image of the second phase particles can 

be found in Figure 4-3a and a confined area was analysed by EDX (marked 

with a solid red box). The spectrum from the analysed area showed peaks of Zr, 

Fe and Hf. Elemental mapping of the three elements revealed that the particles 

are enriched in Fe and depleted in Zr. The consolidated map of all elements 

showed that the analysed area consisted of Fe-rich second phase particles 

distributed in a matrix of Zr with a minor concentration of Hf.  
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Figure 4-1. Optical microscopy images of the etched surfaces of CP Ti G2, 
Ti5Zr, Ti15Zr and Ti50Zr (Zr in at %). Microstructure of Ti50Zr was 
characterised under a polarised optical microscope.  
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Figure 4-2. BSE images of as polished surfaces of the TiZr alloys (Ti5Zr, 
Ti15Zr, Ti50Zr) and CP Zr.  
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Figure 4-3. (a) Higher resolution BSE image of second phase particles on the 
CP Zr surface. A selected area containing particles is labelled (solid red box) 
and examined by EDX with spectrum shown in (b). Elemental maps of Zr (Lα 1), 
Fe (Kα 1) and Hf (Kα 1) and the consolidated mapping are shown at the bottom. 

4.3 Corrosion behaviour in HCl 

Open circuit potentials (OCPs) of CP Ti, TiZr binary alloys and CP Zr in 2 M HCl 

solutions are shown in Figure 4-4. The OCP for CP Ti showed rapid decease 

with time from ~ -350 mV, then settled close to -650 mV, consistent with a 

depassivation. Ti5Zr also showed an abrupt decrease in OCP, but the timescale 

was significantly longer than that for CP Ti and the OCP after 1 h was slightly 

higher at ~-600 mV. Ti15Zr showed a much more gradual decrease in OCP to 

~-400 mV whereas Ti50Zr and CP Zr both showed a gradual increase in OCP 

to ~-300 mV and ~-230 mV, respectively indicating surface passivation.  
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Figure 4-4. Open Circuit Potentials of CP Ti, Ti5Zr, Ti15Zr, Ti50Zr alloys and 
CP Zr with naturally air-formed oxides in 2 M HCl for 1 h at 37 °C 

Anodic polarisation curves of the alloys after 1 h immersion in 2 M HCl solutions 

at OCP are shown in Figure 4-5. CP Ti exhibited a clear active/passive 

transition at -500 mV with an anodic peak of critical current density (icrit) of 

~60 µA/cm2, whereas Ti5Zr showed a similar active passive transition but with a 

reduced icrit of ~40 µA/cm2.  There is no sign of any increased current density at 

high potential associated with pitting corrosion.  Ti15Zr did not show an 

active-passive transition but instead showed only a passive region with a 

passive current density of ~10 µA/cm2 without any sign of pitting corrosion at 

potentials up to 1.4 V. Ti50Zr showed similar passive behaviour with a lower 

passive current density of ~5 µA/cm2 compared with Ti15Zr, however it was 

susceptible to pitting corrosion, shown by a sudden increase in current at higher 
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potential. The pitting potential was variable with one value 640 mV and the 

other above 1000 mV. Similarly, CP Zr was even more susceptible to pitting at 

much lower potentials at approximately 100 mV.  

 

Figure 4-5. Anodic polarisation of CP Ti, Ti5Zr, Ti15Zr, Ti50Zr alloys and CP Zr 
in naturally aerated 2 M HCl at 37°C after 1 h immersion at OCP. Scan rate was 
1 mV/s. 

Pits on surfaces of Ti50Zr and CP Zr after anodic polarisation are examined by 

SEM and are shown in Figure 4-6. The Ti50Zr sample shows a pit that is 

irregular in shape with faceted boundaries. The pit appeared to have developed 

from the edge of the sample. At higher magnification, acicular structures can be 

seen inside of the pit that are similar to the etched structure (Figure 4-1). The 
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CP Zr sample showed circular pit patches where some were in the centre and 

others had grown into the edge. At higher magnification, a rough morphology 

was observed within the corroded area. 

 

Figure 4-6. SEM images of pits on surfaces of Ti50Zr (left) and CP Zr (right) 
after anodic breakdown in 2 M HCl solutions at 37 °C. 

4.4 Corrosion behaviour in physiological saline with and without H2O2  

The OCP as a function of time were measured for CP Ti, TiZr alloys and CP Zr 

in 0.9% NaCl with and without addition of 0.1 M H2O2. For all of the 

measurements, the OCPs gradually increased during the 1 h immersion period, 
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indicating increased passivation. The OCPs of Ti15Zr are shown in Figure 4-8 

as an example. It can be seen that in 0.9% NaCl, the OCP of Ti15Zr was 

gradually increased during the 1 h immersion period, and this was associated 

with passive film development and reduced anodic current density. Addition of 

H2O2 in 0.9% NaCl increased the OCP of Ti15Zr, which gradually increased 

during the immersion course, similar to those observed in a H2O2 free system. 

Figure 4-8 shows the OCP at 1 h as a function of Zr concentration. It can be 

seen that in both solutions, the OCP is significantly higher in the presence of 

H2O2.  Both in the presence and absence of H2O2, addition of 5% Zr decreases 

the OCP significantly, with a further decrease for Ti15Zr, and smaller decreases 

for higher Zr levels. 

 

Figure 4-7. Open Circuit potentials of Ti15Zr after 1 h immersion in 0.9% NaCl 
with and without addition of 0.1 M H2O2 at 37 °C.  



73 
 

 

Figure 4-8. OCPs of CP Ti, TiZr binary alloys (Ti5Zr, Ti15Zr, Ti50Zr) and CP Zr 
in physiological saline (0.9% NaCl) with or without addition of 0.1 M H2O2 after 
1h immersion at 37°C. The x-axis is the effective Zr concentration (at%) in each 
tested alloy. All data is shown.   

Anodic polarisation curves of CP Ti, TiZr alloys and CP Zr were measured in 

0.9% NaCl solutions with and without addition of H2O2 (Figure 4-5). In 0.9% 

NaCl solution alone, it was found that CP Ti, Ti5Zr and Ti15Zr showed 

spontaneous passivation with passive current densities at a similar level 

(5 µA/cm2) and no anodic breakdown was observed for potentials up to 

1000 mV. Ti50Zr and CP Zr also showed spontaneous passivation with a 

similar passive current density but both were susceptible to pitting at 

potentials > 500 mV. In 0.9% NaCl with addition of 0.1 M H2O2, spontaneous 

passivation was again observed in CP Ti, Ti5Zr and Ti15Zr and the passive 

current densities were increased by up to 3 µA/cm2 with respect to the level of 

5 µA/cm2 as observed in the H2O2 free solutions. However, for Ti50Zr and 
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CP Zr, such increases were not observed and passive current densities were 

slightly reduced compared with these in the H2O2 free solutions. Pitting 

behaviour was observed at high potentials (close to 1000 mV) in both Ti50Zr 

and CP Zr, indicating a similar susceptibility of anodic breakdown of the passive 

films in 0.9% NaCl regardless of the presence or absence of H2O2.   

 

Figure 4-9. Anodic Polarisation of CP Ti, Ti5Zr, Ti15Zr, Ti50Zr alloys and CP Zr 
in 0.9% NaCl with and without addition of 0.1 M H2O2 at 37 °C after 1 h 
immersion at OCP. Scan rate was 1 mV/s. 

Cathodic polarisations of CP Ti, TiZr alloys and CP Zr were measured in 0.9% 

NaCl with and without addition of H2O2, and are shown in Figure 4-10. It was 

observed that in 0.9% NaCl alone, the addition of Zr to Ti reduced the cathodic 

current density. In 0.9% NaCl with the addition of 0.1 M H2O2, the rates for 

cathodic reactions were increased for all alloys due to reduction of H2O2. 
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Addition of Zr to Ti decreased the cathodic reaction rates in solutions of 0.9% 

NaCl containing H2O2. 

 

Figure 4-10. Cathodic polarisation of CP Ti, Ti5Zr, Ti15Zr, Ti50Zr alloys and CP 
Zr in 0.9% NaCl, with and without addition of 0.1 M H2O2, at 37 °C after 1 h 
immersion at OCP. Scan rate was 1 mV/s. 

Potentiostatic polarisation measurements of CP Ti and binary TiZr alloys were 

carried out in 0.9% NaCl at 500 mV (vs. SCE) which is a potential in the passive 

region (for all substrates) according to previous anodic polarisation 

measurements (Figure 4-9). At ~1000 s, in some cases H2O2 was added to give 

a final concentration of 0.1 M H2O2 in 0.9% NaCl, and all solutions were stirred 

at this point. CP Zr underwent pitting after polarisation and is therefore not 

included in Figure 4-11. For all alloys in solutions that were only stirred, without 

addition of H2O2 (solid lines in Figure 4-11), the current density continued to 
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decrease, consistent with a growing passive film. When H2O2 was added, the 

current densities for CP Ti and Ti5Zr started to increase (broken lines in Figure 

4-11), suggesting that the passive films became less protective. The increase in 

current density following addition of H2O2 was less for Ti15Zr, and for Ti-50Zr, 

the effect of H2O2 was completely suppressed.  

 

Figure 4-11. Current density as a function of time for CP Ti, Ti5Zr, Ti15Zr, 
Ti50Zr and CP Zr under potentiostatic control at 500 mV (vs. SCE) in 0.9% 
NaCl after 1 h immersion at OCP, 37 °C. For some experiments, H2O2 was 
added to the solution to give a final concentration of 0.1 M H2O2 at 1000 s 
(broken lines), and in all experiments, the solution was stirred just after 1000 s. 

4.5 Metal ion release associated with THP-1 culture  

4.5.1 THP-1 cell adherence  

Unstimulated THP-1 cells cultured on the surfaces of CP Ti, TiZr binary alloys 

and CP Zr and were found to be adherent after 7 days of incubation (Figure 

4-12 (a), (d), (g), (j), (m)). The morphology of adherent THP-1 cells was 



77 
 

observed to be clustered, and circular-shaped (Figure 4-12 (c), (f), (i)). 

Spreading of the cells can be seen in Figure 4-12 (l) and (o), demonstrating 

distinct lamellopodial extensions (151). Quantitative image analysis of adherent 

THP-1 cells on Ti, Zr, TiZr surfaces confirmed minor differences in surface 

coverage between different substrates, varying from 74% to 92% between the 

five types of alloys.  
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Figure 4-12. SEM images of unstimulated THP-1 cells cultured on mirror 
polished surfaces of CP Ti (a)-(c), Ti5Zr (d)-(f), Ti15Zr (g)-(i), Ti50Zr (j)-(l) and 
CP Zr (m)-(o) after incubation in RMPI 1640 medium (with addition of 10% fetal 
calf serum, phorbol 12 myristate 13 acetate (PMA) (10 ng/mL), penicillin 
(100 units/mL), streptomycin (100 µg/mL), amphotericin B (2.5 µg/mL)) for 7 
days at 37 °C.  

4.5.2  Morphology and surface coverage of M1 and M2 phenotypes of 

THP-1 cells  

Figure 4-13 shows the morphology of undifferentiated THP-1 cells, THP-1 cells 

differentiated into a M1 or M2 phenotype after culturing on CP Ti discs for 24 h. 
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It can be found that induction of the M1 phenotype of THP-1 cells by stimulating 

with LPS and cytokine IFN-γ, caused the cells to flatten in round and circular 

shapes. Induction of the M2 phenotype of THP-1 cells by stimulating with the 

cytokine IL-4, caused the cells to elongate. Therefore, it is evident that induction 

of THP-1 cell phenotypes produced different adherent cell morphologies.  

Figure 4-13. SEM images of unstimulated THP-1 cells, the stimulated M1 and M2 
THP-1 cells after culturing on CP Ti surface for 24 h.  

Quantitative image analysis was conducted to reveal differences in surface 

coverage associated with the different morphologies. Figure 4-14 shows SEM 
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images of M1 and M2 phenotypes of THP-1 cells before and after image 

segmentation. It can be observed that the M1 cells (Figure 4-14a) were 

accurately detected from the surface by segmentation (marked in blue, Figure 

4-14b), and similarly for M2 phenotype Figure 4-14c and Figure 4-14d). The cell 

coverage was calculated from the segmentation images and average coverage 

area of M1 and M2 cells are shown in Figure 4-15. It was shown that the M1 

cells exhibited surface coverage of 50% ± 13%, which was statistically lower 

than that of M2 phenotype which was 82% ± 2% (p=0.02).  

 

Figure 4-14. SEM images of (a) M1 phenotypes of THP-1 cells on CP Ti metal 
substrates. b) Overlay of the segmented area (blue) of M1 cells showing 
accuracy of detection. c) M2 phenotypes of THP-1 cells and d) overlay of the 
segmented M2 cell area (blue).   
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Figure 4-15. Averaged surface area of M1 and M2 phenotypes of THP-1 cells 
with statistically difference at p=0.02. Symbols represent each individual image 
analysis. 

4.5.3 Cellular induced metal ion release  

Figure 4-16 and Table 4-1 summarise metal release detected by ICP-MS from 

CP Ti, TiZr alloys and CP Zr after 13 days incubation in cell culture medium with 

and without THP-1 cells differentiated into M1 or M2 phenotypes. It can be seen 

from Figure 4-16 that in the media and metal-free cell culture controls, no Zr 

and negligible amounts of Ti were detected. The negligible amounts of Ti might 

be sourced from trace element contamination in the cell culture medium (from 

batch to batch) and/or fetal bovine serum which varies in purity in different 

grades due to the contamination with trace metal elements.  

