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A B S T R A C T

The microstructure, crystallographic phases, and mechanical properties of a newly developed Al2O3 – TiO2 – 
ZrO2 ternary ceramic coating were characterized. The coatings were produced by atmospheric plasma spraying 
as a preblended powder on Ti-6Al-4 V substrates using the new generation of the Debye-Larmor cascaded plasma 
torch. The 400 μm thick as-sprayed ternary ceramic coating is compact and neither delamination nor inter-/ 
trans-granular cracks were found. The coating consists of single phase α-Al2O3, monoclinic m-ZrO2, and a 
nanocrystalline dual phase structure of α-Al2O3 and m-ZrO2. Ti is either present as ZrTiO4 or as solute in the dual 
phase. Cracking from the tip of the indent is rare and delamination was not observed after the progressive scratch 
test. The coating has potential in high wear applications for example in medical devices.

1. Introduction

The metal-on-polymer design is the most common orthopedic 
implant nowadays [1]. For knee joints, it consists of a metal femoral 
component and a polymeric tibial component. CoCr alloys have been 
used for metal components since the sixties [2] and today majority of the 
artificial joints are made of CoCr-based alloys [3]. However, patients 
who has received endoprosthetic surgery can lead to sensitization of 
chromium, cobalt, and nickel [4,5]. The ionic release of the active ele
ments from the implant material and the implant debris can lead to 
osteolysis and other allergic responses of the host such as eczema, 
swelling, and sterile [6,7]. Furthermore, debris from articulating joints 
can lead to wear.

Other metal alloys, for example Ti6Al4 V [8,9] can replace CoCr 
alloys to avoid sensitization and putting a ceramic coating on the metal 
alloy can act as a protective layer, to increase the wear resistance and to 

minimize debris formation from metal-on-polymer sliding [10]. Among 
the ceramic coatings, metal oxide coatings are one of the frequently used 
[11]. Metal oxide coatings, such as Alumina Al2O3 [12] and Zirconia 
ZrO2 [13] are bioinert ceramic coatings which have excellent wear 
resistance, high oxidation resistance as well as corrosion resistance in 
extreme conditions [14].

Although ceramic coatings display excellent mechanical properties 
under compression, those composed of a single component, such as 
Al2O3, are prone to brittleness and poor toughness [15,16]. To overcome 
this weakness, ceramic coatings based on a mixture of two single-oxide 
ceramics have been developed in the last 20 years. For example, by 
mixing Alumina (Al2O3) with Titania (TiO2) the corrosion and wear 
resistance can be enhanced [17,18]. A similar effect is observed when 
Zirconia (ZrO2) is added to Alumina, where the toughness, thermal 
stability and shock resistance are increased [19,20].

To further improve the properties of the Al2O3-ZrO2 coatings, 
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attempts have been made to combine all three single oxides into a 
ternary oxide (Al2O3-ZrO2-TiO2). Al2O3 is a hard ceramic, chemically 
stable and with excellent electrical and corrosion resistance, but with 
limited mechanical resistance which is prone to brittleness. ZrO2 is well 
known as an extremely tough material with very low thermal conduc
tivity and limited hardness. TiO2 is also known as an acceptable tough 
material able to ‘’dissolve in a ceramic matrix’’ and fill micropores 
which reduces the coating porosity and improves the surface machin
ability which leads to a lower surface roughness. As a result, ternary 
Al2O3-ZrO2-TiO2 coatings have a dense microstructure with low porosity 
and less microcracks when compared to Al2O3-ZrO2 coatings [21]. The 
thermal shock resistance is also increased when the Al2O3-ZrO2-TiO2 
coating is sprayed on the NiCrAlY bonding layer with a Ti-6Al4-V tita
nium alloy substrate [22].

To produce ceramic coatings, atmospheric plasma spraying (APS) 
has been used for more than 30 years [23,24]. It is a highly flexible and 
efficient technique that can be adapted to pre-existing industrial envi
ronments. In addition, the process is considered cost-effective and 
environmentally friendly. The principle of this technology is to create a 
high-energy plasma capable of melting the powder material and 
spraying it onto the surface to be coated [25]. The most common plasma 
torches are composed of a tungsten cathode shaped by a tip and a copper 
anode which has a cylindrical geometry [26]. One of the most prob
lematic instabilities of this type of cathode/anode configuration is called 
the “re-strike instability” [27,28], the root of the arc moves permanently 
onto the surface of the anode in a back-and-forth movement with a phase 
of elongation of the arc downstream of the anode, interrupted by a 
breakdown of the arc which re-bursts upstream or downstream of the 
previous foot of the arc.

A new generation of plasma torches has appeared in recent years, 
which specialize in the design of advanced plasma processes [29,30]. 
Developments have focused on stabilizing the length of the plasma arc 
and maximizing the arc voltage to allow high power levels while 
keeping the arc current at a minimum. These new so-called “Debye-
Larmor cascaded or segmented anode plasma torches” are characterized 
by a reduced arc displacement due to the presence of neutrodes between 
the cathode and the anode [31,32]. These torches use a segmented 
anode made up of a stack of copper rings isolated from each other (e.g. 
the "neutrodes") and an anode outlet nozzle on which the arc is fixed. 
This design also stabilizes the arc as the movement of the arc is limited to 
the width of the anode ring. The long length of the arc makes it possible 
to obtain a higher and very stable arc voltage. Also, this new geometry 
allows the plasma to exist closer to the nozzle outlet (output anode) 
which improves the efficiency of the torch, and it increases the amount 
of energy available to treat the particles. Thus, lower power and sec
ondary gas flow rates are required to melt materials and produce coat
ings. All these advantages result in a lower wear of the electrode and 
therefore a longer lifetime of the plasma torch.

