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Abstract 
Problems in metal-on-metal (MoM) hip replacement systems still persist due to high wear rates, 
low corrosion resistance and release of toxic ions and nanoparticles. As a consequence of these 
effects, failure, infections, loosening or bone resorption is the typical problems in the hip prosthe-
sis. In order to reduce failure due to corrosion and/or releasing ions and particles, this study pre-
sents some works in a novel nanoscale surface modification of cobalt-chromium alloy (CoCr) for 
obtaining improved surface conditions in these alloys for these applications. Improving corrosion 
resistant of these alloys and achieving a low wear rate are possible to reduce the total released 
ions and particles released from the surface of this material. According to it, three different treat-
ments using oxygen at temperatures of 300˚C, 350˚C and 400˚C were carried out by plasma im-
mersion ion implantation technique (PI3). X-ray diffraction (XRD) analysis shows an increase in 
the formation of chromium oxides in the outer surface of the CoCr alloy. It allows improving in 
corrosion resistant in CoCr alloys. Moreover, total quantity of released Co, Cr and Mo ions have 
been reduced. Wear rate studies showed a very similar behaviour after the treatments in relation 
to untreated CoCr alloy and release rate from the treated surface of CoCr alloys was reduced in 
comparison with untreated CoCr alloy. 

 
Keywords 
Plasma Immersion Ion Implantation, THR, Nanoparticles, Ion Release 

 
 

1. Introduction 
Every year, about one million patients worldwide undergo total hip arthroplasty (THA) surgery. This is consid-
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ered a successful, safe and cost-effective medical intervention to restore functionality of the hip joint and to re-
gain pain-free mobility in patients suffering from severe joint disease or trauma. The number of people under-
going primary a total hip arthroplasty (THA) and revision surgery is expected to increase further due to an age-
ing population, decreasing average age at the first operation and the limited life span of prostheses [1]. 

In most industrialised countries, THA has an incidence higher than 150 procedures per 100,000 habitants and 
year [2]. In general, about one million of hips are replaced by artificial prostheses around the world every year. 
Only in the United States, it is extrapolated that the increasing number of primary THA and revision procedures 
will increase the annual cost from 8.43 billion $ in 2003 to 22.7 billion $ in 2030 [3]. 

Wear is recognized as the most important limitation to long term stability of hip devices. THA has been re-
ported to fail in younger patients with more active lifestyles [4]. Hip resurfacing (HR) is proposed as a bone- 
conserving alternative to the conventional THA for young and active patients after optimal medical therapy fails 
[5]. 

Metals such as stainless steels (SS), titanium alloys (Ti) and CoCr alloys are required in orthopaedic applica-
tions because they exhibit elevated mechanical strength and fracture toughness. Recently, the metallic materials 
most used in MoM hip prosthesis are Ti and CoCr alloys [6]. Ti alloys are considered as one of the most bio-
compatible metals, and they present an excellent corrosion resistance but poor mechanical properties. On the 
other hand, CoCr alloys exhibit elevated mechanical properties and good corrosion resistance under friction 
condition [7], what apparently made it most suitable for MoM hip prosthesis with lower wear rates than tita-
nium-ultrahigh molecular weight polyethylene (Ti-UHMWPE) wear couples [8]. 

One of the most advanced hip replacements is the Birmingham Hip Resurfacing system (BHR) in its type of a 
metal on metal (MoM) joint [9] [10]. However, recent information about the wear of certain metal-on-metal de-
vices has raised concerns about their use. By 2010, reports in the orthopaedic literature have increasingly cited 
the problem of early failure of metal on metal prostheses in a small percentage of patients [11]. Failures may re-
late to release of minute metallic particles or metal ions from wear of the implants, causing pain and disability 
severe enough to require revision surgery in 1% - 3% of patients [12]. 

However, common concerns with all MoM hip prostheses are related to the unclear role of long-term expo-
sure to metal ions released into the human body. Wear and corrosion effects of MoM implants are still judged on 
the basis of metal-ion concentrations revealed in blood, serum or urine [13]. These ions act highly specific when 
inducing a tissue response. Over the time, the level of metal ions may become clinically significant, resulting in 
implant failure, osteolysis, and allergic reactions [5]. For cobalt ions (Co2+), multiple pathways have been iden-
tified depending on the local concentration, including apoptosis, increased expression of the hypoxia-inducible 
factor-1(HIF-1α) for endothelial cells [14] and increased osteoclasts activity [15]. 