In the case of culture medium alone with no cells, Ti release was found to be 

the highest from CP Ti, and progressively reduced with increasing Zr content. A 

negligible amount was detected from CP Zr which might come from minor Ti 
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contamination in the medium. Zr release was found to be under the limit of 

detection from CP Ti, Ti5Zr and Ti15Zr. From Ti50Zr and CP Zr, Zr only showed 

minimal release, and increased with increasing Zr concentrations in the alloy.  

For metal substrates incubated in the presence of M1 phenotype THP-1 cells, Ti 

metal release was found to be increased from CP Ti and all TiZr grades, 

compared with those in medium alone. Furthermore, it was found that Ti release 

was progressively reduced with increasing Zr concentrations. Zr release was 

close to or under the limits of detection for CP Ti, Ti5Zr and Ti15Zr. Zr release 

from Ti50Zr and CP Zr, was increased relative to equivalent samples incubated 

in cell-free conditions. 

For metal substrates incubated in the presence of M2 phenotype THP-1 cells, Ti 

release was increased from CP Ti at levels approaching two folds the levels 

detected following culture with a M1 phenotype. Ti release reduced 

progressively from Ti5Zr to Ti50Zr. Zr release remained at low levels for Ti5Zr 

and Ti15Zr. Ti50Zr showed similar amount of Zr release compared with that in 

the presence of M1 cells, and CP Zr showed increased release in comparison 

with that in the presence of M1 cells.  
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Figure 4-16. Mean concentrations (ppb) of Ti and Zr ion release from CP Ti, TiZr alloys and CP Zr in 3.4 mL RPMI-1640 cell 
medium with absence or presence of M1 and M2 phenotypes THP-1 cells for 13 days at 37 °C, 5% CO2, 100% humidity. 
Individual measurement from each mass spectroscopy assay was indicated with symbols (square symbol for Ti, and triangle 
symbol for Zr). Flat columns marked with asterisks refer to Zr concentrations below the Zr detection limit of 0.4 ppb. Detection 
limit for Ti is 0.3 ppb. 
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Table 4-1 Mean concentrations with the range from individual measurements of 
Ti and Zr release (ppb) from CP Ti, Ti5Zr, Ti15Zr, Ti50Zr, CP Zr discs under 
each condition for 13 days at 37 °C, 5% CO2, and 100% humidity.  

Incubation conditions  Ti Zr 

No metal disc 

controls   

Medium  1.4 (0.9 – 1.6)  0 

Medium + M1 

THP-1 cells 

1.3 (1.0 – 1.4)  0 

Medium + M2 

THP-2 cells 

1.1 (0.9 – 1.2)  0 

 Medium + 

metal discs  

CP Ti 6.3 (5.1 – 8.6)  < 0.4 

Ti5Zr 4.3 (3.9 – 4.6)  <0.4 

Ti15Zr 3.8 (3.2 – 4.5)  <0.4 

Ti50Zr 1.7 (1.5 – 1.9)  0.8 (0.8 – 0.9)  

CP Zr 1.2 (1.0 – 1.3)  2.7 (1.5 – 4.7)  

Medium + M1 

THP-1 cells + 

metal discs  

CP Ti 11.7 (10.5 – 12.5)  1.4 (0 – 4.2)  

Ti5Zr 9.4 (7.4 – 10.5)  <0.4  

Ti15Zr 9.0 (8.6 – 9.5)  0.6 (0.5 – 0.7)  

Ti50Zr 3.6 (3.4 – 3.7)  1.6 (1.5 – 1.8)  

CP Zr 1.2 (0.9 – 1.5)  4.0 (3.6 – 4.5)  

Medium + M2 

THP-1 cells + 

metal discs  

CP Ti 22.1 (15.4 – 26.8) <0.35 

Ti5Zr 17.1 (16.1 – 17.7)  0.4 (0.4 – 0.5)  

Ti15Zr 10.8 (10.5 – 11.2)  0.8 (0.7 – 0.8)  

Ti50Zr 5 (4.3 – 6.1)  1.8 (1.6 – 2.0)  

CP Zr 1.3 (1.0 – 1.5)  6.0 (3.7 – 7.8)  
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Figure 4-17 shows normalised Ti release (by concentration, at%, for each alloy) 

from CP Ti, Ti5Zr, Ti15Zr and Ti50Zr. Ti release from CP Ti and TiZr alloys (5, 

15 and 50% Zr) (normalised to elemental %) in cell culture and cell-free media 

are shown in Figure 4-17a. In the presence of M2 THP-1 cells, Ti release from 

all metal discs was increased relative to M1 THP-1 cells. Moreover, with 

increasing Zr additions (from 5 to 50%), the normalised Ti release was shown to 

be progressively reduced. The sum of Ti release following culture with both M1 

or M2 THP-1 cells demonstrated a clear pattern of reduced corrosion, with 

increasing addition of Zr. Normalised Zr release from TiZr alloys (5, 15 and 50% 

Zr) and CP Zr is shown in Figure 4-17b. Zr release was shown to be reduced 

relative to Ti when data was normalised to the at% composition of each 

exposed alloy. 
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Figure 4-17. Normalised (by concentration, at%, in respective alloys) (a) Ti 
release (ppb) (b) Zr release (ppb) from immersed alloys CP Ti, Ti5Zr, Ti15Zr, 
Ti50Zr and CP Zr after 13 days of incubation in RPMI 1640 medium with or 
without addition of M1 or M2 phenotype THP-1 cells at 37 °C, 5% CO2, 100% 
humidity. All data shown (n=3). Sum of M1 and M2 THP1 cells are total of two 
average values of metal releases under M1 or M2 conditions. Detection limit 
(D.L.) was 0.3 ppb for Ti and 0.4 ppb for Zr. Marker (*) indicates measurements 
made for CP Ti (0%) and Ti5Zr (5%) were below the detection limit.    
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4.6 Discussion 

4.6.1 Zr reduces the passive current density of Ti in HCl solutions    

Previously it has been established that Ti oxides became destabilised when 

exposed to concentrated reducing acids like HCl (77), and the addition of 50% 

Zr to Ti improved its oxide stability at open circuit (74) and increased its 

resistance to dissolution at lower potentials (44). The present work is consistent 

and supports previous findings, and additionally, it provides an overview of the 

effect of systematic additions of Zr on corrosion of Ti in acidic environments. 

 

Figure 4-4 showed different changes in OCPs of CP Ti, binary TiZr alloys and 

Zr following immersion in 2 M HCl solutions for 1 h. The abrupt drops of the 

OCP for CP Ti are likely to be associated with chemical dissolution of the 

surface oxide film and the plateau of potential at approximately -650 mV is 

associated with ‘surface activation’, where upon the bare metal surface is 

exposed leading to active dissolution (77, 80). From an E-pH diagram of a 

Ti-H2O system at 37 °C (76), it was observed that at the stabilised potential for 

CP Ti at approximately -650 mV, the thermodynamic stable form of Ti is ionic 

which is consistent with its active dissolution behaviour. Addition of 5 at% Zr 

(Ti5Zr) delayed the abrupt decrease in OCP suggesting a delayed ‘surface 

activation’, followed by the plateau of potentials at -600 mV at which ionic form 

of Ti is stable (76). Addition of 15 at% Zr (Ti15Zr) showed gradual decreases in 

OCPs down to -400 mV without the steep drops, suggesting an inhibited 

‘surface activation’, and the potentials were found in the passivation region 

(TiO2) from E-pH diagram (76).  Addition of 50 at% Zr (Ti50Zr) in contrast 
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resulted in an increase in potential, similar to that of CP Zr, suggesting 

spontaneous passivation. According to the E-pH diagram of Zr-H2O (78), the 

thermodynamic stable state of Zr at OCPs of Ti50Zr and CP Zr (-300 mV 

and -200 mV respectively, Figure 4-4) are found in aqueous Zr4+ rather than 

oxide form i.e. ZrO2. Therefore, it is suggested that air-formed Zr oxides are 

kinetically resistant to chemical dissolution (77). 

It can be concluded that increasing Zr additions systemically improved the oxide 

film stability of Ti in 2 M HCl solutions at open circuit conditions, supporting 

previous findings (77). It was proposed by Yu et al. (77) that the beneficial effect 

of the Zr addition to Ti is due to the presence of ZrO2, which has been 

demonstrated with a slower chemical dissolution rate when compared with TiO2 

in HCl solutions.  

From Figure 4-5, it was found that CP Ti exhibited a clear active passive 

transition on anodic polarisation after 1 h immersion at OCP. The active 

dissolution behaviour of CP Ti was observed at low potentials. Addition of 5 at% 

Zr suppressed the active dissolution peaks and was observed as a decrease in 

the critical current densities indicating an increased resistance to dissolution. 

Similar effects were also reported by Yu et al., where a reduced icrit was 

exhibited by Ti-50Zr (wt%) compared with CP Ti in deaerated 5 M HCl at 37 °C 

(44). For 15 at% Zr and above (Figure 4-5), the surface oxide films following 

immersion at OCP in 2 M HCl were preserved, resulting in spontaneous 

passivation following anodic polarisation.  
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4.6.2 Zr contents increased corrosion resistance of CP Ti in physiological 

saline with H2O2  

At open circuit conditions, spontaneous passivation was observed for the five 

types of alloys in 0.9% NaCl solutions with and without addition of 0.1 M H2O2. 

The addition of H2O2 increased the OCP of all alloys (Figure 4-7) which was 

attributed to the enhanced rates of the cathodic reactions (Figure 4-10) since 

H2O2 is a strong oxidant (17). Increasing Zr additions in Ti progressively 

reduced the potentials in both H2O2 free and H2O2 containing electrolytes. This 

was due to the reduced cathodic reactivity with increasing in Zr levels (Figure 

4-10), which is likely to be a result of the formation of a thicker and less 

conductive oxide.  

It is well-established that H2O2 enhances the corrosion of Ti (19-22, 86, 87) via 

a complexation reaction with its surface oxides. Consistently in the present 

work, higher passive densities of Ti were observed in the presence of H2O2 

under both potentiostatic and potentiodynamic polarisations (Figure 4-9 and 

Figure 4-11). Similar increases in passive current densities were observed for 

both Ti5Zr and Ti15Zr but were reduced in scale (Figure 4-9). In addition, from 

Figure 4-11, it can be seen that increasing additions of Zr (from 5, 15 to 50%) in 

Ti progressively supressed the impact of H2O2 on the rise in passive current 

density, until a complete passivation behaviour observed with Ti-50%Zr alloy. It 

appears that Zr and/or Zr oxides are not susceptible to complexation by H2O2 

therefore protect the surface oxides of TiZr alloys from deterioration, by forming 

Zr-rich oxide films that are resistant to dissolution.   



90 
 

4.6.3 Increased pitting susceptibility by higher Zr concentrations to Ti   

An increased pitting susceptibility was found in Ti50Zr and CP Zr in both HCl 

solutions and in neutral 0.9% NaCl solutions with and without addition of H2O2 

(Figure 4-5 and Figure 4-9). In 2 M HCl solutions (Figure 4-5), Ti50Zr exhibited 

pitting (passive film breakdown) susceptibility at potentials >500 mV while much 

lower pitting potentials (approximately at 100 mV) were found for CP Zr. Pits on 

the surface of Ti50Zr (Figure 4-6) were found to be initiated and/or propagated 

from the edge of the sample, indicating a potential role of crevice corrosion in 

these pitting events. On CP Zr, pits were found randomly distributed on the 

surface and initiation could be associated with the presence of Fe-enriched 

second phase particles as shown in Figure 4-3. The morphology of pits found 

on CP Zr were circular in shape, compared with facet boundaries seen on the 

surface of Ti50Zr. The facet boundaries and acicular structures inside the pit 

mirrored the as-polished and etched structures shown in optical (Figure 4-1) 

and BSE images (Figure 4-2), indicating an etching effect on pit propagation. 

Inside the pits on CP Zr surface, rough morphologies were observed suggesting 

dissolution is associated with a localised roughening process. In neutral saline 

solutions with and without addition of H2O2 (Figure 4-9), both Ti50Zr and CPZr 

exhibited similar pitting susceptibility at potentials >500 mV.  

4.6.4 Zr additions enhance cell mediated corrosion resistance 

Corrosion mediated by the contents of microenvironments between eukaryotic 

or prokaryotic cells and implant surfaces has been associated with implant 

degradation in vivo (13, 14, 119). Cell mediated corrosion has been linked to 
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cellular production of ROS species, including superoxide anions and H2O2 

released or formed in the environmental niche between a metal surface and the 

adhered cells (13, 14). The presence of adherent THP-1 cells resulted in both Ti 

and Zr release (Figure 4-16). 

Different functional phenotypes of THP-1 cells resulted in differences in metal 

releases. M1 or M2 macrophage phenotypes are distinguished by their different 

ability to produce inflammatory cytokines as well as oxygen and nitrogen radials 

(152). The pro-inflammatory M1 state is a classically activated state with 

enhanced microbiocidal activities including ROS production (to increase killing 

ability) (152, 153). The M2 state is associated with a wound-healing phenotype 

of macrophages, which is less efficient in producing ROS species (152). 

