


















































































































































































































































































Figure 6.3.4: A histogram showing the pitting corrosion resistance (E&p) of the alloys at 

varying surface roughness within varying biological environments 
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Table 6.3.5: The breakdown potential values (EB) at a vaaing surface roughness 

PBS PBS PBS + PBS + Serum 
Material (¥.&) (180) Serum (180) 

(¥.&) 

- - - -
X X X X X X X X 

3800 3200 2700 3700 

Ti-6AI-4V 4000 3900 3200 3300 2800 2700 3800 3750 

3900 3600 2900 3750 

4000 2600 3650 2450 

Ti-6AI-7Nb 3800 3850 2400 2450 3700 3700 2600 2500 

3750 2350 3750 2450 

2700 2700 3100 4000 

Ti-13Nb-
13~r 3000 2900 2600 2650 3250 3200 4200 4100 

3000 2650 3250 4100 
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Figure 6. 3.5: A histogram showing the variations in EB values due to a change in surface 

roughness 
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6.4 DISCUSSION 

Other workers have perfonned similar studies with Ti(cpi) and Ti-6AI-4V alloy varying the 

surface roughness before corrosion testing, using PBS solution only. It was found that the 

Ti-6AI-4V alloy progressively became more electropositive (ie. less reactive to the 

environment) as the potential was measured from grit-blasted to electropolished, respectively, 

but Ti (cpi) was found to be less affected by such changes. It was also found that a smoother 

initial polish may shorten the time taken to reach rest potential [Donachie 1988, Jaffee and 

Promisel, 1970]. 

The results of the present study correlate well with those obtained by others earlier in PBS, 

in that the E.t value of all three alloys was more electropositive following the 114 micron 

specification compared to the 180 grit polish specification, in PBS alone. This change in 

electronegativity to a more noble value was most prominent with Ti-13Nb-13Zr alloy, 

followed by Ti-6AI-7Nb and Ti-6Al-4V in that order of effect. The times taken for the rest 

potential to be reached also seemed to correlate well with other fmdings in that ~ was 

attained more quickly when a smoother surface (ie. 114 micron) was exposed to the 

environment compared to a rougher one (ie. 180 grit). 

During this study it was also possible to investigate the above phenomena in relation to an 

environment slightly more complicated than simple saline solution, one in which serum 

proteins were also present. When investigating a relatively rough surface (180 grit) it was 

found for Ti-6AI-4V to become even more electronegative than before, whereas, both Ti-6Al-

7Nb and Ti-13Nb-13Zr became more electropositive in that order of increasing effect. 
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Finally when correlating the differences noticed between 114 micron and 180 grit in an 

environment containing proteins it was noticed that Ti-6Al-4V produced a more 

electropositive potential on a smoother surface as was the case in PBS alone, only to a much 

greater extent. Ti-6AI-7Nb and Ti-13Nb-13Zr alloys were found to become more 

electronegative in that order. 

Although, there are numerous factors which will be governing both the time taken to reach 

rest potential as well as the direction of change and fInal value, there are certain trends which 

have become apparent from this study. Generally it seems that the presence of proteins slows 

down the effect of passive dissolution, probably due to adsorption. There is also a defInite 

correlation between the influence of these proteins at the metal oxide surface and how this 

varies depending on the surface roughness of anyone particular alloy. In this respect, the 

results suggest that Ti-13Nb-13Zr alloy takes slightly longer to reach fit at 180 grit, whereas, 

at 114 micron it reaches a stable potential relatively quickly compared to the other two alloys. 

Both Ti-6Al-4V and Ti-6Al-7Nb reach E,. in a shorter time to Ti-13Nb-13Zr at 180 grit 

specifIcation (same time as Ti-13Nb-13Zr at 114 micron), however, at 114 micron they both 

take twice as long as Ti-13Nb-13Zr to reach &to 

In an environment containing PBS only, when considering a change from a smooth (114 

micron) to a rough (180 grit) surface roughness, the corrosion resistance of all three alloys 

was reduced. On the other hand, in an environment containing PBS + serum, a change from 

a 114 micron to 180 grit showed that the corrosion resistance of Ti-6Al-4V improved, 

whereas, that of Ti-6Al-7Nb and Ti-13Nb-13Zr reduced in that order of effect. These results 

suggest that a smooth surface fInish would produce a more favourable response in terms of 
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corrosion resistance, for Ti-6A1-7Nb and Ti-13Nb-13Zr alloys both in the absence and in the 

presence of proteins. This suggests that the role of proteins at the surface of such materials 

may be different during corrosion simply as a consequence of the surface being rougher. 

Generally, it was found that more noble values of ~ produce a better corrosion resistance 

(ie. a smaller value for Ea-Ep). Therefore, it might be suggested that rest potential values be 

used to predict the corrosion resistance of such materials in well defined, but varying 

environments. 

It was noticed from the results of this study that the breakdown potential, Bu, was relatively 

high in both a non-protein and protein environment, for Ti-13Nb-13Zr alloy, at a rough 

surface specification. At a glance this may actually be a promising sign knowing that the 

oxide layer is more dense and therefore does not as easily breakdown [Kovacs and Davidson, 

1993]. However, when considering the results obtained about pitting corrosion resistance, 

a greater difference in the values of Es and Ep make it possibly more prone to pitting 

corrosion in such an environment. An analysis of the breakdown potential values (Es) 

revealed that Ti-6AI-7Nb alloy remained quite stable when considering the addition of 

proteins into the environment using a 114 micron polish specification. However, its Ea value 

fell significantly as a result of a change in surface roughness following a 180 grit polish 

specification, with and without the presence of proteins. The Ea value of Ti-13Nb-13Zr alloy 

improved in a protein environment, with the greatest increase noticed as the surface became 

rougher. Finally, Ti-6AI-4V alloy seemed to produce a relatively higher value of Es 

compared to the other two alloys, when considering a PBS environment, and even in the 

presence of proteins when using a 114 micron polish. 
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General Comments 

When undertaking an analysis of surface roughness factors, it was intended to become aware 

of how simple preparation or handling methods may influence the overall breakdown 

characteristics of these materials. It is often documented in clinical trials of implants, how 

retrieved prostheses appear abraded with coarse surface fmishes during optical examinations. 

It has been shown during this study that the corrosion behaviour of these alloys may vary 

considerably if surfaces are rougher. It has also been shown during this study that the overall 

breakdown characteristics of the material depends upon the rest potential (EJ. If this value 

is found to be less noble during implantation due to changes in surface roughness, then this 

may enhance the on-set of corrosion at a lower breakdown potential (Es). To summarize, it 

is a valid point to suggest that more scientific evidence be established regarding surface 

properties, and that alloys be designed or manufactured which only show a slight variation 

in corrosion and wear behaviour as result of surface roughness change. 
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CHAPTER 7 : THE INFLUENCE OF HUMAN MACROPHAGE CELLS ON THE 

CORROSION BEHAVIOUR OF Ti-6A1-4V. Ti-6A1-7Nb AND Ti-13Nb-13Zr 

ALLOYS IN PBS SOLUTION CONTAINING FOETAL CALF SERUM (10%) 

7.1 INTRODUCTION 

It has been suggested on numerous occasions that in-vitro testing of materials to understand 

how metals and alloys behave during accelerated corrosion tests should be carried out using 

proteinaceous solutions. It has been argued that materials behave differently when exposed 

to an environment containing such biological macromolecules compared to that when using 

simple saline solutions alone. This argument is justified by the fact that proteins can either 

inhibit or accelerate the corrosion behaviour of metals in a number of ways. It also seems 

more appropriate to undergo testing in an environment which mimics the in-vivo situation 

more closely. 

Titanium and its alloy, Ti-6AI-4V, have now been used quite extensively as biomaterials for 

many years. Although, under normal physiological conditions it is known for such materials 

to remain resistant to corrosion, it has been noted on numerous occasions that these materials 

do breakdown under the influence of accelerating factors such as wear. Moreover, the 

passive dissolution of the constituent metal ions have been found in the form of corrosion 

products within the tissue surrounding the implant. 

It is for this reason and the controversy surrounding the use of aluminium and vanadium as 

potentially toxic alloying elements that "new" alloys have been shown to cause less adverse 
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biological response, to be more corrosion resistant and in some cases have a lower stiffness 

and greater tensile strength. 

During this study it was possible to test two such alloys alongside Ti-6AI-4V alloy (ie. Ti-

6AI-7Nb and Ti-13Nb-13Zr) and directly compare the corrosion behaviour of all three alloys. 

In a previous study, the effect of the presence of serum proteins such as albumin was also 

studied. To continue to try to replicate the in-vivo situation in a controlled manner and to try 

to understand the exact mechanisms leading to metal dissolution and breakdown of such 

materials, an electrolyte containing serum proteins was used with and without the presence 

of non-activated human macrophage cells. Not only would this compare the alloys in a more 

closely simulated in-vivo environment, but, also by monitoring the change in their rest 

potential it might be possible to understand how macrophage cells affect the stability of these 

materials in such an environment. Also, if during accelerated corrosion testing the cells are 

interfering with the proteinaceous environment they may be influencing the corrosion 

resistance of the alloys. 

