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Post-treatment of wear-resistant implant coatings

Summary of the project progress
Due to the increasing number of patients with allergies to 
Co, Cr and Ni [1,2], attempts are being made to replace CoCr 
endo-prosthetic devices such as artificial knee, shoulder 
and elbow joints, with titanium implants. However, in or-
der to avoid unacceptable wear [3], titanium surfaces must 
be coated with a wear-resistant layer. We propose a Protec-
tive multi-component layer on articulating implant surfaces 
made of titanium to ensure the longevity of the system. Ad-
vanced Plasma Spray is used as an industrially applicable 
method for the production of thick, ceramic, abrasion-re-
sistant coatings [4]. Orchid Orthopaedics Switzerland GmbH 
wants to further develop the new Advanced Plasma Spray 
method and use a novel multi-component Al2O3/TiO2 ceramic 
powder mixture as a biocompatible starting material that is 
injected in a plasma flame, where the particles melt. On the 
flight to the implant surface, the molten particle droplets 
start to cool down before impacting the substrate with high 
kinetic energy. Solidification under high cooling rates forms 
the multi-component surface coating. 

Due to this thermal quenching a not fully ceramized coat-
ing is formed consisting of crystalline phases (α Al2O3, TiO2, 
aluminum titanate Al2TiO5 and Al6Ti2O13) [5] as well as some 
pores and micro-cracks. These specific phases are expected 
to have a significant impact on the hardness and the wear 
properties of the surface. It is crucial to identify under what 
conditions these phases form and whether they can be sub-
sequently transformed.

Based on previous work, the aim of this project is to inves-
tigate the influence of the following post-processes on the 
presence, property and stabilization of the metastable phase:

• Electrochemical treatment by anodizing and thereby oxi-
dizing the phase.

• Heat-treatment within different oxygen containing atmo-
spheres to oxidize the conductive phase. 

These investigations need to be carried out in order to es-
tablish the post-treatment processes to understand and op-
timize the system.

Two types of titanium blanks were produced: ø30 mm sam-
ples for structural and ø40 mm samples for tribological 
experiments. Al2O3-, TiO2- or multi-component mixture of 
Al2O3/TiO2-powder mixtures were used for Advanced Plasma 
coating (Fig. 1). The coated samples were subsequently pol-
ished to reach a specific surface roughness Ra < 0.05 µm.

Fig. 1 Photographs of ø40 mm Ball-On-Disc samples Advanced 
Plasma-coated with Al2O3 (top row), TiO2 (middle row) and ProMu-
CoLa-Al2O3-TiO2 (bottom row) after post-treatment by polishing, 
anodizing and annealing in synthetic air or pure oxygen.

The following post-treatments have been established and 
performed: Heat-treatment and anodization (custom-built 
chamber, see Fig. 2). So far, no effects have been observed 
for anodized samples. A color-change was observed after the 
heat-treatments. The Vickers hardness (Fig. 3) as well as the 
wear rate of the coating is increased by oxidizing heat-treat-
ments. 

Fig. 2 A) and B) CAD model and C) photograph of the anodization 
chamber. 

After all three coatings have been characterized by benchtop 
and high-resolution Synchrotron-XRD and the correspond-
ing crystallographic phases have been identified, the post-
treated coatings have further been investigated in a second 
beamtime (Fig. 4).

After anodizing, the diffraction patterns also do not show 
any change for all 3 types of coating, further supporting the 
observation that it does not alter the phases present in the 
coatings. For the Al2O3-coatings, the diffraction patterns be-
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fore and after heat-treatments are very similar (Fig. 4a). After 
heat-treating the TiO2-coatings, the phases transformed into 
rutile (Fig. 4b). The diffraction patterns do not differ when 
heat-treated in artificial air and O2. Phase transformation 
also happens after heat-treatments in the Al2O3-TiO2-coatings 
(Fig. 4c). Rutile is still present but not as the major phase. 
Orthorhombic Al2TiO5 is not present anymore in the heat-
treated coatings, and further analysis has to be done to 
clearly identify the now present phase. 

Fig. 3 Vickers hardness of an Al2O3-TiO2- (blue) and TiO2-coatings 
(orange) before and after post-treatment.

Fig. 4 High-resolution Synchrotron-XRD patterns of a) Al2O3-coat-
ings after anodizing (magenta), heat-treatment in artificial air 
(blue) and O2 (green). Extra peaks are present after heat-treat-
ments and are indicated in arrows and inserts. b) Experimental 
(blue) and calculated (red) diffraction patterns of TiO2-coatings 
after heat-treating in artificial air. Arrows indicating peaks not 
corresponding to the Rutile phase. c) Diffraction patterns of Al2O3-
TiO2-coatings with the following conditions: polished (black), heat-
treated in artificial air (blue) and O2 and anodized (magenta).

Coatings of Al2O3, TiO2 and Al2O3-TiO2 with and without the 
substrates were investigated by high-resolution Synchrotron 
X-ray micro-computed tomography (SXRµCT) at the TOMCAT 
beamline. In the reconstructed images, pores and cracks of 
the size of few microns can be observed (Fig. 5a). They could 
be segmented out from the matrix by setting a threshold 
intensity level (Fig. 5b and c). For investigating the interface 
between the coatings and the substrates, however, cutting 
the samples could not be avoided. 

Fig. 5 a) High-resolution X-ray tomographs of the Al2O3-TiOcoat-
ing without substrate. b) Segmentation was performed by applying 
an intensity threshold and the pores are identified as shown in c) 
with black color.

A zoom in into the volume at the interface is shown in figure 
6. Several features can be found at the interface: 1) rippled in-
terface, having a coating-substrate interlayer with thickness 
around 40 µm, 2) agglomeration of pores near the interface, 
3) smaller pores in the coating, 4) various grey levels inside 
coatings due to different intensity measured. For further 
analysis, samples need to be cut into 1 mm3 cubes to obtain 
a higher contrast. The features shown here will be further 
analyzed using 3D-volume rendering and fragmentation.

Fig. 6 Left: High resolution reconstructed SXRµCT images showing 
a substrate-Al2O3-coating interface. The Ti-6%Al-4%V substrate 
shows the highest intensity (white), while the cracks and pores are 
shown as black in color. 
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