Surprisingly, Ti release was found to be higher in the presence of THP-1 cells in 

their M2 state when compared with the activated M1 state (Figure 4-17). It is 

worth pointing out the activity of the cells and ROS release are directly 

associated with functional activity such as phagocytosis (14), which was not 

simulated in this study. In addition, the extracellular chemistry in complex in 

nature (152) and the concentration of ROS species such as H2O2 can vary with 

time and spatially (85). The enhanced metal ion release by M2 cells in this 

study is most likely attributed to the significantly higher surface coverage 

observed by the cells on the metal surface (Figure 4-15). It was found that M2 

cells induced Ti dissolution was supressed progressively by addition of Zr 

(Figure 4-17), similarly shown in the sum of averaged metal release induced by 

M1 and M2 cells, which was found to be entirely consistent with inhibiting effect 
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of Zr addition on dissolution of Ti in the presence of H2O2 (Figure 4-11) and in 

HCl solutions (Figure 4-4 and Figure 4-5).  
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4.7 Conclusion 

1. In acidic environments (2 M HCl), addition of Zr inhibits surface activation 

and enhances oxide film stability of Ti at OCP. Furthermore, addition of Zr 

suppresses active dissolution and reduces the passive current density of Ti 

under anodic polarisation.  

2. In physiological electrolytes (0.9% NaCl), addition of Zr to Ti suppresses 

OCP by reducing the rate of cathodic reactions without significantly altering 

anodic polarisation. On addition of H2O2 (representative of a more 

inflammatory environment), the increased OCPs of CP Ti were reduced by 

alloying with Zr via decreasing the rate of its cathodic reactions. The 

enhanced passive current densities of CP Ti induced by H2O2 under anodic 

polarisation was reduced by Zr additions, which were further confirmed by 

passive dissolution at a controlled potential. Passivation of CP Ti at the 

controlled potential was destabilised by the presence of H2O2 leading to 

enhanced dissolution, which was supressed progressively by increasing Zr 

additions suggesting a better resistance to dissolution. Higher addition of Zr 

e.g. 50 at% in Ti as well as CP Zr were susceptible to pitting in acidic HCl 

solutions and neutral solutions 0.9% NaCl with presence and absence of 

H2O2.  

3. Ti release from CP Ti and TiZr binary alloys was induced by the presence of 

adherent THP-1 cells (both in pro-inflammatory M1 state and ’tissue healing’ 

M2 state). The magnitude of metal release was reduced with increasing Zr 

content and the pattern of corrosion behaviour was consistent with 

electrochemical measurements. 
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4. Systematic addition of Zr to Ti has been demonstrated to progressively 

enhance Ti passivity, however, caution needs to be taken when considering 

higher Zr concentrations due to an increased susceptibility to pitting 

corrosion. Optimisation of composition should be based on both passivity 

and pitting resistance such as Ti15Zr found in this study.  
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5 SYNERGISTIC EFFECTS OF ALBUMIN AND H2O2 ON 

CORROSION OF TI6AL4V  

5.1 Introduction  

The aim of the work described in this chapter is to study the synergistic effect of 

albumin and H2O2 on the corrosion of Ti6Al4V in physiological saline 

(i.e.0.9% NaCl). It has been previously shown by Yu et al. that a combination of 

H2O2, an inflammatory biomolecule found in the immediate implant 

environment, and albumin, the most abundant protein in tissue fluids, can lead 

to significantly higher levels of corrosion of Ti6Al4V than exposure to either 

species alone (17). However, the mechanisms underpinning this behaviour are 

not fully understood. It has been shown that albumin inhibits corrosion during 

short-term electrochemical polarisation but long-term metal ion release studies, 

using mass spectroscopy, have shown that albumin exposure can enhance 

corrosion (17). The synergistic action of albumin and H2O2 on Ti6Al4V corrosion 

has been previously explained, by a proposed mixed potential theory, where an 

“active” dissolution region has been proposed at low potentials, where 

adsorption of albumin would supress the corrosion potential taking it into more 

“active” region of Ti (17). The rationale behind the work is to understand the 

mechanism underpinning the synergistic effect of albumin and H2O2 on 

corrosion of Ti6Al4V as a function of time. The mechanism proposed by Yu et 

al. is explored, taking into account temporal effects on corrosion behaviour 

which were not previously considered.  
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In this study, both short-term (<24 h) and long-term exposures (up to 120 h) 

were investigated by electrochemical methods including open circuit potential, 

potentiodynamic and potentiostatic polarisation and electrochemical impedance 

spectroscopy (EIS). The surface morphology of H2O2 exposed Ti6Al4V oxide 

films was examined by SEM with EDX analysis, before and after immersion in 

0.9% NaCl, containing 0.1% H2O2 solutions with and without the addition of 

albumin. Dissolution of Ti6Al4V was also measured as a function of potential: 

metal ion release was measured at the constant potentials which were likely to 

be in the “active” region of dissolution proposed by Yu et al. In parallel, EIS 

measurements were carried at the static potentials to characterise the 

metal/oxide/solution interface.  
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5.2 Corrosion under open circuit conditions 

5.2.1 Open circuit potential  

Figure 5-1 shows the OCP (open circuit potential or corrosion potential) as a 

function of time in different solutions. In all cases, the corrosion potential 

gradually increased, consistent with a decrease in the anodic current density as 

a consequence of thickening of the oxide film and/or corrosion product layer on 

the metal surface.  The OCP was consistently higher in a solution containing 

0.1% H2O2 in 0.9% NaCl, compared with that measured in 0.9% NaCl alone. 

This is likely to be due to an increased cathodic current since H2O2 is a strong 

oxidant (17, 19). In a solution containing 4% albumin combined with 0.1% H2O2 

in 0.9% NaCl, the OCP was consistently lower than that measured in the 

presence of NaCl and H2O2 alone, but was higher than that measured in NaCl 

alone. This is consistent with previous work by Yu at al. (17), who showed that 

the presence of albumin decreases the rate of the cathodic reduction of H2O2, 

probably by adsorption onto the surface.   
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Figure 5-1. Open circuit potentials during exposure of Ti-6Al-4V in 0.9% NaCl 
with and without addition of 0.1% H2O2 or a combination of 0.1% H2O2 and 4% 
albumin at 37°C; exposure for (a) the first hour; (b) 120 h. 

5.2.2 Potentiodynamic polarisation  

Potentiodynamic polarisation curves can be used to confirm the interpretation of 

the OCP behaviour.  Figure 5-2 shows the anodic polarisation curves in the 
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same set of solutions as those in Figure 5-1.  The order of the open circuit 

potentials is consistent with that in Figure 5-1.  The lowest OCP was observed 

in NaCl alone, with addition of H2O2 leading to a higher potential associated with 

a higher cathodic reaction rate (consistent with the cathodic polarisation curves 

shown in reference (17)).  The addition of H2O2 to NaCl also led to an increase 

in the anodic reaction rate, above 400 mV (sufficiently above the OCP for the 

cathodic reaction to be negligible), with a small plateau seen from ~+400 to 

+600 mV, followed by a steady increase.  In the presence of NaCl, H2O2
 and 

albumin, the anodic reaction above +400 mV was the same as that for NaCl 

and H2O2 alone, suggesting that albumin caused little or no change in the 

anodic reaction, but the cathodic reaction appeared to be inhibited, explaining 

the relative values of the OCP shown in Figure 5-1. 
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Figure 5-2. Potentiodynamic polarisation of Ti6Al4V after 1 h immersion at OCP 
in the solutions indicated at 37°C. The scan rate was 1 mV/s. 

5.2.3 Electrochemical impedance spectroscopy (EIS) 

Figure 5-3 shows the Bode and Nyquist plots of Ti6Al4V after immersion in 

0.9% NaCl with and without the addition of H2O2 and/or albumin at OCP for 24 h 

and 120 h. Two-time constants corresponding to the oxide film and likely the 

(double) layer were observed in the Bode plot after 24 h immersion, although 

this was less obvious for that in 0.9% NaCl than in the presence of 0.1% H2O2 

and in the combination of 0.1% H2O2 and 4% albumin. Nevertheless, after 120 h 

immersion, more pronounced two-time constants were observed in all solutions, 

which could also be associated with a two-layer structured passive film. It was 

also found that the real part of the impedance (diameter of semicircle in Nyquist 

plot, indicating the combined resistances of the passive film and the 
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electrochemical reaction rates at OCP), increased with immersion time which 

was consistent with their OCP behaviour (Figure 5-1). Furthermore, it was found 

that the resistance of Ti6Al4V in the presence of both albumin and H2O2 in 0.9% 

NaCl was lower than that observed in the alternative solutions over both of the 

measured time periods. 

 

Figure 5-3. Bode and Nyquist plots of Ti6Al4V immersed at OCP in 0.9% NaCl 
in the absence and presence of 0.1% H2O2 and combination of 0.1% H2O2 and 
4% albumin at 37°C after (a) 24 h and (b) 120 h. Symbols are experimental data 
and lines are simulated data using the equivalent circuit shown in Figure 3-3. 

The data shown in Figure 5-3 were fitted using the equivalent circuit shown in 

Figure 3-3. The polarisation resistance (Rp) (Figure 5-4) is the sum of two 
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resistive components Rhf (oxide) and Rlf (inversely proportional to 

electrochemical reaction rate). It should be noted that Rp is dominated by Rhf 

(oxide resistance). Figure 5-4 shows that in all solutions, Rp gradually increased 

with immersion time and subsequently approached steady state after 

approximately 70 h. It can be seen that the presence of H2O2 reduced Rp by 

more than an order of magnitude after the initial measurement. At 24 h, the 

value of Rp in the presence of both albumin and H2O2 was similar to that 

observed in the presence of H2O2. However, at later time periods (after 120 h 

immersion), Rp in the presence of albumin and H2O2 was significantly (at a half 

magnitude) lower than that in the presence of H2O2 alone, Rp in the presence of 

H2O2 was almost 1 magnitude lower than that in the 0.9% NaCl alone. 

 

Figure 5-4. Polarisation resistance (Rp) for Ti6Al4V as a function of immersion 
time in 0.9% NaCl with absence and presence of 0.1% H2O2 and combination of 
0.1% H2O2 and 4% albumin at 37 °C. Values were calculated by fitting the data 
shown in Figure 5-3 to the equivalent circuit shown in Figure 3-3. 
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5.2.4 Surface morphology after corrosion  

Figure 5-5(a) and (b) show the as-polished surface of Ti6Al4V with a distribution 

of β phase (identified using EDX, Table 5-1) in an α matrix. Figure 5-5(c) and(d) 

show secondary electron images of Ti6Al4V after immersion in 0.9% NaCl + 

10% H2O2 for 3 days at 37 °C. The mud-crack morphology of corrosion 

products suggests the formation of a thick corrosion product layer. Figure 

5-5(e)-(h) show the morphology of surfaces that were pre-treated in the same 

way as in Figure 5-5(c) and (d) but were then subsequently immersed in 0.9% 

NaCl + 0.1% H2O2 without, (e) and (f), or with, (g) and (h), 4% albumin for 7 

days at 37 C. Figure 5-5(e) and (f) shows similar mud-crack morphology to that 

observed in Figure 5-5(c) and (d), but it can be seen that in the presence of 

albumin, Figure 5-5(g) and (h), the thick corrosion product layer was dissolved, 

and the microstructural features such as the β phase can be observed 

(confirmed using EDX).   

The EDX composition of the α and β phases on the as-polished Ti6Al4V surface 

are shown in Table 5-1. It can be seen that the α phase is enriched in Al and 

the β phase is enriched in V. The air-formed surface oxides film was too thin to 

be detected accurately by EDX. Compositions of corrosion products (white 

precipitates, Figure 5-5(h)) and oxides on the bulk surface of α and β phases 

(Figure 5-5(h)) after immersion in the albumin containing solution are also 

shown. It was observed that the white precipitates found on the surface are 

mostly Ti oxides. The oxides on the bulk surface contain almost half the oxygen 

concentration of the white precipitates. It was also found that the vanadium (V) 
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concentration in the β phase (3.0 wt%) was lower than that of the as-polished 

surface (9.3 wt%) suggesting that the β phase has been preferentially 

dissolved.  
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Figure 5-5. SEM images of the surface of Ti-6Al-4V as-polished (a) secondary 
electron micrograph, SE; and (b) backscattered electron micrograph (BSE). 
Secondary electron images after immersion in (c) and (d) 0.9% NaCl + 10% 
H2O2 for 72 h at 37 °C; H2O2 pre-treated Ti6Al4V samples were then transferred 
to 0.9% NaCl + 0.1% H2O2 solution without (e, f) and with (g, h) presence of 4% 
albumin for 7 days at 37 °C. The presence of β-phase (identified with EDX, 
Table 5-1) is indicated. 
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Table 5-1. A summary of the mean compositions (n=3) with a range of compositions from regions of interests by EDX analysis 
of the as-polished Ti6Al4V surface (Figure 5-5b) and the surfaces follow incubation in an albumin containing solution (Figure 
5-5h).  