It has been noted on occasions that whenever titanium alloy particles have been found in 

tissue surrounding the implant, either, in the form of corrosion or wear particles that an 

inflammatory response occurs involving the presence of phagocytic cells such as 

macrophages. Sometimes in a more severe inflammatory response macrophages have been 

known to be present in the form of multi-nuclear giant cells when they fuse together to try 

to enhance their phagocytic activity [Williams D.F., 1986, Williams R.L., 1986, Maloney 

et al., 1996, Goodman et al., 1994, Howie et al., 1993, Williams D.F., 1981]. 
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During recent studies in-vitro, Ti-6Al-4V and Ti-6AI-7Nb alloys were compared to detect 

differences in the cellular response to wear particles. It was found that Ti-6AI-4V alloy 

particles stimulated the release of PG~, IL-l, TNF (alpha and beta) and IL-6 from human 

peripheral blood monocytes and rodent peritoneal macrophages to a greater extent than for 

Ti (cpi) and Ti-6Al-7Nb alloy [Haynes et aI., 1993, Shanbhag et al., 1994, Rogers et aI. 

1997]. 

Macrophage cells are known to become activated releasing enzymes which may interact with 

the other biological species in the environment, leading to reactions with corrosion and wear 

products. The interaction of these components, may be the cause of black staining of tissue 

surrounding a titanium implant [Scales 1991, Korovessis and Repanti, 1994]. More precisely, 

macrophages play several major roles in the inflammatory response. They may assist in 

controlling acute inflammation by their release of monokines such as interleukin-l. Also, 

macrophages affect any inflammatory response by the regulation of both T - and B­

lymphocytes, and fibroblasts. 

The next few paragraphs will try to summarize the role of the various enzymes that are 

released during activation of the macrophage cell. 

In response to bacteria, viruses, other pathogens or possibly tumours, cells of the immune 

system such as macrophages can produce cytokines which are vital to the maintenance of 

cellular homeostasis. One such cytokine, initially identified as a product of macrophages, is 

tumour necrosis factor - a (TNF-a). It is actively involved in regulation of the immune 

system and is a major effector molecule in macrophage-mediated tumour cell toxicity. Since 
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the production of TNF-a in macrophages is not constitutive but requires activation, it seems 

an appropriate cytokine to study when trying to analyze the activation of macrophages. 

Interleukin-l (IL-l) has been isolated in two forms: IL-l(alpha) and IL-l(beta). Both of these 

polypeptides have been found in human and other animal species. These two forms represent 

the products of two genes synthesized as propeptides of 270 and 269 amino acids, 

respectively. A number of cell types have been shown to produce IL-l, including monocyte 

and macrophage cell lines, natural killer cells (NK) and neutrophils. Some of the reported 

IL-l activities include: the activation of T -cells in the presence of co-stimulation through the 

T cell receptor; augmentation of IL-2 and interferon(IFN)-induced activation of NK-mediated 

cytotoxicity; osteoblast and endothelial cell activation; By acting on vascular endothelial cells, 

IL-l influences the inflammatory response, and affects the thermoregulatory centre in the 

hypothalamus leading to the fever response [Kuby, 1994]. The actions of IL-l on connective 

tissue cells suggest a central role in recovery of tissue after injury, promoting extracellular 

matrix turnover and allowing proliferation and migration of cells. IL-l has also been 

implicated in-vivo in the pathogenesis of a variety of acute and chronic inflammatory diseases 

such as septic shock, rheumatoid arthritis, and atherosclerosis; much of our view of the 

physiological role of IL-l is based on in-vitro studies and the effects of injection of IL-l into 

animals [Dower et al., 1992, Danirello, 1989]. 

Another important cytokine with potential involvement is Interleukin-4 (lL-4) which exhibits 

a multitude of in-vitro properties. Some of the reported activities of IL-4 are: the inhibition 

of release of inflammatory mediators (eg. TNF, IL-l, IL-8, PGEJ from activated monocytes; 

a growth co-stimulator for B cells, T cells and mast cells; upregulates numerous activation 
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antigens on B cells and T cells; augments cytolytic T cell differentiation; induces activated 

B cells to switch to IgE synthesis, and specifically enhances secretion of human IgG4 and IgG 

antibodies; [Finkelman et al., 1990, Mosmann and Coffman, 1989, Tepper et al., 1989, 

Golumbek et al., 1991]. Additionally, IL-4 may act as an autocrine growth factor for 

antigen-specific T cells in combination with IL-1 and enhance antigen presentation and 

phagocytosis in macrophages [Zlotnik et al., 1992]. 

Interleukin-6 (IL-6) is a novel cytokine which is multi-functional acting on B-cells, T-cells, 

monocytes, haematopoietic stem cells, hepatocytes and nerve cells. Thus, IL-6 may playa 

central role in infections, inflammation and tissue injury. IL-6 is produced in various tissues 

and it has been suggested that its deregulated production may be involved in the pathogenesis 

of auto-immune diseases, lymphoid malignancies, and multiple myeloma. IL-6 is produced 

by many different types of lymphoid and non-lymphoid cells, either constitutively or in 

response to various stimuli. The production of IL-6 by normal T -cells is monocyte 

dependent, thus, it is a useful measure of cytotoxicity when studying an environment 

containing T-cells [Zembala M. and Asherson G.L., 1989]. 

Previous studies have reported the presence of numerous T -lymphocytes and no B­

lymphocytes in tissues where metallosis was evident. The presence of an abundance of 

activated macrophages was also reported in these tissues [Lalor and Revell, 1993, Lalor et 

al., 1991, Santavirta et al., 1991]. These studies suggest that T-Iymphocytes are the likely 

cell for activated macrophages to be interacting with, and that there is some form of 

immunological reaction occurring in tissues in which metallosis has occurred. However, the 

fact that this response is due to the debris is still not conclusive. Thus, the presence of T-
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lymphocytes in the environment alongside macrophages is very closely related to the in-vivo 

situation. 

Finally, macrophages phagocytose cellular and molecular debris, and also detoxify and lor 

sequester toxic materials [Vince et aI., 1991 and Williams D.F., 1994]. The presence of 

macrophages during the inflammatory response in the ways described has also been linked 

to the idea that such cells play a major role in the process leading to aseptic loosening of 

femoral implants and bone resorption [Williams D.F., 1994, Pizzoferrato et aI., 1991, Kim 

et aI., 1994, Shanbag et aI., 1994, Horowitz and Purdon, 1995, Cogan et aI., 1994]. Thus, 

it becomes quite clear why it is an important issue to study their presence within a corrosive 

environment. 
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7.2 MATERIALS AND METHODS 

Corrosion testing 

The titanium alloy specimens were all obtained in the annealed condition. The Ti-6AI-4V 

alloy was supplied by IMI Titanium Ltd., England; the Ti-6Al-7Nb alloy from Sulzer 

Medical Technology Ltd., Switzerland; and the Ti-13Nb-13Zr alloy from Smith and Nephew 

Richards Inc., U.S.A.; 

The specimens were received as 1.0 cm long discs of between 1 and 1.5 cm diameter. After 

suitable mounting, the specimens were prepared for electrochemical testing by initial 

polishing down to a 1200 grit specification using 180, 300, 600 and 1200 grit paper 

respectively. Following this finer polishing was undertaken to obtain a smooth 'mirror-like' 

fmish using 6, 1 and 114 micron diamond pastes, respectively. Finally, an insulating lacquer 

(' Alcomit') was applied around the edges of each specimen surface to leave a well defmed 

area (ie. a square of dimensions 7x7 mm ) exposed to the environment. A constant area of 

0.49 cm2 was used throughout the study for all specimens. 

During rest potential studies, each specimen was exposed to the electrolytic environment 

under open circuit conditions, for a period of up to 180 minutes. The potential was monitored 

every 10 minutes until a steady potential change of less than 2 m VI 10 minutes was 

observed. The potential was noted as well as the time taken to reach this potential, which was 

defined as the 'rest potential (EJ' [Scales 1991, Williams D.F., 1994]. For each material 

in each in environment, this was repeated three times and from the data an average value was 

accepted. 
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Once, rest potential had been attained, the specimen was subjected to an accelerated 

corrosion test to obtain an anodic cyclic polarization curve using a potential range of between 

o and 5000 m V. The step-up-rate used was 200 m V fmin starting at the rest potential. The 

electrolyte used was a phosphate buffered saline (PBS) solution to which additions of foetal 

calf serum (10%) and human macrophage cells were made as and when required. The 

electrolyte cell was maintained at 37°C throughout the tests using a suitable water bath. All 

tests were carried out under aerated conditions. The electrolyte cell was made of perspex and 

a volume of 200 ml was used for these experiments. The specimen acted as a 'working' 

electrode (anode) and was placed in the cell facing a platinum 'auxiliary' electrode (cathode). 

