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Post-treatment of wear-resistant implant coatings

Summary of the project progress
The aim of this project is to develop a suitable post-treat-
ment for Advanced Plasma Sprayed (APS) ceramic coatings 
on articulating titanium implants. With this wear-resistant 
Protective multi-component layer Orchid Orthopaedics 
Switzerland GmbH wants to replace CoCr-systems and of-
fer non-allergic [1], long life orthopedic implants. The novel 
Al2O3-TiO2 ceramic powder mixture is used to create a thick, 
layered coating [2]. During the APS-process, the molten 
droplets impact the titanium substrate and rapidly solid-
ify by a high cooling rate. Due to thermal quenching, dif-
ferent phases like α-Al2O3, TiO2, aluminum titanate Al2TiO5 
and Al6Ti2O13 with distinct properties emerge in a stratified 
microstructure with micro-cracks and micropores [3]. In 
this project, the tribological, microstructural and crystallo-
graphic properties of the protective coating were investi-
gated as a function of the following three post-treatments: 
Electro-chemical anodization, heat treatment in air and in 
an oxygen atmosphere. 
A ø25 mm sample and its preparation by low-speed dia-
mond cutting, followed by metallographic preparation us-
ing ion-milling, is shown in figure 1. A zoned microstructure 
with dark, Al-rich and brighter, Ti-rich, areas can be observed 
in figure 2.

Fig. 1: Sample preparation for cross-sectional investigations of the 
APS coatings.

Fig. 2: BSE image and EDX mapping of cross-section after scratch 
test at FN = 36 N. Al- and Ti-channel indicate the mixed elemental 
composition. 

Ball-on-disk experiments on a Bruker Tribolab system ac-
cording to ASTM G99 [4] using ø10 mm sapphire balls, nor-
mal forces FN of 1 N, 3 N and 5 N during 12’500 cycles, re-
vealed that thermal post-treatments reduce the wear rate 
and can be explained by the increased hardness [5]. A similar 
trend was observed in scratch experiments carried out on 
the same tribosystem using a diamond tip with a tip radius 

of 200 µm, a speed of 0.073 mm/sec and a progressive normal 
force FN from 4 N to 60 N. None of the scratch-tested samples 
showed delamination (adhesion failure) despite the contact 
pressure significantly exceeded the applicable physiological 
condition. The width of the created scratch increased with 
FN and was influenced by the post-treatment: At 60 N the 
widths were 166 µm on as-deposited, 143 µm on polished, 
138 µm on anodized, 131 µm on oxygen- and 124 µm on air-
treated coatings (Fig. 3).

Fig. 3: Left: Scratch mark at position FN = 44 N on an air-treated 
Al2O3-TiO2 coating. Right: Course of the progressive scratch width, 
determined by SEM analysis.

To simulate the abrasive effect of bone or bone-cement par-
ticles [6] on the coating in a load situation, 3-body-wear ex-
periments were performed: A Ø3.2 mm cylindrical medical 
HDPE counter body was pressed on the sample at 10 N for 
12’000 cycles in a stable aqueous dispersion of non-spherical 
hydroxyapatite particles with a d50 value of 2.77 µm in a con-
centration of 0.02 g/ml. While CoCr samples showed wear 
tracks of 0.2-0.4 µm depth, no defects were found on coated 
samples heat-treated in oxygen (Fig. 4). 

Fig. 4: ø40 mm samples after the 3-body wear test. a) CoCr sample. 
b) Polished, c) anodized, d) annealed in air and e) in O2 coated 
specimens.

Similarly, the coefficient of friction (COF) was influenced 
by the post-treatment (Fig. 5), indicating that the properly 
treated coating is superior to a CoCr substrate.
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Fig. 5: Averaged COF measurements in 3-body-wear test (n=6) af-
ter different post-treatments.

Synchrotron X-ray micro-computed tomography (SXRµCT) of 
the coatings were performed at the TOMCAT beamline of the 
Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI). 
The goal was to study the microstructures of the coatings. 
Porosity analyses were performed on the tomography data 
of the coatings. The sizes of the pores in all coatings ranged 
from 1 µm³ to 4’000 µm3. The total pore volume fraction for 
the polished Al2O3 sample was 4.2%. This value decreased to 
1.8% after annealing. The most dominant pore size (volume) 
was 10~50 µm³. The total pore volume fraction for the pol-
ished TiO2 sample was 0.34%, which is significantly smaller 
than in Al2O3. The total pore volume fraction did not change 
after annealing. The total pore volume fraction for the pol-
ished Al2O3-TiO2 sample was 0.35% (Fig. 6), which is similar to 
that of TiO2. In contrast with the Al2O3 and TiO2 coatings, the 
total pore volume fraction of the Al2O3-TiO2 sample increased 
after annealing.

Fig. 6: 3D-porosity analysis by SXRµCT: Spatial arrangement of 
total porosity (left) and size-dependent pores (to the right) of pol-
ished (top row) and heat-treated Al2O3-TiO2-coating (bottom row).

Diffraction measurements were performed at the MS beam-
line of SLS at PSI to identify the phases present in the coat-
ings. From the diffraction patterns obtained (Fig. 7), it can 
be concluded that the coating processes are very consistent, 
and the number of phases present in each sample are very 
similar. The phases present and their fractions through the 
thickness of the coatings are the same for the Al2O3 and TiO2 
coatings. In the Al2O3-TiO2 coatings, there is a difference be-
tween the phases present on the surface to the bulk of the 
coating. For the Al2O3 coatings, 3 phases can be identified, 
main phases present are cubic Al2O3 and γ-Alumina with a 
minor fraction of Corundum. For the TiO2 coatings, the dif-
fraction patterns are far more complicated which indicates 
more metastable phases are present. In the Al2O3-TiO2 coat-
ings, we tentatively identified the presence of Aluminium-Ti-
tanate phase Al2+xTi1-xO5-0.5x. After anodizing, the diffraction 

patterns do not change for all 3 types of coatings, that means 
anodizing does not alter the phases present in the coatings. 
For the Al2O3 coatings, the diffraction patterns before and 
after heat treatments are very similar. Phase transformation 
happens during heat treatments in the TiO2 and Al2O3-TiO2 
coatings. The Aluminium Titanate phase is not present any-
more.

Fig. 7: Overlapped XRD powder patterns of as deposited and pol-
ished Al2O3-TiO2 coatings.

The results of the systematic characterization of the ceramic 
coating in terms of microstructure, crystallography and tri-
bology has confirmed that the developed Al2O3-TiO2 coating 
can be used potentially as anti-wear coating for medical de-
vices. Thanks to the obtained results of the Promucola proj-
ect, Orchid Orthopaedics Switzerland GmbH was able to pre-
pare and submit in 2021 a master file to the US Federal Drug 
Administration (US FDA) related to the Al2O3-TiO2 ceramic 
anti-wear coating.
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