Elemental% (wt%) Ti Al V O Na 

as-polished surface 
(Figure 5-5a) 

α phase  91.2 (90.7-91.7) 6.1 (5.7-6.6) 2.5 (2.3-2.8) 0 0 

β phase  86.3 (84.8-88.6) 4.4 (3.9-4.9) 10.0 (8.2-11.3) 0 0 

surface after 
immersion in an 
albumin containing 
solution (Figure 
5-5h)  

white 
precipitates 

71.2 (70.4-72.1) 3.0 (2.9-3.1) 2.1 (1.7-2.6) 22.4 (21.8-23.2) 1.4 (1.3-1.6) 

Oxides 

(α phase) 

81.0 (80.4-82.0) 3.0 (3.0-3.1) 2.9 (2.4-3.7) 12.1 (11.7-12.6) 0 

Oxides  

(β phase) 

82.1 (81.1-82.9) 2.7 (2.4-3.2) 3.0 (2.5-3.5) 11.5 (10.4-12.3) 0 
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5.3 Time dependent corrosion behaviour at controlled potential  

Figure 5-6 shows the current as a function of time for Ti6Al4V, initially immersed 

in 0.9% NaCl, at a constant potential of 400 mV with additions of 0.9% NaCl 

containing H2O2 or albumin. It can be seen that at an early stage (~1 h, see 

inset Figure), the current density increased after addition of H2O2 containing 

saline to give a concentration of 0.1% H2O2 in 0.9% NaCl. For times up to 20 h, 

the solution with the additional 4% albumin had a lower current density 

compared with the control that contained only 0.1% H2O2 in 0.9% NaCl. 

However, differences became apparent over longer exposure times. In the 

presence of H2O2 alone, the initial increase in current density was found to 

reach a maximum value of >1 µA/cm2 at ~1.7 h followed by a steady decay of 

almost two orders of magnitude, reaching ~0.03 µA/cm2 at 70 h. This is likely to 

be a result of the accumulation of surface corrosion products similar to those 

shown in Figure 5-5(c).  However, in the presence of both albumin and H2O2, 

the current density was found to be relatively constant after the initial increase, 

without considerable degradation. This is consistent with the observation of a 

much thinner corrosion product layer seen in Figure 5-5(d), and suggests that 

albumin can promote dissolution of the H2O2-induced corrosion product, so that 

the current reaches a steady state relatively more quickly. A cross-over point in 

the current densities in these two solutions was observed at ~22 h and 

subsequently at 70 h, the current density in the presence of albumin and H2O2 

was measured to be almost an order of magnitude greater than that in H2O2 

alone. 
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Figure 5-6. Current density as a function of time for Ti6Al4V at a fixed potential 
of 400 mV (vs. SCE) after 1 h immersion in 0.9% NaCl at OCP and 37°C. The 
solution was stirred at 0.4 h, then followed by sequential additions of solutions 
to give a final concentration of 0.1% H2O2 and 4% albumin. Addition of solution 
was also made with the control group to give a final concentration of 0.1% H2O2, 
followed by stirring without addition of albumin.  The early stage of the 
measurement is shown in the inset.  

5.4 Metal ion release and EIS measurement at constant potentials  

5.4.1 Metal ion release at constant potentials  

Yu et al.(17) proposed that the increase in metal release in the presence of both 

H2O2 and albumin compared with H2O2 alone might be as a consequence of 

enhanced corrosion at the lower potentials as a result of inhibition of the 

cathodic reaction by the presence of albumin. To test this hypothesis, Ti6Al4V 

was exposed to 0.9% NaCl containing 0.1% H2O2 with and without 4% albumin 
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for 24 h under potentiostatic control.  Two potentials were chosen based on the 

OCP values observed in the two solutions after 24 h in Figure 5-1(b).  The OCP 

value in the presence of 0.1% H2O2 alone was close to 300 mV and in the 

presence of 0.1% H2O2 and 4% albumin a value closer to 90 mV was observed. 

Potential values of 90 mV and 200 mV were chosen so that they could be in the 

potential range of the active/passive transition as proposed by Yu et al.(17) 

Table 5-2 shows that at both measured potentials, Ti ion release was 

significantly higher in the presence of albumin by almost a factor of 2, indicating 

that the effect of albumin in dissolving corrosion products dominates the 

synergistic effect of H2O2 and albumin in accelerating Ti ion release. However, 

in the presence of albumin and H2O2, Ti release was significantly higher at 

90 mV than that at 200 mV (p<0.001), supporting the hypothesis of Yu et al. 

(17). In the presence of H2O2 alone, slightly higher metal Ti ion release was 

observed at the lower potential, but the difference was much smaller (p<0.01).  

Table 5-2. The mean concentration and standard deviation of Ti ion release 
(µg/cm2) from Ti6Al4V after 1 h at OCP followed by 24 h at either 90 or 200 mV 
(vs. SCE) in 0.9% NaCl with 0.1% H2O2 or 0.1% H2O2 + 4% albumin at 37 °C. 
Four measurements were made for each condition. 

Ti ion release (µg/cm2) 90 mV 200 mV 

0.9% NaCl + 0.1% H2O2 0.30 ± 0.01 0.28 ± 0.01 

0.9% NaCl + 0.1% H2O2 + 4% albumin 0.57 ± 0.01 0.51 ± 0.01 
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5.4.2 Potentiostatic EIS  

The metal/oxide/solution interface in 0.9% NaCl with presence of both H2O2 and 

albumin was also characterised by EIS measurements following potentiostatic 

polarisation for 20 h to develop a stable passive film. Figure 5-7 shows Bode 

and Nyquist plot of Ti6Al4V at different polarising potentials. It was observed 

that with potentials varying from 40 mV to 200 mV, phase angles in the Bode 

plot were shown to be very similar and impedance modulus (|Z|, Figure 5-7(a)), 

which reached plateaus at low frequency range (10-2 to 10-3 Hz), increased with 

increasing potentials. Similarly in Nyquist plot (Figure 5-7(b), the real part of 

impedance increased with increasing potentials. The polarisation resistance, 

oxide resistance and capacitance were obtained by fitting the EIS spectra with a 

two-time constant equivalent circuit (Figure 3-3) and are shown in Figure 5-8 as 

a function of potential. Figure 5-8(a) shows the polarisation resistance 

increased steadily with potential from ~360 kΩ-cm2 at 40 mV to ~930 kΩ-cm2 at 

200 mV. Figure 5-8(b) shows the oxide resistance (Rhf) and capacitance 

(calculated from Yhf using Equation 3-1 as a function of potential. The oxide 

resistance showed little change from 40 to 90 mV then increased significantly 

with potential up to 200 mV. The oxide capacitance showed some variation with 

potential, but appeared to give a maximum value at 90 mV.  
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Figure 5-7. Bode and (b) Nyquist plots of Ti6Al4V at polarised potentials from 
40 mV, 90 mV, 110 mV, 150 mV up to 200 mV, which were kept statically for 
20 h after 1 h immersion at OCP in 0.9% NaCl + 0.1% H2O2 + 4% albumin at 
37 °C. Symbols are experimental data and lines are simulated data using the 
equivalent circuit shown in Figure 3-3.  
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Figure 5-8. (a) Polarisation resistance and (b) Oxide resistance and capacitance 
of Ti6Al4V as a function of polarised potential in 0.9% NaCl + 0.1% H2O2 + 4% 
albumin at 37 °C. Error bars are not shown because the data is a single 
experiment. All parameters were obtained by fitting the impedance 
spectroscopy shown in Figure 5-7 to the equivalent circuit shown in Figure 3-3.  
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5.5 Discussion  

5.5.1 Effect of exposure time on corrosion of Ti6Al4V in the presence of 

H2O2 with and without addition of albumin  

It can be seen from potentiodynamic polarisation (Figure 5-2) that addition of 

H2O2 increased the passive current density of Ti6Al4V in 0.9% NaCl. Similarly, 

the potentiostatic current density (Figure 5-6) increased after addition of H2O2 in 

0.9% NaCl. H2O2 is known to increase the corrosion rate of Ti (22) and its alloys 

(18) via a complexation reaction with Ti ions (16, 19-21).  

At short time exposures (t < ~22 h), addition of 4% albumin suppressed the 

current density in the presence of H2O2 (Figure 5-6). Rapid adsorption of 

albumin onto the Ti6Al4V oxide surfaces has previously been observed with 

Quartz Crystal Microbalance (QCM) and X-ray photoelectron spectroscopy 

(XPS) (89, 154). In addition, using 125I radio labelling, it has been shown that 

albumin adsorbs on oxidised Ti surfaces from the early stages of immersion 

with most of the adsorption taking place within the first few minutes (91). To 

date, most studies have reported that albumin inhibits corrosion of commercially 

pure (CP) Ti and Ti alloys (94, 95, 99) and also protects it from dissolution 

induced by e.g. fluoride ions (155). Adsorption of albumin films have been 

proposed to block dissolution. However, all of these experiments have taken 

place over short time periods, typically over no more than a few hours. 

After longer term exposures (up to 72 h), it can be seen from Figure 5-6 that the 

potentiostatic current density in the presence of H2O2 alone decreased 

significantly after the initial increase, most likely as a result of blocking of the 
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surface by the peroxide corrosion product layer shown in Figure 5-5 (c) and (d). 

It has been proposed that Ti oxide film forms a two-layer structure in phosphate 

buffered saline, which consists of a thin barrier type inner layer and thick porous 

type outer layer, and the presence of H2O2 reduces corrosion resistance and 

thickens the outer porous layer (19-21). 

In contrast, prolonged exposure in the presence of both H2O2 and albumin 

resulted in a higher current density than that in the presence H2O2 alone, with a 

cross-over point at ~22 h. This is consistent with the observation of a much 

thinner corrosion product layer in Figure 5-5(g) and (h), suggesting that albumin 

promotes dissolution of the peroxide corrosion product layer at longer time 

periods.  

The interaction between albumin and peroxide corrosion layer has been studied 

by Sousa et al. via a kinetic perspective of albumin adsorption, adhesion and 

exchangeability (desorption) (89). It was found that the more hydrophilic surface 

of TiO2 after H2O2 immersion adsorbed less albumin but with higher work of 

adhesion i.e. it was more strongly attached on the surface, compared with that 

of the more hydrophobic surface of sputtered TiO2 (89). After the adsorption 

step, it was suggested that the exchangeability of albumin was changing with 

time: after 24 h the adsorbed albumin molecules on the H2O2-treated TiO2 

surface seem to be less exchangeable than those adsorbed on the sputtered 

TiO2 surface; however after 72 h nearly all the adsorbed albumin molecules 

effectively exchanged with other albumin molecules, which suggested that 

longer time is needed for exchange of albumin molecules adsorbed on surface 
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of H2O2-TiO2 complexes (89). Therefore, the time dependent dissolution 

behaviour observed in the presence work is consistent with the desorption of 

albumin-metal complexes as it is a slow, rate determining process (89), and can 

result in thinner oxides.  

The time-dependent data were confirmed by the EIS data shown in Figure 5-4. 

The polarisation resistance (Rp) of Ti6Al4V in in the presence of H2O2, Rp was 

significantly lower than that in NaCl alone after 24 h and both increased 

gradually with time, consistent with the formation of a thicker corrosion product 

layer. At 120 h, Rp in presence of H2O2 was over an order of magnitude lower 

than that in NaCl alone. Comparable values were measured for CP Ti in PBS 

where Rp decreased from 2×107 ohm-cm2 to 8×105 ohm-cm2 in the presence of 

50 mM H2O2 (compared with 33mM in the present work) after 125 h (87). The 

decreased corrosion rate of Ti6Al4V in the presence of H2O2 over time has 

been attributed to growth of a corrosion product layer. 

In the presence of albumin and H2O2, Rp showed little change over time 

compared with the behaviour in H2O2 alone, consistent with the steady 

potentiostatic current shown in Figure 5-6. Moreover, it can be seen from Figure 

5-4 that after 120 h, Rp in presence of H2O2 and albumin was significantly lower 

than that of H2O2 alone, consistent with the presence of a thinner corrosion 

product layer and increased dissolution. This observation correlates well with 

previous ICP-MS measurements carried out by Yu et al. (17), where metal ion 

release was measured in identical solutions after 2-week incubation and the 

combination of H2O2 and albumin was found to give a much higher Ti release 
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than that of H2O2 alone. It suggests that the explanation for this observation is 

likely to be the increased dissolution of the peroxide corrosion product in the 

presence of albumin.  

A possible mechanism is proposed and shown schematically in Figure 5-9 to 

illustrate how the synergistic action of H2O2 and albumin exacerbates corrosion 

as a function of time. A thin, uniform metal oxide/hydroxide is formed on the 

metal substrate following immersion in a 0.9% NaCl electrolyte, Figure 5-9(a). In 

the presence of H2O2 (Figure 5-9(b)), the metal substrate (and its oxides) 

complex with H2O2 resulting in an increased corrosion rate and formation of a 

thicker, rougher and more porous corrosion product layer. The peroxide 

corrosion products block the surface and reduce further corrosion. In the 

presence of albumin (Figure 5-9(c)), the biomolecule adsorbs onto the 

metal/oxide surface, binds the metal ions, forms soluble metal protein 

complexes and subsequently desorbs from the surface. The process is 

time-dependent process and manifests the dissolution behaviour. As a result, 

the peroxide corrosion products are dissolved by albumin and a thinner 

corrosion product layer is formed (Figure 5-9(d)), which facilitates further 

corrosion.  
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Figure 5-9. Possible mechanism of the synergistic action of H2O2 and albumin 
on corrosion of Ti6Al4V. (a) formation of a thin metal oxides/hydroxides film in 
0.9% NaCl; (b) the presence of H2O2 results in an increased corrosion and a 
thicker corrosion product layer; (c) the presence of albumin adsorbs onto the 
peroxide corrosion product layer, binds metal ions, and subsequently desorbs 
from the surface; (d) a thinner corrosion product layer is formed and facilitates 
more corrosion. Fresh albumin molecules are ready to the cycle of 
adsorbing-binding-desorbing again.   