A saturated calomel electrode was used as the 'reference' electrode. 

The mononuclear cells were obtained from human blood serum and were separated from 

other cell types by virtue of their mass using a ficoll density gradient obtained from 

Pharmacia, U.K .. When testing the specimens in an environment containing serum and cells, 

it was important to initiate the experiment promptly following the separation of the cells. The 

macrophages were known to be in a non-activated state at the beginning of the experiment 

as determined by flow cytometry analysis and expression of CD-14 and CD-54 which are 

proven cell markers for these cells. The cells were found to survive for up to 4 hours after 

which time they began to die. The cells were added carefully, using a pipette, to the surface 

of the specimen which was placed so as to sit flat at the bottom of the electrolyte cell. The 

PBS solution containing the serum was then added to the electrolyte cell. The fmal cell 

population consisted of macrophages and lymphocytes. 
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Laser scanning confocal microscopy 

A laser scanning confocal microscope was used to observe the cells before and after 

corrosion had taken place to assess the behaviour of the cells at the material surface. Images 

were also obtained to analyze any differences in the attachment of cells to each material 

before corrosion, following the attainment of rest potential and after the accelerated corrosion 

test. The expression of CD-14 (to distinguish both non-activated and activated cells) and CD-

54 (to distinguish activated cells only) as cell surface phenotypic markers was studied using 

immunofluorescent staining. A contrast in the colours on the photographs helped visualize 

the proportionate representation of the cells that were activated both as a result of exposure 

to the environment and following an accelerated corrosion test. 

Immunological assays 

Interleukin-6 (IL-6), interleukin-16 (IL-16), interleukin-4 (IL-4) and tumour necrosis factor-a 

(TNF-a) were analyzed using commercially available solid phase sandwich, EliSA (enzyme 

linked immunosorbant assay) kits obtained from Biosource International Inc., Camerillo, 

California. 

This technique used a 96-well plate that is pre-coated with an antibody to the particular 

cytokine that is being studied. This antibody binds the cytokine to the plate, after which 

ano~er antibody is added that recognises different epitopes. This second antibody is coupled 

to a detection system that yields a colour change proportional to the amount of cytokine 

bound to the frrst antibody. Samples including standards of known cytokine content, control 

specimens, and unknowns, were pipetted into the wells followed by the addition of 

biotinylated second antibody. During the fIrSt incubation, the cytokine antigen binds 
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simultaneously to the immobilized (capture) antibody on a second site. After removal of 

excess antibody, Streptavidin-Peroxidase (enzyme) was added. This was allowed to bind to 

the biotinylated antibody to complete the four-member sandwich. After a second incubation 

and washing to remove all of the unbound enzyme, a substrate solution was added which was 

acted upon by the bound enzyme to produce colour .. The intensity of the coloured product 

was directly proportional to the concentration of the cytokine present in the original 

specimen. 
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7.3 RESULTS 

Table 7.3.1 and 7.3.2 display the values of rest potential (EJ and the times taken in minutes 

to reach this potential, in the three different biological environments which vary in terms of 

degree of biological complexity. The data shown represents the mean values of three 

independent evaluations for each material. Figures 7.3.1 and 7.3.2 gives a pictorial 

representation of this data. It is noticed that in a simple environment of PBS solution alone, 

the nobility of the alloys is in the order of Ti-6AI-7Nb, Ti-13Nb-13Zr and Ti-6AI-4V. With 

reference to the data in Table 7.3.2 it seems that Ti-6Al-4V and Ti-6AI-7Nb reach rest 

potential in a shorter time than Ti-13Nb-13Zr alloy. 

In a slightly more complicated environment in which serum proteins are present, Ti-6Al-4V 

appears to have a more noble rest potential than Ti-6Al-7Nb and Ti-13Nb-13Zr in that order. 

Although, the time taken to reach ~ is reduced for all three alloys in this environment, it 

was noticed that Ti-6AI-4V and Ti-6Al-7Nb attain rest potential in a shorter time than Ti-

13Nb-13Zr alloy, as in PBS solution. 

However, in an environment containing serum proteins and human macrophage cells there 

is a contrast in results to the environment with proteins only, with the nobility of Ti-6AI-7Nb 

and Ti-13Nb-13Zr being much greater than Ti-6Al-4V. As far as the time periods taken to 

reach E.t are concerned, it seems that all three alloys reach rest potential in more or less the 

same time as when serum proteins are present without macrophages. 

It was noticed that the E.t value became more negative for Ti-6Al-7Nb and Ti-13Nb-13Zr 
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alloys in an environment containing serum and serum + macrophages. These results suggest 

that the proteins are playing a more prominent role in covering the surface of the alloys 

within a matrix of protein reducing the rate of dissolution of the metal ions during passivity. 

In the case of Ti-6AI-4V, the ~ value becomes more electropositive in the presence of 

proteins, but when macrophages are also present, the ~ value becomes more electronegative 

again. Although, the time taken to reach ~ is reduced similarly to the other two alloys. 

Table 7.3.3 and Figure 7.3.3 display the pitting corrosion resistance (Ea-Ep) in terms of the 

difference in breakdown (Ea) and protection potential (Ep), in progressively more complicated 

PBS environments. The results represent mean values in the form of a histogram to show 

qualitatively the corrosion behaviour of all three alloys in biological environments of varying 

degrees of complexity. Generally, the smaller the difference in the values of Sa and Ep, the 

greater the corrosion resistance of the material [Cogan et al., 1994]. It seems that the order 

of increasing corrosion resistance for the materials tested was Ti-13Nb-13Zr > Ti-6Al-7Nb 

> Ti-6AI-4V in an environment of PBS alone. When testing in PBS + foetal calf serum 

(FCS), the order of corrosion resistance appeared to be the other way around , Ti-6Al-4V 

> Ti-6Al-7Nb > Ti-13Nb-13Zr, and when using an environment containing PBS + FCS 

+ macrophage cells (mac), Ti-6Al-4V = Ti-6Al-7Nb > Ti-13Nb-13Zr. 

Figures 7.3.4 to 7.3.7 display the release ofcytokines, IL-6, TNF-alpha, IL-1(beta), and IL-

4 respectively, from the activated macrophages and T-Iymphocytes that were present in the 

environment both before and after corrosion had occurred. There was a marked release of 

IL-6 cytokine for Ti-6Al-4V alloy following corrosion as opposed to exposure to the 

environment without corrosion taking place. Generally, both Ti-6Al-4V and Ti-13Nb-13Zr 
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alloys showed a greater release of this cytokine compared to Ti-6Al-7Nb alloy which was 

comparatively much less represented. 

The release of TNF-a cytokine showed a very similar pattern to that of IL-6 release, but with 

higher concentrations released in the same pattern as far as material and condition was 

concerned. Generally it was found for all three alloys to express a low concentration ofIL-18 

compared to both IL-6 and TNF-a, and there was a marked increase in cytokine expression 

following corrosion of Ti-6AI-4V alloy compared to without corrosion. For the other two 

alloys the amount of IL-l(beta) was not significantly affected by corrosion. 

The release of IL-4 confrrmed the presence of T -lymphocytes, and the activation of this 

population, within the cell matrix used for these experiments. The release of this enzyme was 

greater with Ti-13Nb-13Zr and Ti-6Al-4V alloys compared to Ti-6Al-7Nb alloy which did 

not show much expression at all. Overall, IL-6, TNF-a and IL-4 showed a greater expression 

following corrosion compared to without it, as far as both Ti-6Al-4V and Ti-13Nb-13Zr 

alloys were concerned. It was found for Ti-6Al-7Nb alloy to express a similar amount of 

release of all four cytokines both before and after corrosion. 