A multitude of biomedical processes are activates by nanoscopic wear particles. In the vicinity of protheses, 
stimulation of macrophages and lymphocytes to pro produce proinflammatory mediators is observed, leading to 
enhanced osteoclast formation, with increased osteolysis of bone material [16]-[18]. Additionally, the transfor-
mation of macrophages towards osteoclast-like cells which resorb bone was observed after phagocytosing wear 
particles [19]. Spreading across the whole body and accumulation in vital organs, as spleen, liver and lung has 
been reported with negative effects [20] [21]. Only a minor influence of the chemistry for nanoparticles is ob-
served here as these processes have been reported for a multitude of different particles [22] [23]. Additional 
problems can arise from incomplete surface repassivation after tribological processes destroy an oxide passiva-
tion layer and exposes fresh material to corrosion leading to the creation of new, brittle oxide on the surface 
which is then leading to even more particles [7]. 

While downstream biochemical regulation to prevent such negative influences of wear particles have been 
reported recently [24], a more practical route involves advanced surface modification techniques to alleviate 
these problems. However, conformality, defect density and adhesion aspects have to be considered when choos-
ing a suitable method for surface modification. Plasma immersion ion implantation technique (PI3) is one possi-
bility where synergy effects from simultaneous improvements in topology, tribology and corrosion behaviour 
can be obtained for biomaterials [25]-[27]. The present study describes the surface modification of F-799 CoCr 
alloy using oxygen PI3. In this work, low ion energies and low temperatures (300˚C - 400˚C) were studied, to 
prevent changes in the microstructure of the bulk material while obtaining excellent corrosion resistance at the 
surface. Additionally, wear rate and released ions were studied in CoCr alloys after using the proposed surface 
treatment and these experimental results were compared to those obtained with CoCr alloys without treatment. 
The aim of this study is to establish treatment conditions to obtain the best protection properties on the surfaces 
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of CoCr alloys in order to reduce the release of ions from its surface. The modified surface topography was of 
less importance as the articulating surfaces and not the surface for bone and tissue integrating were targeted in 
this experiment. 

2. Experimental 
A medical grade CoCrMo ASTM F-799 alloy was obtained as a commercial material. All the samples were 
mirror polished with a 1 µm diamond suspension and cleaned in an acetone ultrasonic bath before making the 
different treatments. Oxygen PI3 experiments were carried out in a HV chambers at a base pressure lower than 
10−4 Pa and a working pressure of 0.2 Pa. The plasma for oxygen implantations was generated by an RF plasma 
source operating at 40.68 MHz. For these experiments, a voltage pulse of 10 kV was used, with a total incident 
fluency of 6 × 1018 oxygen atoms·cm−2 during a processing time of 1 h. at temperatures of 300˚C, 350˚C and 
400˚C. The process temperature was determined with a pyrometer calibrated against a thermocouple above 
space of samples [28]. 

Quantitative depth-profiles of different elements were measured by glow discharge optical emission spec-
troscopy (GD-OES) using a JY GD Profiler HR (Jobin-Yvon Horiba, France) with RF source operating at 650 
Pa and 40 W. Corrections were applied to the optical signals in order to take into account the influence of the re-
sidual hydrogen signal. Our interest was to evaluate possible changes in depth profile analysis after corrosion 
tests. Then, it could be possible to estimate movements or displacements of Co, Cr and Mo ions inside the mate-
rial after the treatment. 

Corrosion tests were conducted under ASTM G5-94 standard, at 37˚C ± 0.2˚C using bovine serum (BSA), 
containing 20 - 23 g∙l−1 of proteins. A conventional three-electrodes cell with a Pt wire as counter-electrode (CE), 
an Ag/AgCl electrode as reference electrode (RE) and implanted sample as working electrode (WE) were pre-
pared. Electrodes were connected to a Gamry Instrument set-up which was used to record polarisation curves. 
Samples were loaded into the electrochemical cell after being recovered with resin, except for an area of 0.125 
cm2. After 20 minutes of immersion in BSA, open-circuit specimen potentials (OCP) were obtained. After that, 
samples were immersed and potential scan limited between ±300 mV was started. In all experiments, polarisa-
tion potential sweep rate was kept to 0.17 mV∙s−1. 