5.5.2 Effect of potential on dissolution and oxide film formation on 

Ti6Al4V in presence of albumin and H2O2  

In the work of Yu et al., short term electrochemistry tests (t ~ 1 h) and long term 

(2 weeks) ion release measurements showed contradictory results regarding 

the effect of albumin on dissolution of Ti6Al4V in the presence of H2O2 in 

physiological saline. The investigation explained the observation using a mixed 
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potential theory (Figure 5-10a), suggesting that albumin suppresses the 

cathodic reaction, decreasing the corrosion potential into a more “active” region 

for dissolution of Ti at lower potential (17). In the present work, this hypothesis 

was tested by measuring metal ion release from Ti6Al4V at constant applied 

potentials. Table 5-2 shows that in the presence of albumin and H2O2, the rate 

of Ti ion release was higher at lower potentials, consistent with the proposed 

“active dissolution” effect (17). However, it is clear that the increased metal ion 

release at both potentials is substantially greater in the presence of albumin, 

indicating that the synergistic effect of albumin and peroxide observed at longer 

exposure times is dominated by the role of albumin in dissolving the peroxide 

corrosion product. A new mixed potential theory was proposed (Figure 5-10b) 

taking into account the time dependence effects as observed in this study.  
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Figure 5-10. Proposed mixed potential theories by (a) Yu et al. to explain the 
synergistic effect of albumin and H2O2 on increased corrosion of Ti6Al4V (17) 
and (b) based on the mass spectroscopy results in this study. 
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Metal implants are exposed to an environment that is more complex than the 

physiological saline (0.9% NaCl) that is used in standard tests such as ASTM 

F1801-97 and ASTM F1875-98 (133, 134). In the present work on Ti6Al4V, the 

major protein in the body, albumin, is shown to interact with the corrosion 

products of Ti in the presence of H2O2, which is produced in inflammatory 

processes. The level of H2O2 used in this work (0.1% = 33 mM) is at the lower 

end of those used in previous in vitro corrosion studies (17-21, 23). 

Concentrations of H2O2 measured in extracellular environments are frequently 

reported to be in the µM range (13, 24, 25, 83, 85). However, both immune cells 

and microbial biofilms (such as those found on oral implants) create local 

micro-environments where H2O2 can be considerably concentrated reaching 

mM concentrations. For example, measurements of H2O2 concentration in 

surface biofilms of the oral microbe Streptococcus gordinni have been shown to 

increase with proximity to the biofilm with quasi-steady-state concentrations of 

1.4 mM measured at 100 µm from the exposed microbial surface (85). It was 

proposed that the concentration of H2O2 may reach much higher levels within 

the biofilm itself and at the biofilm substrate interface.  

This work also highlights the need to examine the time-dependence of corrosion 

behaviour of metals used for biomedical implants, since in this case there is a 

clear switch in the observed behaviour at ~1 day. Similar time-dependent 

corrosion behaviour in the presence of albumin was also found in biodegradable 

Mg alloys in simulated body fluid (135). It was found that albumin blocks 

dissolution in the first few hours of exposure, but increased corrosion was 

observed over longer exposures (135).   
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As biomolecules such as albumin and H2O2 are present in inflamed peri-implant 

tissue, these observations raise the question of whether standard testing should 

be complemented by testing in more realistic environments over more realistic 

time periods.  

  



122 
 

5.6 Conclusions  

Albumin was found to have a time dependent effect on dissolution of Ti6Al4V in 

the presence of H2O2 in 0.15 M NaCl.  

At short times (t < ~22 h), albumin supressed dissolution rates, but at longer 

times, the rate of dissolution increased to values greater than those found in 

absence of albumin. 

The long-term dissolution behaviour in the presence of albumin and H2O2 can 

be attributed to the enhanced dissolution of peroxide corrosion products in the 

presence of albumin, resulting in formation of a thinner oxide layer on the metal 

surface. 

The rate of metal ion release in the presence of albumin and H2O2 was found to 

depend on potential. At lower potential, a higher metal ion release rate was 

observed via ICP-MS measurements, and the oxide resistance and capacitance 

determined from EIS was consistent with a thinner oxide layer than that found at 

higher potentials.  

The corrosion rate of Ti6Al4V in the presence of albumin and H2O2 in 0.15 M 

NaCl was observed to be significantly higher than that in 0.15 M NaCl alone, 

emphasising the need to test alloys for biomedical implants in more realistic 

physiological solutions. It is also essential to make measurements over longer 

time periods than those typically performed in standard tests involving 

conventional polarisation curves. 
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6 IN SITU CHARACTERISATION OF CORROSION PRODUCTS 

IN ZR ARTIFICIAL PIT AND BULK ZR ELECTROCHEMISTRY 

IN SIMULATED PHYSIOLOGICAL SOLUTIONS  

6.1 Introduction  

The aim of the work described in this chapter is to characterise the localised 

corrosion of Zr. The structure and speciation of Zr corrosion products formed in 

‘artificial pits’ (139, 141), were measured in-situ using synchrotron X-ray 

diffraction (XRD) and X-ray absorption spectroscopy (XAS) for the first time. 

The Zr corrosion products were formed by growing a Zr ‘artificial pit’ which was 

controlled at a constant potential in simulated physiological electrolytes. 

Measurements were conducted in 0.9% NaCl with and without the addition of 

H2O2, which is a biomolecule produced during inflammation, or albumin, which 

is the most prevalent protein in tissue fluids, or their combination. The rationale 

behind this work is to provide a better understanding of the pit chemistry of Zr, 

which is known for its vulnerability to pitting. In addition, we aimed to identify 

how the nature of corrosion products, are dictated by electrolyte compositions 

representative of physiological solutions that can be encountered in the 

peri-implant environment.  

Complementary characterisations of dissolved Zr surfaces from established Zr 

‘artificial pits’ were carried out using scanning electron microscopy (SEM). The 

morphology and size information of Zr corrosion products formed, were further 

characterised using transmission electron microscopy (TEM).   
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Complementary electrochemistry studies, including anodic polarisation were 

also carried out on bulk Zr surfaces in 0.9% NaCl with and without addition of 

H2O2 and/or albumin. Pits formed following anodic breakdown were 

characterised by SEM and optical microscopy.  
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6.2 Electrochemistry of Zr artificial pits  

Figure 6-1 shows the current densities and growth rates of Zr artificial pits at 

0.8 V (Ag/AgCl) in solutions containing 0.9% NaCl, with and without additions of 

H2O2, or albumin, or their combinations. It was observed that at 0.8 V the 

current quickly reaches a peak value and decreases due to the precipitation of a 

salt layer from the supersaturated solution. Subsequently the current density 

levels out to a limiting current density at approximately 0.4 A/cm2. Figure 6-1b 

shows the pit growth rate (pit depth as a function of time) at 0.8 V, where the pit 

depth estimated by Faraday’s Law (integration of current) was cross checked 

with visual observations. It was demonstrated that pit depth obtained from 

Faraday’s Law (integration of current) was consistent and seen to be slightly 

lower than the one measured optically, suggesting the as-measured current is 

mostly attributed to material loss, with possibly minor contributions from 

cathodic reactions. It can be seen that both the current densities and the pit 

growth rates were very similar in 0.9% NaCl solutions, with and without addition 

of H2O2 and/or albumin.  
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Figure 6-1. (a) current densities of Zr artificial pits at 0.8 V (vs. Ag/AgCl) in 0.9% 
NaCl, with and without additions of 0.1% H2O2, or 4% albumin, or their 
combinations; (b) pit depth as a function of time during growth in solutions of 
0.9% NaCl, with and without additions of 0.1% H2O2, or 4% albumin, or their 
combinations. Solid lines refer to pit depth estimated by current integrations. 
Square scatter plot data points refer to the depth measured from optical 
imaging.    
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6.3 Structure of Zr corrosion products formed in-situ 

Figure 6-2 shows an optical image of a ~3 mm deep Zr artificial pit that was 

grown at 0.8 V (Ag/AgCl) in physiological saline (0.9% NaCl) solution with 

addition of 0.1% H2O2 and 4% albumin. The location of XRD measurements 

relative to the position of the Zr foil (0 mm) are noted. Diffraction patterns are 

shown as a stack plot in Figure 6-2(b), and their positions are referenced to the 

locations marked in Figure 6-2(a). The diffraction pattern of Zr foil at 0 mm 

(Figure 6-2b) was consistent with a Zr powder standard (156) but with different 

relative heights of peaks due to the anisotropy of the foil. At 0.4 mm, where it 

was apparent a crevice had formed between the foil and the embedding epoxy 

(Figure 6-2a), the diffraction pattern shows the presence of Zr metal (foil) and 

zirconyl chloride octahydrate (ZrOCl2 ∙ 8H2O) (157). From 0.5 to 0.7 mm, more 

intense diffraction peaks consistent with the ZrOCl2 ∙ 8H2O standard were 

observed. From 0.8 to 2.3 mm which corresponds to black corrosion products 

seen in the optical image, Figure 6-2a, the diffraction peaks are weaker, but the 

major diffraction peaks (intensity 20x) are consistent with a Zr powder standard 

(156) and three broad peaks indicated with asterisks are consistent with three 

major peaks of the tetragonal ZrO2 standard (158). At 3.1 and 3.8 mm, 

corresponding to electrolyte inside and outside of the pit cavity (Figure 6-2a), 

the diffraction peaks (intensity 200x) are shown to be consistent with that of the 

Zr powder standard (156). 



128 
 

 

Figure 6-2. (a) Optical image of a Zr artificial pit at 0.8 V (Ag/AgCl) in 0.9% NaCl 
+ 4% albumin + 0.1% H2O2 solution at ambient temperature. The height of XRD 
measurements above the dissolving interface are marked; (b) stack plot of 
selected diffraction patterns in a sequence from solution to metal. Intensities of 
diffraction patterns at 3.8 and 3.1 mm were multiplied by 200x and intensities of 
diffraction patterns at 2.3, 1.8, 0.8 mm in black corrosion products were 
multiplied by 20x. Standards for Zr powder (156), tetragonal ZrO2 (158) and 
ZrOCl2 ∙ 8H2O (157) are indicated. *peaks that correlate with ZrO2. 
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6.4 Structure of black corrosion products further away from the 

corrosion front  

Figure 6-3a shows an optical image of a Zr artificial pit at 0.8 V (Ag/AgCl) in 

0.9% NaCl. It can be seen that black corrosion products accumulated at the left-

hand side ‘bulge’ of the pit cavity. The ‘bulge’ feature enabled measurements to 

be made of corrosion products that were not located at the position of the 

original Zr foil. Figure 6-3b shows a stack plot of selected, normalised diffraction 

patterns at 2.2 mm, 1.8 mm, and an average of all patterns from 0 to 3 mm. It 

was found that the location of all major peaks from the selected patterns were 

consistent with the Zr powder standard (156). Furthermore, the relative heights 

of the peaks from the corrosion products were more consistent with the Zr 

powder standard than the anisotropic foil, suggesting that the corrosion 

products are randomly-oriented Zr metal fragments. In addition to sharp Zr 

metal peaks, fainter broad peaks were consistently observed (marked with 

asterisks), and from the averaged diffraction pattern (Figure 6-3c), it was found 

that the peaks were consistent with the tetragonal ZrO2 standard (158).  
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Figure 6-3. (a) Optical image of a Zr artificial pit at 0.8 V (Ag/AgCl) in 0.9% NaCl 
at ambient temperature. The location of selected diffraction patterns from a 
XRD scan with 100 µm step-size are shown at the left-hand side ‘bulge’ of the 
artificial pit are shown (mm) relative to 0 mm indicated at the bottom; (b) 
diffraction patterns at 2.2 mm and 1.8 mm (locations marked in (a)), the average 
of all patterns from 0 mm to 3 mm, and the Zr foil. Intensities were normalised to 
the maximum Zr peak. Peaks marked with asterisks are shown in detail in (c) 
with intensity normalised to the maximum ZrO2 peak. The Zr powder standard 
(156) and tetragonal ZrO2 standard (158) are indicated at the bottom of (b), and 
(c), respectively.  
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Figure 6-4a shows the diffraction pattern of the Zr foil with clear anisotropy in 

the (0 0 2), (1 0 0) and (1 0 1) reflections highlighted. Figure 6-4(b), (c) and (d), 

show diffraction patterns of the Zr fragments found in the black corrosion 

products. Figure 6-4(b) and (c) show less anisotropy and a different preferential 

orientation of crystals, suggesting that fragments may have rotated they 

became detached. The average of the diffraction patterns from 0 mm to 3 mm 

(Figure 6-4d) shows isotropic scattering with continuous and smooth diffraction 

rings at all planes, suggesting many fine randomly oriented crystallites. 