Figures 7.3.8 to 7.3.10 show images of the surface of the three alloys before and after 

corrosion had occurred in an environment containing PBS + FCS + macrophages using a 

laser confocal microscope. These photographs simply provide a qualitative account in support 

of the data obtained in Figures 7.3.4 to 7.3.7 of how the macrophage cells are seen to 

become 'flattened' as opposed to a 'rounded' shape when they have been activated. 
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Table 7.3.1: The rest potential values (mY> of the alloys in biological environments varying 

in degrees of complexity 

Alloy Rest Potential (m V) 

PBS PBS + FCS PBS + FCS + Mac 

- - -
X X X X X X 

- 249 - 122 - 413 

Ti-6Al-4V -280 -242 187 - 163 - 369 - 376 

- 198 180 - 347 

- 97 - 226 - 177 

Ti-6Al-7Nb - 110 - 93 - 281 - 259 - 210 -190 

-72 - 270 - 183 

- 191 - 333 - 262 

Ti-13Nb-13Zr - 131 - 156 - 351 - 358 - 201 - 214 

- 147 - 390 - 179 
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Figure 7.3.1: A histogram howing the rest potential values em V) of the alloys in varying 

biological environment 
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Table 7.3.2: The times taken (mins) to reach rest potential in varying biological environments 

Alloy Time Taken (Mins) 

PBS PBS+FCS PBS + FCS + Mac 

- - -X X X X X X 

95 40 40 

Ti-6Al-4V 105 105 45 45 50 50 

115 50 60 

130 40 30 

"-, Ti-6A1- 140 105 45 45 40 40 
,- 7Nb 

150 SO SO 
" 

130 55 SO 

Ti-13Nb-
13Zr 140 140 65 65 60 60 

150 75 70 
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Figure 7 .3.2: A hi togram howing the mean times taken (mins) to reach rest potential in 

varying biological environment 
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Table 7.3.3: The pitting corrosion resistance (Es:Ep) of the alloys in varying biological 

environments 

Pitting Corrosion Resistance (Eb-Ep) (MV) 

Alloy PBS+FCS 
PBS PBS+FCS + Mac 

- - -
X X X X X X 

3200 2300 2700 

Ti-6AI-4V 3500 3400 2600 2300 2800 2800 

3500 2000 2900 

3100 2800 2900 

Ti-6AI-7Nb 2900 3000 3000 3100 2600 2800 

3000 3500 2900 

2700 3100 3000 

Ti-l3Nb-
13Zr 3000 2900 3300 3300 3400 3200 

3000 3500 3200 
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Figure 7.3.3: Histogram of the pitting corrosion resistance CEs-Ep) of the alloys in varying 

biological environments 
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Figure 7 .3.4: The release of IL-6 cytokine from activated macrophages before and after 

corrosion 
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Figure 7.3.5 : The release of TNF-a cytokine from activated macrophages before and after 

corrosion 
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Figure 7.3.6: The release of IL-1B cytokine from activated macrophages before and after 

corrOSIOn 
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Figure 7.3 .7: The release of IL-4 cytokine from activated macrophages before and after 

corrosion 
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Figure 7 .3.8: Laser confocal microscope photographs of Ti-6AI-4 V alloy surface before and 

after corrosion in an environment containing PBS + serum + human macrophage cells 
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Figure 7.3.9: Laser confocal microscope photographs of Ti-6AI-7Nb surface before and after 

corrosion in an environment containing PBS + serum + human macrophage cells 
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Figure 7 .3.10: Laser confocal photographs of Ti-13Nb-13Zr alloy surface before and after 

corrosion in an envirorunent containing PBS + serum + human macrophage cells 
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7.4 DISCUSSION 

In order to explain the pattern of the results as accurately as possible it is important to 

understand the mediating factors involved between the cells and serum proteins interacting 

at the specimen surface, both during passivation and accelerated corrosion testing, in the 

controlled biological environment investigated. 

When considering the interaction of macrophage cells with the serum proteins present in the 

biological environment it is necessary to outline the charge carrying role of both the protein 

molecules and the macrophage cells. Also, to understand their relative behaviour in terms 

of charge carriers at the metal/electrolyte interface. Cationized bovine serum albumin and 

other cationic proteins are significantly more immunogenic than their less charged 

counterparts causing more macrophage activity. There is an indication that specific cell­

surface binding sites which occur on macrophages may mediate selective uptake of certain 

proteins with highly charged domains [Dohlman 1991]. However, it has also recently been 

reported that protein pre-adsorption on polymer surfaces showed lower levels of cytokines 

suggesting a passivating effect by the protein adsorption phenomenon on macrophage 

activation [Anderson 1995]. Also, protein deficient related changes in carbohydrate 

composition of macrophages could lead to modification of their receptor activity and charge 

related functions [Machaiah 1994]. It was shown that the cell surface sialic acid which 

contributes to the negative charge of the cells, is a constituent of albumin and may be related 

to the cell activity in some way, yet unknown [Dohlman 1991]. However, albumin has also 

been shown to play a role in macrophage activation in its sialic acid free form, even though, 

it seems that the presence of this sialic acid increases macrophage phagocytic activity. 

162 



Generally, it is suggested that the presence of serum proteins plays a role in decreasing the 

rate of dissolution of metal ions from the surface of the alloy by covering the surface layer. 

However, for Ti-6AI-4V an adverse effect was noticed in which the Ea value became more 

negative suggesting an increase in the rate of metal ion dissolution. Previous studies have 

proposed that the Ti-6Al-4V alloy surface involves a more proliferative dissolution 

mechanism of Al3+ and V+ ions compared to the other two alloys which contain less soluble 

metals such as niobium and zirconium. In this study, the macrophage cells seem to be 

interacting in some way to either become activated releasing certain enzymes or play a role 

in attracting the positive metal ions which are released from the oxide surface more readily 

towards relatively more negatively charged sialic acid coated cell surfaces [Dohlman, 1991 

and Davidson et al., 1994]. 

The measurement of cytokine secretion is a sensitive indicator of cellular responses in the 

presence of biomaterials. Interleukin-16 (lL-16) , tumour necrosis factor-a (TNF-a) and 

interleukin-6 (IL-6), have all been identified in periprosthetic tissue and implicated in the 

inflammatory response to wear particles and periprosthetic loosening [Andrew et al., 1993 

and Chiba et aI., 1994]. 

It has been shown that in response to the release of interleukin-4 (lL-4), stimulated 

monocytes produce less IL-16 [Vannier et aI., 1992 and Hart et aI., 1996], which may 

explain why in the present study the results obtained are in agreement with this fmding. If 

the cell suspension consisted of both macrophages and T -lymphocytes, then, the expression 

of IL-4 by the T -lymphocytes may have inhibited the expression of IL-16 from these cells. 

Thus, the overall concentration of IL-16 expressed would be considerably less as confirmed 
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by the results obtained during this study. 

Overall, it was observed that the presence of proteins improves the corrosion resistance of 

Ti-6AI-4V and reduces that of Ti-13Nb-13Zr, with that of Ti-6AI-7Nb remaining unchanged. 

However, the same environment in the presence of macrophage cells improves the corrosion 

resistance of Ti-6Al-4V and Ti-6Al-7Nb and slightly reduces that of Ti-13Nb-13Zr alloy. 

Although, it was found for the corrosion resistance (Es-E,) to be similar for both Ti-6AI-4V 

and Ti-6AI-7Nb in an environment containing serum proteins and macrophage cells, it was 

found for Ti-6Al-7Nb alloy produced less cell activation. Thus, it seems that the ions 

released by Ti-6Al-7Nb alloy are less toxic than those of Ti-6Al-4V. This suggests that the 

presence of vanadium ions within the alloy enhances the activation of macrophages during 

both passivation and corrosion. The same argument may be used when discussing the effects 

of Ti-13Nb-13Zr alloy on cell activation. In this case the increase in cell activation may be 

linked to the release of zirconium ions into solution during passivation and corrosion. Having 

considered this argument, it is equally as important to take into account the relatively active 

rest potential value (EtJ found for Ti-6Al-4V alloy in the presence of serum proteins and 

macrophage cells, especially, when considering the passive state of the alloy. Since, if the 

potential for release of ions from the alloy surface is considerably higher as a result of a 

matrix layer of negatively charged species (ie. proteins and macrophages), then this may also 

be contributing to a greater release of ions into solution both during passivation and 

corrosion. 
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CHAPTER 8 : GENERAL CONCLUSIONS 

1. This study has shown that following Ti(cpi), the beta (Ti-15Mo) or near-beta (Ti-13Nb-

13Zr) alloys display the greatest resistance to corrosion. An investigation of the alloying 

elements has shown that niobium and to a lesser extent zirconium produced the most 

favourable effects in terms of corrosion resistance, as opposed to molybdenum, vanadium and 

aluminium, in that order. The phenomenon of corrosive wear (contribution of corrosion to 

wear) as opposed to non-corrosive wear is more detrimental to the mixed phase alpha-beta 

alloys (ie. Ti-6AI-4V and Ti-6Al-7Nb), than any of the others. Wear by itself, is more 

detrimental to the other alloys than to these two. As far as the influence of wear on the 

corrosion of materials is concerned (ie. wear-accelerated corrosion), it has been shown that 

Ti-3AI-2.5V, Ti-13Nb-13Zr and to a lesser extent Ti-6Al-7Nb, are least affected. 

Conversely, Ti, Ti-15Mo, Ti-SAl-lMo-lV and Ti-6Al-4V are all affected to a greater extent. 