Moreover, these surfaces were studied by tribocorrosion tests using serum bovine (BSA) controlled at pH 7.0 
and 37˚C ± 0.2˚C. Tribocorrosion tests were carried out by Microtest MT/30/NI equipment in ball-on-disk con-
figuration. Treated samples were tested against a counterpart of F-799 CoCr alloy without any treatment. After 
tribocorrosion tests: a) for one hand, the volume loss in the wear track was measured by using an optical pro-
filometer WYCO RST 500 and wear rates was calculated for each sample, and b) for another hand, rests of bo-
vine serum using during the wear tests (BSA) were analyzed by inductively coupled plasma mass spectrometry 
(ICP-MS) using an equipment from Agilent (7500 c) in order to determinate quantity of metal ions released 
during wear tests. Furthermore, an x-ray diffraction system (XRD) Siemens D-5000 (Cu Kα (λ = 0.1540 nm ra-
diation) analysis using a grazing angle of 0.5˚ were carried out to establish the oxides formed in the surfaces af-
ter each treatment. 

3. Results and Discussion 
3.1. GD-OES Analysis 
Oxygen implantation into CoCr alloy has found to reduce Co, Cr and Mo concentrations in the immediate sur-
face. However, while Cr and Mo started around 5 nm increasing until the corresponding values of the reference 
samples were reached, the profiles of Co after treatment showed a reduction around 30% - 50% until about 5 nm 
and then around 15 - 30 nm this profiles increased until reference values (Figure 1 and Figure 2). These reduc-
tions were stronger at 300˚C and 400˚C, where they reached 5% of Co until about 30 nm in depth (Figure 2). 
Hence, a strong oxygen induced surface segregation of the alloying elements was observed. 

3.2. Potentiodynamic Polarisation Curves 
Figure 3 represents polarisation curves of titanium-aluminium-vanadium (TiAlV) and CoCr alloy references. As 
can be seen, the current density (icorr) of TiAlV is around two orders of magnitude over the value of the corrosion 
current density (jcorr) of the reference sample of CoCr alloy. It means, TiAlV is better to corrosion behaviour 
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Figure 1. Depth profile analysis of a reference F-799 CoCr 
alloy obtained by GD-OES.                                        

 

 
Figure 2. Changes of Co, Cr and Mo observed in the depth 
profile of an F-799 CoCr alloy after PI3 surface modification 
using oxygen in relation to untreated sample.                            

 

 
Figure 3. Polarization curves for TiAlV and CoCrMo refer-
ence samples and CoCrMo treated samples by oxygen plasma 
immersion ion implantation in BSA solution at 37.2˚C.                    
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in BSA than CoCr alloys. In order to reduce this difference in corrosion behaviour between both materials, some 
treatments were carried out over CoCr alloy. Figure 3 represents the improvement in resistant corrosion of 
treated CoCr alloy in relation to TiAlV without any treatment. All treated CoCr alloys showed similar behaviour 
to corrosion resistant. Now, the current density between both materials was very similar keeping near in the 
same order of magnitude. Also, the corrosion potential was slightly superior in treated CoCr. However, although 
CoCr alloys were improved in resistant corrosion, their polarisation curves presented lower capacity to passiva-
tion and recovered after the cycling of corrosion. So, it can be said that CoCr alloy treated by oxygen slightly 
could have a resistant corrosion excellent in BSA and similar to TiAlV in corrosion. 

3.3. Wear Tests 
The wear rate of treated CoCr was measured in relation to untreated CoCr (Table 1). The surface modification 
did not change the friction coefficient compared to untreated CoCr alloy. In contrast, the results revealed a wear 
rate of around 6 - 7 × 10-14 m3∙N−1·m−1 for all of samples. In this rate, O (400˚C) treated sample showed the 
best improvement in wear test in BSA at 37˚C ± 0.2˚C, reducing the wear rate by around 15% in relation to un-
treated CoCr. Figure 4 shows a picture of the collected particles after wear tests of O (400˚C) treated sample in 
BSA. The size of these particles was between 3.0 - 3.5 µm, the highest ones, and around 100 - 200 nm the 
smallest ones, approximately. Composition analysis of them by EDS showed some rests of oxygen, cobalt and 
chromium in their surface (Figure 4). 