 

Figure 6-4. Diffraction pattern images at positions as shown in Figure 6-3. 
Image (b), (c) and (d) are shown with brightness and contrast adjusted for 
clarity. 
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6.5 Structure of the salt layer adjacent to the corrosion front  

Figure 6-5a shows an optical image of a Zr artificial pit with magnified views of 

the salt layer for the sample containing 0.9% NaCl + 0.1% H2O2. The dissolving 

interface is not flat: there appears to have been some crevice corrosion. The 

point marked 0 µm is the highest point that appears to have no crevice 

corrosion (the diffraction pattern, shown in Figure 6-6, gives diffraction peaks 

from the foil). At 100 µm, there are strong diffraction rings from the foil 

(indicated with upward arrows) showing characteristic anisotropy (Figure 6-5b), 

but also a few rings that are characteristic of ZrOCl2 ∙ 8H2O (Figure 6-6 and 

Figure 6-5b indicated with diagonal arrows). The presence of rings from both 

the Zr foil and ZrOCl2 ∙ 8H2O indicate that there is crevice corrosion down the 

interface between the epoxy and the foil. At 130 µm (Figure 6-5c), more intense 

and smooth diffraction rings of ZrOCl2 ∙ 8H2O were observed. At 570 µm (Figure 

6-5d), further away from the interface, ZrOCl2 ∙ 8H2O was also observed, but 

diffraction rings were found to be spotty indicating coarsening of the salt 

crystals. At 680 µm (Figure 6-5e), even further away from the interface and 

close to the black corrosion products, the diffraction pattern exhibited discrete 

speckles consistent with coarse crystals of ZrOCl2 ∙ 8H2O and faint diffraction 

rings from Zr metal indicating the presence of Zr fragments, which was 

consistent for all solutions studied.ZrOCl2 ∙ 8H2O was consistently observed 

from the dissolving surface to a distance of approximately 500 µm to 600 µm 

away from the interface with gradual coarsening of the salt crystals further into 

the solution.  
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Figure 6-5. (a) An optical image of a Zr artificial pit formed at 0.8 V (Ag/AgCl) in 
0.9% NaCl + 0.1% H2O2 at ambient temperature. (b)-(e) Diffraction patterns 
from a 10 µm step line scan in a sequence from the black corrosion products 
through the salt layer and into the metal. The positions of the selected patterns 
are referenced in µm relative to the top of the uncorroded Zr foil (0 mm). Arrows 
shown diagonally indicate diffraction rings from ZrOCl2 ∙ 8H2O phase; arrows 
shown upwards indicate diffraction from Zr metal. Diffraction images at (b) 
100 µm; (c) 130 µm; (d) 570 µm and (e) 680 µm are shown with adjusted 
brightness and contrast.  
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Figure 6-6. A stack plot of integrated diffraction patterns as shown in Figure 6-5. 
Diffraction patterns of Zr foil and ZrOCl2 ∙ 8H2O are shown at the bottom for 
reference. 

6.6 Comparison of corrosion species in the simulated physiological 

solutions 

Figure 6-7 demonstrates the averaged diffraction patterns of the black corrosion 

products distant from the corrosion front (Figure 6-7a), and of the salt layer 

close to the corrosion front (Figure 6-7b) in the various electrolytes. It was 

observed that the averaged patterns of the black corrosion products in the 

different solutions presented the same phase constitution of Zr metal (powder) 

and tetragonal ZrO2 (marked with asterisks) (Figure 6-7a). It was also observed 

that the averaged diffraction patterns from the salt layer in the different solutions 
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exhibited the same diffraction pattern of ZrOCl2 ∙ 8H2O (Figure 6-7b). It can be 

concluded that the presence of H2O2 and/or albumin did not affect the formation 

of corrosion species in Zr artificial pits in terms of speciation.  
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Figure 6-7. Stack plots of the averaged diffraction patterns from a) black 
corrosion products in 0.9% NaCl with and without addition of 0.1% H2O2 and/or 
4% albumin; b) salt layer in 0.9% NaCl with and without addition of 0.1% H2O2 
and/or 4% albumin in Zr artificial pits at 0.8 V (Ag/AgCl) and room temperature. 
Standards of Zr powder, ZrO2, ZrOCl2 ∙ 8H2O are shown at the base of the 
figure.  
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6.7 XANES of Zr solution species  

Figure 6-8a shows a series of normalised XANES spectra for solution species in 

a Zr artificial pit grown in at 0.8 V (Ag/AgCl) in 0.9% NaCl + 4% albumin + 0.1% 

H2O2 as well as Zr reference compounds. The spectra of the Zr4+ reference 

compounds are all very similar, and show identical features to the spectra of the 

artificial pit solution species: a relatively featureless edge feature with an 

absorption edge peak at 18,020 eV and a weak pre-edge peak, more easily 

observed in the first derivative (Figure 6-8b), at 18,000 eV. This confirms that 

the solution species in the artificial pit is Zr in the tetravalent state, but no further 

information on its co-ordination environment can be inferred. 
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Figure 6-8. (a) Normalised XANES spectra of solution species as well as Zr 
reference compounds ZrO2, Zr(OH)4, ZrOCl2 ∙ 8H2O. The solution spectrum was 
measured from a Zr artificial pit previously shown in Figure 6-2. (b) are first 
derivatives of the spectra shown in (a). 

6.8 ex situ microscopy of Zr corrosion products and its dissolving 

interface  

6.8.1 SEM of the dissolving Zr interface  

Figure 6-9 shows SEM images of different regions of the Zr surface from an 

artificial pit grown at 0.8 V (Ag/AgCl) in 0.9% NaCl + 4% albumin + 0.1% H2O2 

for approximately 5 h. It can be seen that the corroding interface shows a high 

level of roughness (Figure 6-9a), and in some areas localised variations of 

roughness were also observed (Figure 6-9b). 
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Figure 6-9. SEM images of different regions, (a) and (b), of the top surface of a 
Zr artificial pit grown at 0.8 V (Ag/AgCl) in 0.9% NaCl + 4% albumin + 0.1% 
H2O2 for approximately 5 h at ambient temperature. 

6.8.2 TEM of Zr corrosion products  

TEM with EDX was used to identify the chemical compositions and 

morphologies of corrosion products collected from the Zr artificial pit cavity 

(Figure 6-10). EDX confirmed the presence of Zr metal particles with a 

composition of 98.9 ± 0.2% Zr (marked as * in Figure 6-10). The compositions 

from individual point analysis are shown in Table 6-1. Some metal fragments 

appeared to show some directionality to the dissolution, with parallel strips of 

metal with sizes up to 2 µm, although smaller fragments were seen. The 

compositions of corrosion products (marked as ʘ in Figure 6-10) showed 82% 

of Zr and 18% of O, suggesting the presence of Zr oxides/hydroxides. It can be 
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seen that these Zr oxides/hydroxides are in a “mesh” morphology engulfing the 

metal particles. 

 

Figure 6-10. TEM images (dark field) of corrosion products from Zr artificial pit 
grown at 0.8 V (Ag/AgCl) in 0.9% NaCl for 3 h, at ambient temperature. 
Positions of EDX point analysis are marked with * and ʘ, and relative 

compositions (wt%) are shown in the Table with mean values (n=3 for position * 
and n=4 for position ʘ) and standard deviation. Features of the morphology 
(ligaments and parallel strips) of fragments are labelled. The direction ‘Parallel 
strips’ is associated with the rolling direction of the Zr foil.  
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Table 6-1. EDX compositions (all in wt%) of points as indicated in Figure 6-10.  

                       Composition (wt%) 

Position of  

EDX point analysis  

Zr O Cl 

* 1 98.8 1.1 0.1 

* 2 99.1 0.9 0 

* 3 98.7 1.3 0 

* 4 99 1 0 

ʘ 5 83.4 16.6 0 

ʘ 6 83.9 16.1 0 

ʘ 7 79.9 20.1 0 
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6.9 Electrochemical polarisation on bulk Zr surfaces  

6.9.1 Anodic Polarisation  

Figure 6-11a shows anodic polarisation curves for bulk Zr samples in 0.9% 

NaCl solution with or without addition of H2O2 and/or albumin. It can be seen 

that the open circuit potentials of Zr in 0.9% NaCl were shifted to a more 

positive direction by addition of H2O2, and slightly shifted to negative directions 

by addition of albumin. The open circuit potentials in the presence of both H2O2 

and albumin were found to be between those in solutions containing H2O2 or 

albumin individually. The bulk Zr samples were passive with current densities in 

the range of 3 to 10 µA/ cm2 for all solutions up to approximately 500 mV (vs. 

SCE), at which point the current density increased rapidly above the “pitting 

potential”. Figure 6-11b shows pitting potentials in the different testing solutions, 

which varied from 550 to 1000 mV (vs. SCE) and were found to be similar 

regardless of the presence of H2O2 and/or albumin in 0.9% NaCl. 
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Figure 6-11. (a) Anodic polarisation of bulk Zr samples in 0.9% NaCl, with and 
without addition of 0.1% H2O2 and/or 4% albumin at 37 ± 1°C after 1 h at OCP. 
Scan rate was 1mV/s. Potentials are referenced to a standard calomel electrode 
(SCE). (b) Pitting potentials from the data shown in (a), as the potential at 
0.1 mA/cm2 was reached. 
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6.9.2 SEM of Zr pits following anodic breakdown  

Figure 6-12 shows pit morphologies on bulk Zr samples after anodic 

polarisations in 0.9% NaCl with and without presence of H2O2 and/or albumin. It 

was observed that pit surfaces exhibited varying localised roughness in all 

solutions, regardless of the presence of H2O2 and/or albumin in 0.9% NaCl. At 

higher magnifications, localised areas inside the pit showed honeycomb-like 

structure, consistent with undercutting processes likely to lead to the formation 

of metal fragments (indicated by arrows in Figure 6-12b). 
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Figure 6-12. SEM images of pits on bulk Zr surfaces after anodic polarisation 
(Figure 6-11) in (a) 0.9% NaCl; (b) 0.9% + 4% albumin; (c) 0.9% NaCl + 0.1% 
H2O2; (d) 0.9% NaCl + 0.1% H2O2 +4% albumin. Arrows indicated in part (b) 
show evidence of metal fragments inside the pit.   
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6.10 Discussions  

6.10.1 Formation of Zr metal fragments  

Zr metal fragments were detected in-situ by XRD in the pit cavity (Figure 6-2b), 

including at locations in the pit ‘bulges’ at some distance from the original 

location of the bulk foil (Figure 6-3b). The original foil showed distinctive 

anisotropy (Figure 6-4a) owing to the preferential alignment of crystals with the 

rolling direction during manufacture. The Zr fragments in individual point 

measurements showed some anisotropy but with different orientations (Figure 

6-4b and c), whereas the average number of diffraction patterns through the 

thickness of the corrosion product layer (Figure 6-4d), was more consistent with 

a Zr powder standard (156). TEM was subsequently used to characterise the 

corrosion products (Figure 6-10) and Zr metal fragments were identified by EDX 

analysis. Some metal fragments were found to show parallel ‘strips’, and 

‘ligament’ morphologies with sizes ranging from nm to < 2 µm (Figure 6-10). 

The dissolving interface of Zr exhibited a high level of roughness for both Zr 

artificial pits, and in pits on bulk Zr samples after anodic polarisation (Figure 

6-9a and Figure 6-12). A similar observation was reported by Palit and Gadyar 

(54) who showed that the dissolving surfaces of Zr pits were irregular, exhibiting 

a ‘spongy’ morphology. It was also claimed that in the active growing pit, ‘a 

black powder’ was formed which was shown to contain α-Zirconium by X-ray 

analysis (56), supporting the findings of this study. Although the dissolving 

interface was highly roughened at multiple locations, there was also variation in 

roughness across localised areas (Figure 6-9b).  
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Based on the XRD measurements, the sub-micron size and fragmented 

morphologies of Zr fragments, and the highly roughened dissolution surfaces, it 

can be speculated that Zr metal fragments are produced by an undercutting 

mechanism which is well established in stainless steel systems (159). Pits on 

stainless steel grow by undercutting of the passive metal surface. The upward 

growth of lateral lobes perforates the metal surface and produces metal 

particles leaving a porous cover known as a ‘lacy cover’ (159). Similar 

observations on the formation of metal particles as a result of dissolution 

process have been reported in commercially pure (CP) Ti artificial pits (129). 

Micron-sized Ti metal particles were detected from a pit cavity, generated by 

only an electrochemical corrosion process. It was proposed that pits only 

propagate at the front where the metal ion concentration is sufficiently high, 

while the remaining pit surface is passive, and the propagating front grows by 

undermining the metal and perforating the surface generating metal particles 

(129).  

6.10.2 ZrOCl2 ∙ 8H2O  

ZrOCl2 ∙ 8H2O was identified at the corrosion front, in the artificial pit and formed 

a salt layer a few hundred-microns thick above the dissolving interface (Figure 

6-2b and Figure 6-6). Crystal coarsening observed further out into the solution 

(Figure 6-5e). Hydrated Zr4+ ions are reported to be stable in strongly acidic 

solutions (H+, 1 M) and in a concentration lower than 10-4 M (160, 161). In more 

concentrated and/or less acidic solutions, Zr4+ will undergo a vigorous hydrolysis 

reaction and forms zirconyl ions i.e. [Zr4(OH)8 ∙ 16H2O]8+ that are kinetically 
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stable (162). In chloride containing environments, the zirconyl ions can form 

zirconyl chloride octahydrate (ZrOCl2 ∙ 8H2O) which was observed as the 

dominant species in the XRD data.  

The zirconyl species [Zr4(OH)8 ∙ 16H2O]8+ is a complex, consisting of four Zr 

atoms in the corners of a slightly distorted square plane and linked by double 

hydroxo bridges. Four additional water molecules are bound to each Zr atom so 

that the Zr atom is coordinated by eight O atoms in a distorted square antiprism 

(157). The remaining water molecules and chloride ions form a matrix which 

holds the zirconyl complexes together to form ZrOCl2 ∙ 8H2O (157).  