2. The corrosion resistance of the three titanium alloys (Ti-6AI-4V, Ti-6AI-7Nb and Ti-

13Nb-13Zr) was influenced by the specific environments within which they were tested. The 

presence of low concentrations of proteins was demonstrated to increase the corrosion 

resistance of Ti-6Al-4V and Ti-6Al-7Nb but reduce the corrosion resistance of Ti-13Nb-

13Zr. The pH of the environment was also very important. In the absence of proteins an 

increase in pH decreased the corrosion resistance of Ti-6Al-4V and Ti-6Al-7Nb but increased 

the corrosion resistance of Ti-13Nb-13Zr. However, in the presence of proteins the corrosion 

resistance of Ti-13Nb-13Zr decreased as pH increased. The hardness of the alloy was also 

influenced by the corrosive environment. Ti-13Nb-13Zr initially had the harder surface, 

however, following corrosion in PBS it was lower than both Ti-6Al-4V and Ti-6AI-7Nb. 
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Following corrosion in albumin, the Ti-13Nb-13Zr surface was harder than either Ti-6AI-4V 

or Ti-6AI-7Nb. 

3. The data produced during this study suggests that, without corrosion, the wear of Ti-

13Nb-13Zr was greater than that of Ti-6Al-7Nb or Ti-6Al-4V; and that in the presence of 

protein, the wear of all three alloys was reduced. In the presence of corrosion without wear, 

Ti-13Nb-13Zr was more corrosion resistant Ti-6AI-7Nb which was more corrosion resistant 

than Ti-6AI-4V, without protein. However, in the presence of protein, the corrosion 

resistance of Ti-13Nb-13Zr and Ti-6Al-7Nb is reduced and that of Ti-6AI-4V increased. In 

the presence of corrosion and wear, the corrosion resistance of Ti-13Nb-13Zr was higher 

than that of Ti-6Al-7Nb and Ti-6Al-4V, and in the presence of proteins the corrosion 

resistance of Ti-13Nb-13Zr and Ti-6Al-7Nb are very similar but higher than that of Ti-6Al-

4V.The wear of Ti-13Nb-13Zr is lower than that of Ti-6AI-7Nb and Ti-6AI-4V with or 

without the presence of proteins. Therefore the overall degradation when both corrosion and 

wear processes are occurring is lowest for Ti-13Nb-13Zr and highest for Ti-6Al-4V and the 

presence of proteins reduces the degradation of all three alloys. 

4. a) The rest potential (EJ of all three titanium alloys becomes more electropositive in PBS 

alone when polishing using a 114 diamond paste polish compared to 180 grit paper. This 

effect was most prominent with Ti-13Nb-13Zr followed by Ti-6Al-7Nb and Ti-6Al-4V in that 

order. In the presence of serum proteins, at 114 micron specification, Ti-6AI-4V became 

more electropositive, whereas, both Ti-6Al-7Nb and Ti-13Nb-13Zr became more 

electronegative in that order. At 180 grit specification, the opposite was found, with Ti-6Al-

4V becoming more electronegative, whereas, Ti-6Al-7Nb and Ti-13Nb-13Zr became more 
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electropositive. 

b) In PBS alone, following a 114 micron polish, the corrosion resistance of Ti-6AI-7Nb > 

Ti-13Nb-13Zr > Ti-6Al-4V. When using a 180 grit polish, the corrosion resistance of Ti-

13Nb-13Zr > Ti-6AI-7Nb > Ti-6Al-4V. In this environment, Ti-13Nb-13Zr was least 

affected by a change in surface preparation followed by Ti-6AI-4V and Ti-6AI-7Nb in that 

order. At 1/4 micron specification, the presence of proteins, reduces the corrosion resistance 

of Ti-6AI-4V and has relatively no effect on both Ti-6AI-7Nb and Ti-13Nb-13Zr alloys. At 

180 grit specification, the addition of serum proteins, improves the corrosion resistance of 

Ti-6AI-4V, has relatively no effect on Ti-6AI-7Nb and slightly reduces that of Ti-13Nb-13Zr 

alloy. Overall when considering an environment containing serum proteins, it was found that 

a fme polish preparation was more favourable for both Ti-6Al-7Nb and Ti-13Nb-13Zr alloys. 

c) In PBS alone, the value of Eg was lower for all three alloys as a result of a change in 

surface roughness from 114 micron to 180 grit specification, in the erder, Ti-6Al-7Nb, Ti-

6Al-4V and Ti-13Nb-13Zr respectively. However, in the presence of proteins, a change from 

114 micron to 180 grit specification showed a lowering in Es value for Ti-6AI-7Nb and an 

increase for both Ti-6Al-4V and Ti-13Nb-13Zr alloys. 

5. a) In an environment that more closely depicts the in-vivo situation, in which human 

macrophage cells are present, it was found for Ti-6Al-7Nb to have the most noble rest 

potential (EJ followed by Ti-13Nb-13Zr and Ti-6Al-4V in that order. 

b) The time taken to reach rest potential (&J is reduced for all three alloys when exposed 
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to an environment containing serum proteins and/or human macrophage cells. This effect is 

most prominent for Ti-13Nb-13Zr followed by Ti-6AI-7Nb and Ti-6AI-4V in that order. 

c) The presence of serum proteins improves the corrosion resistance of Ti-6Al-4V and 

reduces that of Ti-13Nb-13Zr, with that of Ti-6Al-7Nb remaining unchanged. However, the 

same environment in the presence of human macrophage cells improves the corrosion 

resistance of Ti-6AI-4V and Ti-6Al-7Nb and slightly reduces that of Ti-13Nb-13Zr alloy. 

d) There is substantial evidence to suggest that rest potential and in-vitro corrosion studies 

should whenever possible be carried out using proteinaceous electrolytic solutions including 

macrophage cells, to assess more accurately the corrosion characteristics of titanium alloys 

as biomaterials, especially when trying to compare or predict their end use durability and 

breakdown mechanisms. 

e) This study has shown that Ti-6Al-4V alloy and Ti-13Nb-13Zr alloy, to a lesser extent, 

give rise to an increased amount of macrophage activation following corrosion, Ti-6Al-7Nb 

alloy caused a comparatively lower response. 
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PROPOSALS FOR FURTHER WORK 

This project has created numerous opportunities for further work following on from this in­

depth study into the corrosion and wear behaviour of certain titanium alloys within varying 

biological solutions. Similar testing might be contemplated on other 'novel' titanium alloys 

presently available as better alternatives to Ti-6Al-4V alloy (eg. Ti-5Al-15Mo-5Zr alloy and 

certain Ti-Nb-Zr-Pd-Sn alloys). Surface treatments on titanium alloys might be studied, 

especially, with some of the latest techniques available to produce diamond-like coatings 

(DLC) onto titanium surfaces. This might include a review of either one specific surface 

treatments applied to a number of alloys and/or a study of various treatments presently 

available to try to assess methods of improving the corrosion and wear behaviour of titanium 

alloys by slightly altering the surface. 

Further corrosion work might also be a possibility by looking at introducing other biological 

cells into the environment (eg. fibroblasts, neutrophils etc .. ). The influence of macrophage 

cells on other metal surfaces might be investigated, especially using dissimilar metals (eg. 

titanium and stainless steel). This might include looking at the response of such cells to metal 

samples constituting titanium alloys to correlate relative degrees of cytocompatibility. 

Particulate material (ie. metal/alloy particles of varying sizes) could be added to the 

environment and the corresponding corrosion/wear behaviour investigated to mimic the effect 

of wear debris already present in the vicinity of a material which then begins to corrode. A 

more comprehensive corrosion/wear testing apparatus could be designed to be incorporated 

within the corrosion cell. Perhaps an investigation into improving the stability of such a 

device to produce more consistency in producing corrosion/wear data might be pursued. 
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Cyclic anodic polarization studies were undertaken for several titanium alloys of varying composition 
and phase structures. All materials were exposed to an accelerated corrosion test using a potentiostat 
and their electrochemical behaviour was analysed within a potential range of 0 to 5000 mY. The electro­
lyte used was a phosphate buffered saline (PBS) solution at pH = 5, 7.4 and 9. The polarization curves 
obtained represented both the passive and active regions of the materials and these curves were used to 
compare the resistance to pitting corrosion of each material. The Sliding-wear of these materials was 
studied in both non-corrosive and corrosive environments. A simple pin-on-disc type wear apparatus 
was designed and built to simulate the co-joint action of corrosion and sliding-wear. Using this appara­
tus, it was also possible to evaluate the effect of wear-accelerated corrosion, which was also evaluated 
by wearing the surface of the specimens prior to corrosion. It was evident that the mixed phase alpha­
beta alloys (Ti~AI-4V and Ti~AI-7Nb) possessed the best combination of both corrosion and wear 
resistance, although commercially pure titanium and the near-beta (Ti-13Nb-13Zr) and beta (Ti-15Mo) 
alloys displayed the best corrosion resistant properties. © 1996 Elsevier Science Limited 
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Titanium (commercially pure grade) and, Ti-6AI-4V 
alloy have both been used in implantable devices for 
several decades. Although they have an excellent 
reputation for corrosion resistance and biocompat­
ibility, considerable controversr has developed over 
the biocompatibility of the alloy -13. 