3.4. Ion Release 
After wear tests the BSA was collected and analysed in two different procedures. On one hand, the collected 
BSA solution after wear tests was selected, including some particles. On the other hand, BSA solution was fil-
tering out particles under 220 nm and such solution was also analysed by ICP-MS. The results showed a signifi-
cant influence in the released ions concentration by particles in the solution after wear tests. Figure 5 represents 
total ion releasing (in ng∙g−1, ppb) divided in Co, Cr and Mo concentrations, just after wear tests. As can be seen, 
the total quantity of released ions from the treated samples was lower than from an untreated sample. Figure 5 
shows that the highest reduction in treated samples was for Co ions in relation to untreated samples with more or 
less no change for the already low release rates of Cr and Mo ions. 
 

 
Figure 4. A collected particle from wear rate of O (400˚C).                                                             
 
Table 1. Wear rate after oxygen treatment of CoCr alloy in relation to untreated sample.                                       

Samples Friction coefficient Wear rate (10−14 m3/Nm) 

Reference 0.26 ± 0.01 7.20 ± 0.80 

O (300˚C) 0.25 ± 0.01 7.70 ± 0.20 

O (350˚C) 0.25 ± 0.01 7.60 ± 0.30 

O (400˚C) 0.26 ± 0.01 6.00 ± 0.20 
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After removing particles with a size lower that 220 nm, the total quantity of the different released ions (Co, Cr 
and Mo) was also reduced. In this case, from the total released ions of the untreated samples, the treated samples 
reduced their released ions around 15% (Figure 6). Here, the highest reduced released ion was found to be Cr 
ion. 

Taking into account experimental results it could established that around 10% of ion release is induced from 
particles in the medium. As different reductions are found for Co and Cr concentrations, at least two different 
kinds of particles must be present. Cr2O3 containing particles from the oxide layer comprise one class while par-
ticles originating from the base material are also present. The former group should be biomedically inert as 
Cr(III) is known for rapid formation of insoluble precipitates with a possible grain size of much less than 220 
nm. At the same time, relative toxicities of ions and nanoparticles have to be compared with literature data 
pointing towards more negative effects for particles than ions [29]. 

3.5. XRD Analysis 
Figure 7 shows differences in the XRD analysis of the treated samples and untreated samples. New peaks in the 
outer surface of the oxygen treated samples are observed. These peaks indicate Cr2O3 forming a passive layer in 
the surface of the F-799 CoCr alloy. These peaks became smaller and showed a higher intensity with increasing 
processing temperature, indicating larger crystallites at higher temperatures. Moreover, some weak molybdenum 
oxides might be observed. 
 

 
Figure 5. Comparison of the total released ions obtained by ICP-MS 
analyses of the unfiltered BSA samples.                                           

 

 
Figure 6. Total released ions after filtering of the BSA from wear tests.                   
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Figure 7. Comparison of XRD analysis of treated samples in relation to 
untreated samples.                                                              

4. Summary & Conclusion 
A F-799 CoCr alloy was treated by oxygen PI3 in order to simultaneously improve wear rate and corrosion re-
sistance and as a consequence, ion release rates. The results of this work show a surface modification of about 
30 - 40 nm of the structure of CoCr alloy and creation of some superficial oxide [30]. This process introduces an 
excellent corrosion resistance, similar to TiAlV keeping on similar wear rate factor to the untreated CoCr alloy. 
As a consequence, a reduction around 10% - 20% of released ions was obtained from these tests using BSA. The 
average of released Co ions have been reduced while the quantity of Cr and Mo ions are very similar than in 
CoCr without treating. It could be explain due to Cr and Mo ions are forming oxides after the treatment with 
oxygen, and only Co ions would remain loose. It might introduce a higher probability in Co releasing than the 
rest of ions [31]. 

Additional studies characterising the collected wear particles are planned for the future [32]. At the moment 
after analysing surface of them, some oxides are covering them keeping an inert surface apparently [33]. 

The processing temperature itself was not a significant parameter for the determination of the results. The ef-
fectiveness of even higher temperatures has to be investigated while metallurgical transformations of the bioma-
terial F-799 during processing have to be avoided. 

Moreover, further superficial treatments studies are carrying out in order to attempt to obtain a high reduction 
in released ions [34]. 
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