The clinical relevance of ZrOCl2 ∙ 8H2O species could be associated with 

situations where rapid dissolution interfaces occur, which could be encountered 

when passive films are deteriorated or ruptured such as during mechanically 

assisted crevice corrosion (MACC), leading to a burst of dissolution (62).  

6.10.3 Tetragonal ZrO2  

Tetragonal ZrO2 was detected, in-situ, in regions where black corrosion 

products were visible (Figure 6-2 and Figure 6-3). Broadening of the diffraction 

peaks of tetragonal ZrO2 (marked with asterisks in Figure 6-2b and Figure 6-3b) 

is likely to be attributable to particle size broadening. The ZrO2 crystallite size 

was estimated using the Scherrer equation (163) (Equation 6-1), 

Equation 6-1        B =
Kλ

Lcosϴ
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Where B is peak width determined by full width half maximum (FWHM) in 

radians, K is the Scherrer constant and here assumed to be 1, λ is the 

wavelength of the X-ray, L is particle size and ϴ is Bragg’s angle in degrees. 

Peak broadening was considered to be attributed solely by a particle size factor 

and instrumental broadening was considered negligible in this case. A 

Williamson-Hall plot (164) was created by plotting Bcosϴ against sinϴ from 

data at the three reflection planes corresponding to the three major peaks of 

ZrO2 from the averaged diffraction pattern shown in Figure 6-3b. The plot gives 

the size component (Kλ/L) from the intercept, which was 0.0062 and suggests a 

particle size of ~10 nm. The size estimation was consistent with TEM/EDX 

observations which was consistent with the presence of nano-scale Zirconium 

oxides/hydroxides (82% Zr and 18% O in wt%, Figure 6-10). 

Nano-scale ZrO2 particles can be synthesised by hydrolysis of an aqueous 

solution of ZrOCl2 ∙ 8H2O (165, 166). Hydrolytic polymerization of ZrOCl2 ∙ 8H2O 

solutions, produces a hydrated amorphous gel of ZrO2. This can be transformed 

into crystalline phases such as monoclinic and tetragonal ZrO2 on heating, with 

the phase formed, dependent on the precipitation conditions (166). It is reported 

that the crystal structure of ZrO2 is dependent on the pH of the precipitation 

solution and the time taken to attain this pH, although the thermodynamic stable 

phase of crystalline ZrO2 is monoclinic at room temperature (166, 167). 

Tetragonal ZrO2 was found to be formed more effectively in precipitation 

solutions of higher pH and with slower precipitation rates. Further studies also 

propose that the tetragonal phase can be stabilised against transformation to 

monoclinic if the particle size is less than 30 nm (166-168). In this study, 
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tetragonal ZrO2 was found dispersed above the ZrOCl2 ∙ 8H2O salt layer towards 

the pit mouth when Zr artificial pits were grown for 3-5 h. Although the exact 

formation mechanism is not fully understood as there is no thermal factor 

evident, it is not unreasonable to propose that more neutral pH conditions 

(further away from the dissolving interface) and a slow precipitation process 

facilitated the formation of tetragonal ZrO2 by polymeric hydrolysis of the 

ZrOCl2 ∙ 8H2O solutions (166, 167).   

6.10.4 The effects of H2O2 and albumin on electrochemistry of Zr and 

formation of Zr corrosion products and their biomedical 

implications 

It can be observed in Figure 6-1 that the current densities of a Zr artificial pit 

growing at 0.8 V were stabilised at similar values in different solutions and 

unaffected by the presence of H2O2 and/or albumin, suggesting similar 

electrochemical dissolution rates. Similar pit growth rates were also observed 

when considering the role of H2O2 and/or albumin, although the presence of 

H2O2 seemed to be associated with a slower growth rate at later time periods. 

Further measurements would be required to confirm this behaviour. Regarding 

the electrochemistry of bulk Zr surfaces, as can be seen in Figure 6-11, the 

addition of H2O2 and/or albumin in physiological saline did not have an 

significant effect on the passive current densities and pitting potentials. A 

comparison of pit morphologies following anodic breakdown showed a similar 

characteristic ‘honeycomb’ morphology as well as a rough pit surface 

regardless of the presence of H2O2 and/or albumin in physiological saline 

(Figure 6-12). In-situ XRD characterisation of Zr corrosion products in pits at 
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0.8 V demonstrated the generation of the same corrosion species, namely Zr 

metal fragments, tetragonal ZrO2 and ZrOCl2 ∙ 8H2O (Figure 6-7). Similarly, 

identical corrosion species were observed in Zr artificial pits growing at 1.3 V, 

suggesting replication of the pit chemistry at higher potentials. Therefore, it can 

be concluded that H2O2 and/or albumin induces very limited effects on the 

pitting susceptibility and pit chemistry of Zr in physiological saline. The 

behaviour of Zr is different from that of Ti alloys, where H2O2 and albumin have 

a significant effect on passive behaviour (17). 

Corrosion products including small micron and sub-micron sized metal particles 

have frequently been identified in retrieved peri-implant tissues associated with 

a variety of devices and metal substrates (7, 127, 169). It is also accepted that 

the implant degradation products induce inflammatory responses in the peri-

implant environment, leading to adverse clinical outcomes such as bone 

resorption and aseptic loosening (170). When considering the potential 

biological ‘reactivity’ of corrosion species identified in this study, it has been 

previously shown that sub-micron sized (0.2–0.9 µm) Zr based particles 

(Zr-2.5Nb particles and ZrO2) can be directly toxic to bone (osteoblast) and 

stromal cells (fibroblast) as well as induce an inflammatory response in innate 

immune cells, although to a less extent than that of Ti6Al4V and CoCrMo 

particles (128). Soluble Zr4+ ions in chloride solution have also been shown to 

induce a decrease in the proliferation of (MG-63) osteoblasts, be moderately 

inhibitory to fibroblasts, and moderately toxic to osteoblasts, fibroblasts and 

lymphocytes (50% reduction in viability at concentration between 0.5 to 5 mM 

(171, 172). Although not the focus of this study, it is likely that the corrosion 
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products characterised will elicit biological responses which should be carefully 

assessed prior to considering Zr usage as an implant element.  
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6.11 Conclusion  

In-situ synchrotron X-ray diffraction and XANES were used to characterise 

corrosion products in Zr artificial pits in 0.9% NaCl (physiological saline) with the 

presence or absence of 0.1% H2O2, or 4% albumin, or their combinations. 

In solutions of 0.9% NaCl with both 0.1% H2O2 and 4% albumin, Zr fragments 

and tetragonal ZrO2 were found dispersed distant from the corroding interface, 

and ZrOCl2 ∙ 8H2O crystallites were found close to the corroding interface and 

coarsened further out into the solution. XANES measurements of the solution 

showed spectra that were identical to a number of Zr reference compounds 

confirming the Zr solution species were in a tetravalent state. 

Diffraction patterns of the Zr foil were anisotropic whereas Zr fragments seen 

inside of the pit gave an isotropic pattern. The fragments generated appearred 

anisotropic but randomly oriented and dispersed in the pit cavity. TEM of the 

corrosion products showed the Zr fragments to be sub-micron size. SEM on the 

dissolved surface of an Zr artificial pit showed a highly-roughened dissolution 

interface with variability in roughness in localised areas. Therefore, it is likely 

that Zr fragments are produced by an undercutting mechanism. 

The speciation of the corrosion products was not affected by the presence or 

absence of H2O2, or albumin, or their combinations in 0.9% NaCl.  

Anodic polarisation of bulk Zr samples in physiological saline exhibited similar 

passive current density and pitting potentials in both the absence and presence 

of H2O2, albumin and their combinations. SEM images showed similar pit 
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morphologies when compared across the different solutions. Therefore, H2O2 

and albumin are proposed to have limited effects on the bulk electrochemistry of 

Zr and its pitting susceptibility.  
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7 GENERAL DISCUSSION AND FUTURE WORK  

7.1 General discussion  

7.1.1 The need for improved environmental conditions and methods for 

corrosion testing  

Standard corrosion assessments (130-134) of metallic biomaterials do not 

necessarily provide a reliable estimation of the implant corrosion that occurs 

in vivo. Clinical observations of significantly higher levels of corrosion than 

expected have been attributed to the biological complexity of the peri-implant 

environment, and in particular, crevice geometries such as those found in 

modular implants. Extensive studies have been carried out to identify 

corrosion-mediating factors which have been shown to include bio-chemical 

species, proteins and cells (see section 2.4). It has been identified that the 

inflammatory system, which include innate immune cells and cellular 

physiological products such as ROS species, can significantly influence the 

corrosion of implanted metals (13, 14, 173).  

Inflammation is associated with the production of ROS species, by immune cells 

that have infiltrated the peri-implant tissues. Common ROS species include 

superoxide anions and H2O2 (24, 25). H2O2 is known as a strong oxidant and its 

effect on corrosion of Ti has been extensively studied, albeit using a great 

variation in the levels of H2O2 exposure in simulated in vitro tests (17-21, 23). It 

is agreed that H2O2 increases corrosion of Ti (and Ti6Al4V) by forming 

Ti(IV)-H2O2 complexes (16-22), leading to formation of rougher, thicker and 

more porous surface oxide films.  
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In this study, exposure of Ti6Al4V surface to H2O2, at the levels relative to the 

lowest concentrations used in previous studies (17-21, 23), was demonstrated 

to induce more corrosion and result in the formation of thick corrosion product 

layer in mud-cracking morphology. Furthermore, the prolonged exposure (up to 

120 h) of H2O2 showed a reduced corrosion rate with time, which was attributed 

to the thick surface layer of corrosion products that act to block further 

dissolution. If the role of H2O2 alone is significant for implant degradation in vivo, 

it would appear, based on studying the addition of H2O2 on corrosion alone, that 

long exposure of the representative conditions would lead to a reduced 

corrosion rate.  

Albumin is an alternative important corrosion mediating factor, which has been 

subject of considerable attention because it is the most abundant protein in 

extracellular tissue fluid (26). It is generally accepted that albumin inhibits 

cathodic reactions on Ti surface by adsorption (17, 92-95). However, the effect 

of albumin on corrosion of Ti6Al4V (and CP Ti) has been inconsistently reported 

as promoting (17, 92, 96, 99), inhibiting (94, 95, 99) or producing no effect (98, 

101, 102). It has been suggested that albumin interacts with the metal surface 

in two ways: adsorption in which the metal surface is protected from corrosion 

by the adsorbed protein film (94, 95); chelation in which soluble metal-protein 

complexes are formed, enhancing the rate of dissolution (92, 106, 107). It is 

also worthy to point out that the metal-protein interactions can exist in either or 

both ways. If the role of albumin alone is significant for implant degradation 

in vivo, it would be anticipated that little or no significant corrosion would occur.  
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Although the role of H2O2 or albumin on corrosion of Ti has been studied 

extensively in isolation, their combined effect has not been investigated 

comprehensively. Yu et al. found that, for the first time, the presence of both 

albumin and H2O2 in physiological saline (0.9% NaCl, ASTM standard (133, 

134)) synergistically enhances the corrosion of Ti6Al4V (17). It was also shown 

that the effect of the combined species was only exhibited to enhance corrosion 

after long-term (2 weeks) incubation, but from short-term (standard) 

electrochemistry tests, albumin appeared to supress the corrosion of Ti6Al4V in 

the presence of H2O2.  

In this study, it was shown that albumin induces a time-dependent dissolution of 

Ti6Al4V in the presence of H2O2. It was demonstrated that at short times 

(<24 h), albumin supresses the rate of dissolution in the presence of H2O2 and 

at longer times, it accelerates the corrosion by dissolving the corrosion product 

layer. Furthermore, the rate of dissolution of Ti6Al4V was also found to vary 

with potentials, a higher Ti release was found at a lower potential, depending on 

the environmental exposure conditions. It is clear that studies into albumin or 

H2O2 alone would not have predicted the observed behaviour in vivo. Moreover, 

the studies Yu et al. (17) which produced conclusions based on early time 

points failed to predict the temporal variation in corrosion that was seen here. 

Future testing must consider the combination of species and adequately 

associate corrosion behaviour over time.  

The time-dependent enhanced corrosion of Ti6Al4V in the presence of H2O2 

and albumin was associated with possible desorption and/or exchange of 
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absorbed albumin complexed to metal ions, as reported previously in protein 

interactions with stainless steel systems (106). Extrapolation of the synergistic 

action of albumin and H2O2 on corrosion of other metallic systems is uncertain. 

Although Zr has been used as a common element in alloy compositions for 

biomedical implants (28, 29) (174-178) but corrosion resistance of pure Zr in 

biological context has been poorly characterised. From the present work, the 

corrosion behaviour of Zr was characterised in the same simulated 

physiological environment with Ti6Al4V. It was found that the corrosion of Zr 

was not significantly affected by the presence of H2O2 and/or albumin in 

physiological saline, including its passivation and pitting susceptibility. This 

suggests the interactions of albumin with different surface oxide films including 

TiO2 and ZrO2, are different. This finding is not surprising given the different 

physiochemical properties of the interfaces. Therefore, it should be expected 

that TiZr binary alloys may provide a better resistance to dissolution in the 

presence of the combined species, in comparison to Ti, giving the surface 

oxides consisting of both TiO2 and ZrO2.  