There are two main points to consider in this 
controversy_ 

(a) Firstly, although titanium has an excellent 
corrosion resistance, if titanium is released into the 
tissue even by the way of passive dissolution or 
perhaps by another process involving wear, the tissue 
reaction may vary. This reaction could be anything 
ranging from a mild response (e.g. a discolouration of 
the surrounding tissue) to a more severe one (e.g. 
inflammatory reaction causing pain and even leading 
to loosening owing to osteolysis)14-19. 

(b) Secondly, if deposits of titanium alloy particles 
are present in the tissue. then concentrations of 
aluminium and vanadium (which themselves have 
considerably different biolOgical pro~erties than 
titanium) will also be presene- ,&-7,12.20, 1. It has thus 
been proposed that better performance in terms of 
corrosion resistance and biocompatibility would be 
achieved through the use, of alloys of different 
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composition. However. even though several such 
alloys have been investi~ated. there is still very little 
data to support this view .22-27. 

The physical metallurgy of titanium shows that it 
undergoes an allotropic transformation at about 885°C. 
changing from a close-packed hexagonal (c_p.h.) 
crystal structure (i.e. alpha phase) to a body-centred 
cubic (b.c.c.) crystal structure (i.e. beta phase). Alloying 
elements are known to either lower or raise the 
transformation temperature. Depending on their 
microstructure. titanium alloys fall into five categories: 
alpha, near-alpha. alpha-beta, near-beta or beta. Each 
of these denotes the general type of microstructure 
present after heat treatment and processing28- 31

. 

Substitutional alloying elements play an important 
role in controlling the microstructure and properties of 
titanium alloys. 

Vanadium and niobium are beta amorphous (i.e. have 
similar phase relations) with b.c.c. titanium28. 
Aluminium has significant solubility in both alpha and 
beta phases. Zirconium is unique in that it is 
isomorphous with both the alpha and beta phases of 
titanium. Almost all titanium alloys contain one or 
more of these two elements because they are soluble in 
both phases. and particularly because they improve 
creep strength in the alpha phase. Also. beta 
isomorphous elements are preferred since they do not 
form intermetallic compounds. Generally. it is known 
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that commercially pure titanium and single phase 
alloys demonstrate the best corrosion resistant 
properties. However, the alpha-beta alloys, when 
properly heat-treated, display an excellent combination 
of strength and ductility. They are also stronger than 
both the alpha or the beta alloys28.29. 

Under normal physiological conditions, titanium and 
its alloys should not break down, without the presence 
of other accelerating factors, such as wear. However, 
there is still some release of material into tissue owing 
to passive dissolution. Thus, metal ions and metal­
protein complexes could cause tissue damage, and 
therefore, passive corrosion rates are a significant 
factor as far as the corrosion behaviour of these 
materials is concerned 11,32-36. The corrosion character­
istics of some of these materials have been studied 
previously, especially Ti and Ti-6AI-4V; however, 
these studies have only shown the corrosion behaviour 
within a limited potential range, usually up to 
approximately 2000 m V, using a de-aerated electrolyte 
solution, at which point they have been shown to 
break down. Also, any novel material has been 
presented simply as an alternative to the Ti-6AI-4V 
alloy, with an improvement in corrosion 
resistance6.22.37. In some cases, such alloys have also 
been shown to display better wear resistance following 
prior treatment with an appropriate surface 
treatmene4, 25. 

In this study, it has been possible to compare the 
corrosion resistance of a variety of alloys, including 
two recently developed novel ones (Le. Ti-6AI-7Nb 
and Ti-13Nb-13Zr). The materials were investigated 
using a potential range of O-SOOOmV, and in an 
electrolyte which was not de-aerated to model the 
availability of oxygen in the physiological 
environment. It was also possible to consider the effect 
of corrosion on wear by comparing the non-corrosive 
and corrosive wear of each material. To supplement 
these studies, the effect of wear-accelerated corrosion 
(by wearing the surface of each specimen prior to 
corrosion) was studied. 

Wear is not known to be the main cause of failure of 
prosthetic devices in the short term, as are infection, 
loosening or fracture. However, in the long term it may 
contribute to reasons for prosthesis removal38. Thus, it 
becomes an important factor to consider the effects of 
wear debris that may accumulate in the tissues, 
leading to problems of toxicity and unfavourable 
inflammatory responses3

9-43. A simple, low cost 
sliding-wear apparatus was designed specifically for 
this study (Figure 1), to evaluate the materials in a 
corrosive environment, and thus predict wear rates 
using surface profilometry44-54. Therefore, it was 
possible to assess the predictability of the degradation 
of these titanium alloys under more physiologically 
relevant conditions. 

MATERIALS AND METHODS 

Corrosion studies 

The materials used in this study were obtained from 
various sources: Ti(cpi), Ti-6AI-4V, Ti-8AI-IMo-lV 
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Figure 1 The simple pin-on-disc apparatus used for non­
corrosive/corrosive wear testing. 

and Ti-1SMo from IMI Ltd., UK; Ti-6AI-7Nb from 
Sulzer Medical Technology Ltd., Switzerland; Ti-
13Nb-13Zr and all of the constituent metal samples 
from Smith and Nephew Richards Inc., USA, and Ti-
3AI-2.SV from Aerospace Metals (Bury) Ltd., UK. 

All the materials were received in the annealed 
condition, in the form of rods, which varied between 1 
and 1.5 cm in diameter. 

The test specimens were then cut up to form discs of 
approximately 0.5 cm thickness. A wire lead was 
attached to the back of each disc, using a small 
amount of conducting paste. Following this, each 
specimen was mounted into a thermosetting resin 
mould, in the form of a 3 cm diameter rod. A large 
portion of the surface of the specimen was covered 
with an' insulating lacquer varnish, leaving only a 
given specimen area exposed to the test solution. The 
specimen area used varied between approximately 0.1 
and 0.5 cm2

• 

Each specimen was then polished down to a 600 grit 
specification. Finer polishing was also undertaken to 
produce a 'mirror-like' finish, using 6, 1 and 1/4 /lm 
diamond paste, respectively. Surface roughness 
measurements were undertaken for each specimen 
before and after corrosion using a surface profilometer 
(a 'Taylor-Hobson Surtronic 3' profilometer was used). 
Hardness measurements were also undertaken using a 
Vickers hardness indentation machine. For each 
specimen, an average value was obtained, using three 
individual readings. 

Finally, the specimen (anode) was placed in solution 
facing an auxiliary electrode (cathode) which had a 
surface area four or five times greater than the 
specimen. 

Cyclic polarization curves were obtained using a 
potential range of between 0 and SOOOmV (an 
'AUTOSTAT' computer controlled potentiostat was 
used (Figure 1)). The potential was increased at a rate 
of 200 mV min-I, starting with the rest potential (ER ). 

Electrode potentials were measured against a saturated 
calomel reference electrode. The electrolyte solution 
used in these tests was a phosphate buffered saline 
(PBS). The solution was made up by adding pre­
packed tablets to distilled water, which produced a 
0.1 M buffered solution at a pH of 7.4. The pH could 
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then be altered as required, by adding measurable 
amounts of hydrochloric acid or sodium hydroxide. 
The solutions were maintained at 37°C throughout the 
tests using a water bath. 

Corrosive-wear studies 

Using the sliding-wear apparatus, mentioned earlier, 
it was possible to monitor the effects of wear of the 
materials within a corrosive environment. A constant 
load of 0.5 N was applied in contact with the 
specimen surface. The wearing pin was made of 
alumina and produced a total sliding distance of 250 
metres during each corrosion test. Since the 
environment was much more aggressive during 
continuous wear compared to corrosion only, a 
potential step-up rate of 1000 m V min -1 was used 
(the electrolyte was maintained at pH = 7.4 
throughout the wear studies). To demonstrate a non­
corrosive environment, distilled water was used as 
the electrolyte solution. Each specimen was 
measured for changes in surface roughness and 
hardness, before and after each test. The change in 
these two properties following corrosive-wear gave a 
quantitative account of the effect of wear on each 
material. 

In addition to the above, the concept of wear­
accelerated corrosion was also investigated. In this 
case, each specimen was subjected to wear, for a 
period of 5 min, prior to corrosion testing in a similar 
way as that described earlier. 

RESULTS AND DISCUSSION 

Corrosion studies 
To study the corrosion characteristics of the materials, 
potential vs current density curves were obtained 
(Figures 2 and 3). In general, all of the alloys tested 
showed a breakdown potential (EB ) of between 3000 
and 4000mV, very similar to the breakdown potential 
of commercially pure titanium, Ti(cpi), which 
produced breakdown at approximately 4000mV. As a 
means of cross-reference, the materials were also 
tested in de-aerated solution and were found to break 
down at between 1500 and 2000mV instead of around 
3000 m V, which was comparable to the results obtained 
by other workers26.55-58. 

The breakdown potential is known to be observed 
with a large increase in current at EB associated with 
pit formation59. Observations using an optical 
microscope confirmed such pits. In practice, there 
were no real differences noted in the value of EB for 
anyone material. However, it has been known for 
considerable differences in EB to occur partllc owing 
to variations in the surface roughness o. The 
protection potential (Ep) is normally defined as the 
potential at which the current density on the 
negative sweep from the maximum anodic potential 
equals the current density in the passive region (Le. 
the point at which the hysteresis loop is complete, 
or rest potential is reached)59. 60-63. The difference 
between the breakdown and protection potentials 
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(EB-Ep) is related to the 'pitting corrosion resistance' 
of the material (Tables 1, 2 and 3). The lower the 
value, the more corrosion resistant the material. 
Table 1 shows how the corrosion resistance of each 
material varies with changes in the pH of the 
environment (i.e. pH = 5 and 9). In addition, Tables 
4 and 5 show how the surface roughness and 
hardness values varied following corrosion at 
different levels of pH. 

There is no doubt that Ti(cpi) displays a better 
corrosion resistance than any of the alloys tested, and 
even its mechanical integrity is similar to that of its 
alloys, following corrosion. However, the fact remains 
that it is an inherently weak material to begin with, 
having a hardness value of less than half that of any of 
its alloys. Still, although it does not appear to be a 
favourable candidate for orthopaedic applications, it 
continues to fulfil its role well as a suitable biomaterial 
in areas where corrosion resistance may be of sole 
concern. 

In general, it was found that alpha-beta/beta alloys 
possessed the best corrosion resistance. Of all the 
alloys tested, Ti-13Nb-13Zr displayed the best 
corrosion resistance under normal physiological 
conditions (i.e. at pH = 7.4), and even seemed most 
resistant to changes in pH. However, it has one major 
drawback, in that it undergoes a considerable loss in 
hardness following corrosion, which is of paramount 
importance from the tribological point of view. This 
material has recently been promoted as a useful 
alternative to Ti-6AI-4V, as long as a suitable surface 
treatment (oxygen diffusion hardening in this case) is 
used26. However, the use of surface treatments is a 
completely separate issue, and one that is surrounded 
by yet more controversy. Therefore, the advantages 
and disadvantages of such treatments will not be 
discussed in this study. 

These results suggest that Ti-6Al-7Nb is a better 
alternative to Ti-6AI-4V and there are two main 
reasons for this. Firstly, its corrosion resistance proved 
to be slightly better, if not as good as Ti-6Al-4V. 
Secondly, because its resistance to loss of mechanical 
properties with changes in pH were equally as good as 
Ti-6AI-4V. 

With regards to the composition of each alloy, and 
thus the corrosion resistance of each constituent metal 
(Figure 3 and Table 6), Ti, AI, V, Mo and Zr to a 
lesser extent displayed a strong resistance to both 
pitting and crevice corrosion. Conversely, Nb appeared 
to be much more vulnerable as a metal. However, it 
was also found that the breakdown potential (EB ) of 
Ti, Nb and Zr to a lesser extent is far greater than for 
AI, V and Mo, as has also been observed by 
others23. 24. 26. 

Non-corrosive wear and corrosive wear 
Table 5 shows how the wear characteristics of each 
material change in both non-corrosive and corrosive 
conditions. In general, it was found that for all 
materials tested, corrosion is an accelerating factor on 
the wear behaviour. However, there is a notable 
variation as to the extent of its influence, between any 
one material. As far as changes in surface roughness 

Biomaterials 1996, Vol. 17 No. 22 



2120 

• 4~" 
r .... 
, 1St. 

II ... 
l nil 

, ltf' 
I'SII .... 
s .. 

fllllll-ll 
[r s -141.W 

--=~:===:::::> 

".2 1.2 •. , 1.4 1.1 2.2 

t '5" 

J

f :: 

I." 
n .. 

'ltft 151, 

.." 
III 

In-vitro corrosion and wear of Ti alloys: M.A. Khan et al. 

flU I 1nl-1 __ ----..:z£r .. 'Sl,' .. " 

-1' 11 31 II 1. " c •• n, Hlln, '",S'.CII 
S.rhc. A,,, '.21:.-2 

C_., HlSm 'oI'SI.Ul 
SWhCf Ar.. 1.1c.-2 

,4'S1I 

! .... 
I IS .. '1 ... 
l 2'" 

r 1." 
IS11 

lilt 

5 .. 

(trLle "U_Tn Hfl nu,III.-'. 
(r,,-.'2.7" , ::: 

, 1'511 

~ JII' 

"" 
; l'H 

" .. 
1'" 
Stl 

CYCLIC 111.,_,., ""I 
rlL(,"~" 
(,.-=2.4"", 

-2' 2' " ... 14. .11 2 • 2 • -5 '5 15 
(.,.111' ,(ISIfY (""SI.el) 

15 
tUl1E1t I[ISIIY ("'SI.CII) 

Sur he. fir" '.lu-l Su,.hc. Ir.. '.Uc.'2 

r 4". 
t 1 fll. 
t 15" 

! II" 
7511 

C lUi 

1511 

III. 

5 .. 

(Ytl J[ vel , .... ,,' ea .. flLEdll'-. 
h:-71.1.u 

, 4"1.' • l ell' 
I 1511 

~ 111' 

l,5 .. 

; 1'" 

I'" 
\11 

CVClH VOLhtl __ hIY DIIIR 
"((,TIll'!. 

""~.J .. V 
~-----:::=-

i.1 •. 1 t.] to ~ t.7 t. ~ I I -2' l' ... 
(Ullnf lusny hdI/Sl.CIJ 
Sathe. Ar.. '.4C11.2 

"" ..I (U •• U1 IUSln ("'SI.n) 
~IJrf .,.. Itt", '.4P~fIt-1 

• '5 .. • , .... 
115 .. 

I"" 
L n .. 

: t ... 

15 .. 

I ... 

5" 

nCLIc VII. '..-'1' Dlrl 

·2. 11 " 1" 
c_aur HISI" 'oI'SI.CI' 
Sur flu Itru '.le.·] 

1 .. • I 

fI([,' ..... 1 
fr··~·1 .. V 

Figure 2 Potential vs current density curves for titanium alloys of varying composition. 

are concerned (Table 7), the mixed phase alpha-beta 
alloys (Ti-6AI-4V and Ti-6AI-7Nb) were affected 
more than the other alloys. The reason for this may be 
that these alloys are quite hard initially (Table B). and 
do not lose their hardness as a result of corrosion 
(Table 5). Thus, once they have worn they may be 
acting as hard abrasives themselves, giving rise to the 
effect of three-body wear. As a result of this, they 
would most definitely produce greater wear scars, and 
thus a rougher surface. 

Other then Ti-15Mo, which was affected the least, 
the rest of the alloys (Ti-BAI-IMo-IV, Ti-3Al-2.5V 
and Ti-13Nb-13Zr) displayed a comparable behaviour. 
An explanation for Ti-15Mo might be that it is a 
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comparatively 'soft' material to start off with (Table B), 
and thus may not contribute markedly towards three­
body wear. This would produce the effect of less 
prominent wear scars on the surface (although it may 
have lost more material as a result of the wear 
process). This might also be the case for the other 
alloys, since they are also not as hard as Ti-6Al-4V 
and Ti-6Al-7Nb. In terms of changes in surface 
hardness, Ti-6AI-7Nb and Ti-3AI-2.5V followed by 
Ti-6AI-4V were superior in resisting any considerable 
change (Table 6). This suggests that corrosion has a 
more detrimental effect on the mechanical properties 
of either the alpha or beta alloys and that the mixed 
phase alpha-beta alloys suffer the least. 
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Figure 3 Potential vs current density curves of the different metals constituting the alloys. 

Wear-accelerated corrosion 

The effect of wearing the specimen prior to corrosion 
testing was investigated to observe how this action 

might influence the corrosion characteristics of each 
material. Table 2 shows the pitting corrosion resistance 
(EB-Ep) of each material with and without the effect of 
wear before corrosion. 