It has also been previously reported that the albumin interactions are kinetically 

different with passive and active metals such as pure Fe and stainless steels 

(106), leading to the opposite effects on metal dissolution. Therefore, the 

corrosion behaviour of metallic biomaterials in more physiologically relevant 

testing electrolytes can be varied significantly, when compared with standard 

testing solutions, making it useful to discriminate between materials’ 

degradation behaviour in physiological environments. 
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The work presented in this thesis highlights the findings of the variation of 

corrosion rates with time and shifts in potentials in more realistic solutions 

where implants were exposed to physiological environments, which are useful 

to be considered for assessment of corrosion resistance of metallic 

biomaterials. Whilst the focus of this study is on the combined effect of H2O2 

and albumin on corrosion of Ti6Al4V, there are many other corrosion mediators 

that the surface of the implant may be exposed to, which requires further, more 

comprehensive investigations.  

7.1.2 Characterisation of degradation products in simulated 

physiological environment  

The breakdown of passive implant surface films occurs in vivo and is associated 

with either wear and/or corrosion. It has been demonstrated that this leads to 

the generation of particulate products and/or busts of metal ion release, which 

themselves may readily react to form insoluble precipitates for example 

oxidation of Ti ions and reactions between Cr and phosphate. Metal 

degradation products have been detected both locally (127, 128, 170) and sites 

distant from the implant in humans (179, 180). Enhanced levels of implant metal 

species (such as Co, Cr, Ti, Ni Al and V) have been reported in peri-prosthetic 

tissues and fluids such as serum, urine and whole blood (8, 127, 128, 170, 

181). Metal species found in tissues and disseminated systemically vary in size, 

chemical forms such as inorganic precipitates and organometallic complexes, 

and can elicit pathophysiological consequences such as periprosthetic bone 

loss (65). Therefore, it is essential to understand both the chemical and physical 

forms of metal degradation products to fully assess its biocompatibility.  
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The most significant release of metal debris from implant is associated with 

articulating prostheses, where the passive films are fractured with subsequent 

active dissolution, in contrast to passive dissolution (65). In this study, localised 

corrosion (breakdown of passive films) of Zr was simulated by growing a Zr 

‘artificial pit’ electrochemically (137, 141) The as-produced corrosion products in 

the ‘artificial pit cavity’ were characterised in situ by synchrotron radiation 

techniques, which had been successfully applied in previous studies (138, 182). 

It was found that in physiological saline, Zr corrosion products were identified to 

be ZrOCl2 ∙ 8H2O, Zr metal fragments and tetragonal ZrO2. Furthermore, these 

identified products were found unchanged with variations in the exposure 

environment including the presence of H2O2, or albumin or their combinations in 

physiological saline.  

The observation of small micron-sized Zr metal fragments (observed with TEM) 

together with the particle morphology and a rough dissolving interface of Zr 

suggested an undercutting mechanism leading to the release of fragments of 

metal species from a passivated surface. Similar observations have been 

reported in a Ti ‘artificial pit’ system in which metallic Ti and oxide species were 

generated by an electrochemical dissolution process of a passivated surface 

(129). Therefore, these observations suggest that metal species can be 

generated purely by a localised corrosion process, in absence of wear.  

Clinically it has been evidenced that fine fragments of both Ti and oxides were 

detected in the retrieved peri-implant tissue when mechanical loading is not 

considered at risk. It was proposed to be attributed to micro-motion and 

localised corrosion processes in the passivated surface crevices (7). Therefore, 
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further studies are needed to be carried out regarding the physical and chemical 

mechanisms of implant degradation of in vivo.  

7.1.3 Corrosion behaviour and development opportunities of binary TiZr 

alloys  

Binary TiZr alloys may offer more suitable mechanical properties when 

compared with CP Ti for clinical situations where narrow diameter implants are 

needed. A commercialised example (Roxolid®, Straumann), containing between 

13%-18% Zr with exact composition undisclosed, has been demonstrated to 

possess enhanced mechanical strength with similar osseointegration properties 

and ‘biocompatibility’ when compared with CP Ti Grade IV (2). The corrosion 

behaviour of TiZr alloys had been characterised in various exposure 

environments, but with limited biological relevance (44, 77, 183-185). Whilst it is 

commonly agreed that TiZr alloys possess enhanced corrosion resistance and 

passivity compared with CP Ti, systematic studies are needed to understand 

how Zr modifies the corrosion of Ti in a more approximated peri-implant 

environment in order to make reliable predictions on its likely behaviour in vivo. 

In this study, the effect of Zr additions on corrosion of Ti was systematically 

studied, with effective Zr concentrations from 0, 5, 15, 50, to 100%. It was found 

that in highly acidic environment (2 M HCl), mimicking localised acidification as 

a result of processes such as MACC, Zr additions to Ti enhanced its oxide film 

stability and passivity to both active and passive dissolution. In a more 

inflammatory environment (physiological saline with addition of H2O2), Zr 

additions to Ti progressively supressed the enhanced corrosion induced by 
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H2O2. In a cellular culture environment, in which ROS (including H2O2) were 

produced by stimulated macrophages, the pattern of supressed Ti release 

(normalised) by addition of Zr was identified again, mirrored with the order of 

corrosion resistance in the presence of H2O2. The consistent patterns of 

enhanced corrosion resistance for both electrochemical dissolution in the 

presence of H2O2 and cellular induced metal release associated with ROS 

production, suggests that ZrO2 has a better resistance to degradation in the 

oxidative environment when compared with TiO2. Therefore, the passivity of 

TiZr alloys were enhanced when compared with CP Ti due to the presence of 

TiO2 and more resistive (to dissolution) ZrO2 on the surface.   

However, it is well known that Zr has high pitting susceptibility, especially in 

chloride-containing environment. In this study, the higher addition of Zr to Ti 

(such as Ti50Zr vs. Ti5Zr and Ti15Zr) has been demonstrated to be more 

susceptible to pitting breakdown in all testing solutions. Based on the range of 

TiZr compositions investigated in this study, as well as the consideration of the 

optimum balance of passivity and pitting resistance, we propose that Ti15Zr is a 

promising alloy for future use in clinical applications, but may not necessary be 

the optimum composition. 

Systematic studies on different TiZr compositions would open many 

opportunities to fully understand and explore the end-route behaviour by 

modifying microstructures, chemical compositions of surface oxides, and using 

post-processing manufacture routes. Future work can be conducted to find any 

correlation between the structure and properties with optimised behaviour. 
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Binary TiZr alloys also offer possibilities for future development of new alloys. 

Addition of elements that are ‘biologically’ beneficial for clinical applications can 

be considered, to develop ternary alloys based on TiZr alloys. A preliminary ZrTi 

based ternary alloy has been developed, with minor additions of Ag, intended to 

enhance corrosion resistance and confer anti-microbial resistance (186). Future 

work can be conducted to develop more promising TiZr based ternary alloys 

with an optimised balance of enhanced corrosion and mechanical properties.   

7.2 Future Work  

7.2.1 Improved approximation of testing solutions to peri-implant 

environment  

The synergistic action of albumin and H2O2 on corrosion of Ti6Al4V has been 

found to vary with time and shifts in potential in the present work. To extrapolate 

this synergistic effect with more biological relevance, the effect of H2O2 

exposures of lower concentrations should be explored. Biologically relevant 

concentrations of H2O2- reflecting levels of cellular physiology, are often 

reported in the µM range (187). Identifying whether a threshold value of H2O2 

concentration exists to maintain the synergistic actions of the two species is 

necessary. 

Additionally, advanced corrosion characterisation methods should be used to 

complement conventional electrochemistry measurements in order to effectively 

detect ‘true’ corrosion rates therefore discriminate between different materials. 

For instance, advanced atomic emission spectroelectrochemistry (AESEC) 

method (27, 188), which provides ultra-high sensitivity to metal release in situ 
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as a result of corrosion and/or polarisation, has been shown powerful enough to 

discriminate real metal loss as a function of potential and/or time which are 

often overlooked by polarisation curves. Other complementary methods 

including mass spectroscopy (e.g. ICPMS), electrochemical impedance (EIS) 

should also be considered when necessary if corrosion behaviours are found 

similar irrespective of solution chemistry and materials from standard tests.  

7.2.2 Further studies of corrosion tests on TiZr binary alloys   

Corrosion of TiZr alloys were studied under various chemical or cellular 

exposures. Here, we observed a largely consistent pattern of corrosion 

resistance between different alloy compositions in all media. However, whether 

TiZr alloys exhibited an enhanced corrosion in the presence of albumin and 

H2O2 was not explored. Future studies can be carried out to investigate further 

on corrosion behaviour of TiZr alloys in physiological solutions with addition of 

relevant biomolecules such as albumin, or combination of protein and H2O2, at 

the same time considering the temporal effect as identified in Ti6Al4V systems.   

7.2.3 Characterisation of degradation products of TiZr   

Corrosion products of Zr have been characterised in situ using synchrotron 

X-ray methods. It has been found that the Zr speciation was consistent in 

regardless of the presence or absence of H2O2 and/or albumin, making it 

possible to predict the likely nature of the degradation products likely to be seen 

in vivo. A Similar approach can be used in future studies to study the corrosion 

products for TiZr alloys given its promising use in dental implant applications. 
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Artificial corrosion pits of TiZr can be used again to simulate localised corrosion 

process, for instance, pitting breakdown of Ti50Zr alloy found in this study. 

Advantage of artificial corrosion pits is the ability to generate corrosion products 

in simulated physiologically relevant environments.  

7.2.4 Exposing cells to simulated corrosion products  

To further investigate the biological consequence of detected or simulated 

corrosion products, cells can be exposed and stimulated to the forms of 

corrosion products identified in vitro and subsequent cell immune responses 

can be examined. For example, neutrophils, the predominate acute 

inflammatory cells in peri-implant sites, can be stimulated to the TiZr corrosion 

products such as mixed TiO2 and ZrO2 in nanometric size, and an array of 

subsequent neutrophil immune responses can be analysed including 

phagocytosis, respiratory burst and cytokine secretion. This experimental 

approach potentially provides new insights on the biological responses to metal 

degradation products and how cellular responses (e.g. generation of ROS 

species) can adversely affect corrosion.  

7.2.5 Opportunities for the development of new TiZr based ternary alloys  

TiZr binary alloys open up future opportunities for the development of ternary 

alloys for biomedical applications. A metastable β phase Ti-13Zr-13Nb ternary 

alloy (189) has been developed and used as orthopaedic implants, providing 

significantly improved mechanical properties and resistance to tribo-corrosion. 

Future work can be carried out to develop novel TiZr based ternary alloys, 
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incorporating minor additions of alloying elements, without deteriorating 

mechanical properties and biocompatibility. Preliminary studies have been 

carried out (but not presented in the thesis) to develop new ternary alloys with 

minor additions of Cu or Ag, to enhance anti-microbial activity. However, 

comprehensive work is required to engineer the metallurgical microstructure to 

optimally balance the mechanical properties, the corrosion resistance and 

biocompatibility.  
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8 CONCLUSIONS 

Corrosion of Ti6Al4V alloy, CP Ti (Grade 2), CP Zr and TiZr binary alloys has 

been investigated in simulated physiological conditions approximating the 

per-implant environment. In addition, corrosion products of Zr have been 

characterised in situ to predict possible degradation products for service in vivo.  

1. A time-dependent enhanced corrosion of Ti6Al4V has been found in the 

presence of H2O2, an inflammatory biomolecule encountered in peri-implant 

environment, and albumin, the most prevalent protein in blood plasma and 

extracellular tissue fluid, in 0.15 M NaCl:  

a) in short term (t < ~22 h), albumin inhibited the rate of dissolution in the 

presence of peroxide. 

b) over longer time periods (up to 120 h), the rate of dissolution was found 

to be higher than that in the absence of albumin, which was associated with 

the enhanced dissolution of peroxide corrosion products, resulting in the 

formation of a thinner oxide layer on the metal substrate. 

2. Corrosion of Ti6Al4V in the presence of albumin and H2O2 was also found to 

vary with potential. Higher metal release was found at a lower potential. 

3. In contrast to Ti6Al4V, corrosion of pure Zr was not found to be significantly 

affected by the presence of H2O2, or albumin, or their combinations in 

0.15 M NaCl.  Similar pitting susceptibilities and pits morphologies were also 

observed in the various electrolytes.   

4. Corrosion products from Zr were characterised in situ using synchrotron X-

ray methods by electrochemically growing a Zr artificial corrosion pit. In the 

pit cavity, ZrOCl2 ∙ 8H2O, tetragonal ZrO2, and Zr metal fragments were 
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detected, and found to be consistent in morphology and speciation when 

generated in the presence or absence of H2O2, or albumin, or their 

combinations in 0.15 M NaCl. 

5. The Zr metal fragments detected were found randomly dispersed and 

oriented in the pit cavity. TEM observations on Zr fragments (identified by 

EDX) showed morphologies in ‘strips’ with a size in small microns. In 

addition. the Zr dissolving interfaces were found to exhibit a high level of 

roughness. An undercutting mechanism was proposed whereby metal 

fragments can be produced purely by a corrosion process, in the absence of 

mechanical damage. 

6. Corrosion of TiZr alloys has been systematically studied in simulated 

physiological environments. The effect of systematic Zr additions to Ti was 

found to progressively enhance Ti passivity, consistently in the various 

exposure conditions including acidic solutions (2 M HCl), neutral H2O2 

containing 0.15 M NaCl, and cellular culture environment (macrophage cell 

culture).  

7. Optimisation of Zr additions to Ti need to balance both enhanced passivity 

and pitting susceptibility (which increases with increasing Zr additions). 

Ti15Zr was the best performing composition identified from a corrosion 

prospective in this study.   
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