Table 1 Pitting corrosion resistance (EB-Ep) of the titanium alloys at varying pH levels 

Material Phase EB-Ep (mV) EB-Ep (mV) EB-Ep (mV) EB-Ep (mV) EB-Ep (mV) EB-Ep (mV) 
at pH = 5.0 at pH = 5.0 at pH = 7.4 at pH = 7.4 at pH = 9.0 at pH = 9.0 

Ti(cpi) pure metal 200 300 200 450 500 650 
300 550 700 
400 600 750 

Ti-8AI-1Mo- near alpha 1600 2050 3250 3450 4050 4100 
1V 2150 3500 4100 

2400 3600 4150 
Ti-3AI-2.5V alpha-beta 2900 3025 4200 4300 3350 3700 

2975 4300 3650 
3200 4400 4100 

Ti-6AI-4V alpha-beta 1900 2600 3350 3850 3850 3950 
2700 3900 3900 
3200 4300 4100 

Ti-6AI-7Nb alpha-beta 2300 2500 2900 3025 3850 4000 
2400 3075 4050 
2800 3100 4100 

Ti-13Nb- near beta 3100 3150 2800 2900 2300 2650 
13Zr 3150 2900 2700 

3200 3000 2950 
Ti-15Mo beta 3100 3250 2800 3000 4050 4250 

3300 3000 4300 
3350 3200 4400 

BiomatBrials 1996, Vol. 17 No. 22 
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Table 2 A comparison of the pitting corrosion resistance (Ee-Ep) following corrosion and wear-accelerated corrosion 

Material Corrosion only 

Ee-Ep (mV) Ee-Ep (mV) 

Ti(cpi) 450 600 
650 
700 

Ti-8AI-1 Mo-1V 3150 3300 
3350 
3400 

Ti-3AI-2.5V 4200 4300 
4300 
4400 

Ti-6AI-4V 3600 3800 
3900 
3900 

Ti-6AI-7Nb 3850 4000 
3950 
4200 

Ti-13Nb-13Zr 3150 3400 
3450 
3600 

Ti-15Mo 3700 3900 
4000 
4000 

It was found that although Ti(cpi) possessed a much 
better corrosion resistance than any of the alloys 
during corrosion, following wear-accelerated 
corrosion its corrosion resistance was found to be 
comparable with the alloys. It seems that Ti-3AI-
2.5V, Ti-13Nb-13Zr and to a lesser extent Ti-6AI-
7Nb were least affected by wear. However, Ti-15Mo 
and Ti-8AI-IMo-lV along with Ti and Ti-6AI-4V 
were all affected. It is also possible to assume that 
the wear-accelerated corrosion behaviour of all the 
materials is more severe than for corrosion only. 
However, there was a slight variation of this effect for 
each material. This behaviour is supported by a 
theoretical model, which suggests that the wearing 

Table 3 The pitting corrosion resistance (Ee-Ep) of the metals 
constituting the alloys 

Material EB-Ep (mV) Ee-Ep (mV) 

Titanium 200 250 
200 
250 

Aluminium 200 300 
300 
400 

Vanadium 100 100 
100 
100 

Molybdenum 300 375 
375 
450 

Niobium 4000 4200 
4250 
4350 

Zirconium 650 700 
700 
750 
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Wear-accelerated corrosion 

Ee-Ep (mV) Ee-Ep (mV) 

3000 3150 
3200 
3250 
3850 4000 
3900 
4250 
4100 4300 
4350 
4450 
4050 4250 
4200 
4500 
3800 4150 
4200 
4450 
3300 3500 
3550 
3650 
4050 4200 
4200 
4350 

mechanism removes the protective oxide film on the 
surface of the material, thus leaving the surface 
unprotected. As a result, when corrosion occurs it 
does so at a faster rate55.57.61. 

General comments 

The aim of this study was to compare the similarities 
and differences of titanium alloys under corrosion and 
wear conditions. In this respect, of all the materials 
tested, the mixed phase alpha-beta alloys (Ti-6AI-4V 
and Ti-6AI-7Nb) displayed the best combination of 
both corrosion resistance and mechanical strength, 
which would be an important factor from the point of 
view of an articulating joint prosthesis. 

Thus, it is evident that if better alloys are to be found 
for such applications in the future, then primarily, they 
must have both alpha and beta phases present in their 
microstructure, possibly more beta than alpha to 
improve corrosion resistance, as has been shown. Also, 
as far as alloying composition is concerned, although it 
is preferable that metals such as aluminium be 
avoided, it seems that this metal continues to be a 
useful alpha stabilizer with essential strengthening 
properties to the alloy. However, niobium should 
continue to be a promising metal in successfully 
replacing vanadium as a beta stabilizer, without any 
significant compromises, and with potential benefits 
with respect to less toxicity. 

CONCLUSIONS 

This study has shown that following Ti(cpi), the beta 
(Ti-15Mo) or near-beta (Ti-13Nb-13Zr) alloys 
display the greatest resistance to corrosion. An 
investigation of the alloying elements has shown that 
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Table 4 Changes in surface roughness following corrosion at varying pH levels 

Material Change in surface roughness (J.lm) 

At pH = 5.0 At pH = 7.4 

Ra Ra Ra 

Ti(cpi) 0.09 0.10 0.19 
0.09 0.22 
0.12 0.40 

Ti-8AI-1 Mo-1V 0.02 0.04 0.02 
0.04 0.02 
0.06 0.05 

Ti-3AI-2.5V 0.19 0.23 0.13 
0.22 0.16 
0.28 0.28 

Ti--6AI-4V 0.24 0.27 0.02 
0.27 0.02 
0.30 0.02 

Ti--6AI-7Nb 0.11 0.15 0.01 
0.16 0.02 
0.18 0.02 

Ti-13Nb-13Zr 0.27 0.44 0.01 
0.43 0.01 
0.62 0.02 

Ti-15Mo 0.01 0.01 0.29 
0.01 0.42 
0.02 0.52 

niobium and to a lesser extent zirconium produced 
the most favourable effects in terms of corrosion 
resistance, as opposed to molybdenum, vanadium 
and aluminium, in that order. The phenomenon of 
corrosive wear (contribution of corrosion to wear) as 
opposed to non-corrosive wear is more detrimental 
to the mixed phase alpha-beta alloys (i.e. Ti-6AI-4V 
and Ti-6AI-7Nb) than any of the others. Wear by 

At pH = 9.0 

Ra Ra Ra 

0.27 0.17 0.21 
0.18 
0.28 

0.03 0.03 0.06 
0.07 
0.08 

0.19 0.01 0.01 
0.01 
0.02 

0.02 0.09 0.16 
0.17 
0.22 

0.02 0.06 0.08 
0.09 
0.09 

0.01 0.03 0.04 
0.04 
0.05 

0.41 0.02 0.05 
0.04 
0.09 

itself is more detrimental to the other alloys than to 
these two. As far as the influence of wear on the 
corrosion of materials is concerned (Le. wear­
accelerated corrosion), it has been shown that Ti-
3AI-2.5V, Ti-13Nb-13Zr and to a lesser extent Ti-
6AI-7Nb are least affected. Conversely, Ti, Ti-15Mo, 
Ti-BAI-IMo-lV and Ti-6AI-4V are all affected to a 
greater extent. 

Table 5 Changes in surface hardness following corrosion at varying pH levels 

Material Change in surface hardness (VHN) 

At pH = 5.0 At pH = 7.4 At pH = 9.0 

VHN VHN VHN VHN VHN VHN 

Ti(cpi) 8 14 11 19 9 14 
12 17 11 
22 29 22 

Ti-8AI-1Mo-1V 110 122 6 7 126 147 
124 12 152 
132 15 163 

Ti-3AI-2.5V 16 19 64 77 101 110 
17 82 108 
24 85 121 

Ti--6AI-4V 92 106 8 12 153 162 
111 10 166 
115 18 167 

Ti--6AI-7Nb 129 141 37 43 139 141 
142 39 139 
152 53 145 

Ti-13Nb-13Zr 167 189 72 91 185 199 
199 93 205 
201 108 207 

Ti-15Mo 98 110 60 76 100 114 
109 80 119 
123 88 123 

Biomaterials 1996, Vol. 17 No. 22 
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Table 6 Changes in surface hardness following non-corrosive 
and corrosive wear 

Material Reduction in surface hardness (VHN) 

Non-corrosive wear Corrosive wear 

VHN VHN VHN VHN 

Ti(cpi) 9 17 38 43 
19 44 
23 49 

Ti-8AI- 111 118 138 150 
lMo-1V 116 152 

127 160 
Ti-3AI- 120 123 111 128 
2.5V 121 133 

128 140 
Ti-6AI-4V 124 132 141 153 

135 153 
137 165 

Ti-6AI-7Nb 142 152 142 159 
154 155 
160 180 

Ti-13Nb- 139 145 161 175 
13Zr 141 179 

155 197 
Ti-15Mo 44 55 93 107 

60 112 
61 116 

Table 7 Changes in surface roughness following non-
corrosive and corrosive wear 

Material Change in surface roughness (JIm) 

Non-corrosive wear Corrosive wear 

Ra Ra Ra Ra 

Ti(cpi) 1.38 1.56 2.10 2.58 
1.64 2.39 
1.66 3.25 

Ti-8AI- 1.05 1.16 1.08 1.58 
lMo-1V 1.19 1.79 

1.24 1.87 
Ti-3AI- 0.48 0.53 0.62 0.82 
2.5V 0.55 0.86 

0.56 0.98 
Ti-6AI-4V 0.61 0.79 2.01 2.28 

0.77 2.15 
0.99 2.68 

Ti-6AI-7Nb 0.80 0.86 1.45 1.68 
0.82 1.79 
0.96 1.80 

Ti-13Nb- 0.98 1.09 1.22 1.36 
13Zr 1.11 1.34 

1.18 1.52 
Ti-15Mo 0.99 1.06 1.00 1.15 

1.08 1.18 
1.11 1.27 
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