For certain medical applications where a long-life wear coating 
resistance is necessary the need for thicker coating (coating thickness >
50 µm) is very important. Thin and hard PVD coating like TiN, TiNbN or 
ZrN is limited to a coating thickness below 10 µm whose lifetime is 
dramatically reduced under conditions where scratches by an external 
body may occur [33,34]. The search for thick anti-wear coating is 
conditioned by the balance between the hardness and toughness prop
erties of the material. Hard metal oxide complex ceramic applied by 
plasma spraying may fulfil on one side the anti-wear properties using 
coating thickness between 50 µm to 500 µm and on the other side the 
toughness properties required for optimized tribological behavior. On 
top of that, the plasma spraying process makes it possible to coat small 
or large surfaces with a certain level of complexity. For example, for 
medical applications of knee prostheses [11].

In this work, we aim to produce the promising ternary Al2O3-ZrO2- 
TiO2 coating with the cascade plasma torch technology by atmospheric 
plasma spraying. The phases in the coating werefully characterized by 
synchrotron X-ray diffraction (S-XRD), the microstructure by scanning 

electron microscopy (SEM), transmission electron microscopy (TEM) 
and synchrotron X-ray laminography, and with the first mechanical 
testing by hardness and scratch tests. From the results, the potential of 
Al2O3-ZrO2-TiO2 coating in different applications is shown.

2. Material and methods

A near eutectic Al2O3-ZrO2 composition with an addition of 6% of 
TiO2 was chosen as the composition of the starting powder. The ternary 
ceramic powder was obtained by the fusion of the ceramic raw material 
based on ZrO2, Al2O3, and TiO2. Then, to obtain a suitable powder grain 
size for plasma spraying, the powder was crushed and a particle size 
distribution between 5 and 45 µm was selected by sieving process. 
Coatings were manufactured on Ti-6Al-4 V disks with a diameter and 
thickness of 25.4 mm and 6.3 mm, respectively. Before the spray, they 
were grit-blasted with F36 corundum with a 2.5 bar pressure to obtain a 
surface roughness of 3.5 to 5µm. The Debye-Larmor cascaded torch was 
used for APS and the variations of operating parameters such as current 
intensity, and argon/hydrogen flow rate are summarized in Table 1. The 
thickness of the coating, defined as the processing time, was maintained 
constant across all samples.

Synchrotron X-ray diffraction (S-XRD) was performed on the starting 
powder and the coating at the Materials Science (MS) beamline at the 
Swiss Light Source (SLS). A Si standard (NIST 640C) was used to 
determine the wavelength (1.00133(12) Å) and the NAC (Na2Ca3Al2F14) 
for displacement and zero offset corrections. LaB6 (NIST SRM 660b) 
dispersed on the surface of a disc (similar environment to the samples) 
was used to provide starting point parameters for the peak shape 
modelling. Samples were collected tilted by 15◦ with respect to the 
beam, thus data refinement omitted any reflections for 2θ<15◦ The 
samples were rotated with a frequency of 20 Hz, and diffraction patterns 
were collected using the Mythen III detector with an acquisition time of 
30 s.

The microstructures of the powder and the cross-section of the 
coating were investigated by Scanning Electron Microscopy (SEM). 
Powders were cold-mounted to epoxy and conductive filler and then 
mechanically polished to obtain a smooth surface. The cross-section of 
the coating was polished using an ion beam milling system Leica EM TIC 
3X. The polishing was carried out with a voltage of 6 kV and a current of 
2.2 mA for 3 h. SEM and backscattered electron (BSE) imaging was 
carried out with an ESEM XL30 from Philips. The SEM-EDX (Energy 
Dispersive X-Ray Spectroscopy) line scan of the metal coating sample 
was carried out at 30 kV using a SDD Apollo XV detector from EDAX. 
BSE images were taken at 30 kV. For the embedded powder SEM-EDX 
line scans were carried out at 20 kV and BSE images at 20 kV.

Transmission Electron Microscopy (TEM) was performed to examine 
the nano-crystalline phases in the coatings. Electron-transparent speci
mens for TEM investigations were prepared in cross-section with an FEI 
Helios NanoLab 650 DualBeam focused ion beam (FIB) operated at 30 
kV and beam currents between 240 pA and 83 pA. A JEOL JEM-F200 
equipped with a cold field-emission gun and operated at 200 kV was 
used for high-resolution TEM (HRTEM) and Scanning TEM (STEM) 
imaging in combination with EDX mapping. For HRTEM imaging, a 40 
μm objective lens aperture was inserted, while selected-area diffraction 
patterns (SAED) were obtained using a 10 μm SAED aperture.

Synchrotron Laminography was performed on the coating at ID19 of 
the European Synchrotron Radiation Facility (ESRF) [35]. The sample 

Table 1 
Basic APS parameters.

Designation Debye-Larmor T8/O8

Ar/H2 flow rate [SLPM] 50/5
Arc current intensity [A] 500
Power [kW] 60
Spraying distance [mm] 110
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Fig. 1. (a) XRD result (blue) of the powder. The red curve is the refined result, and the grey curve is the refined residual. The peaks for different phases are fitted 
accordingly. (b) BSE image of the mechanically polished powder and EDS mapping of the same area showing the Al (green), Zr (blue) and Ti (yellow) content in the 
powder. (c) EDS line scan of a powder with different phases showing compositional changes of Al, Zr and Ti along the powder.
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was placed in the X-ray beam of energy 65 keV and was scanned in a 
range of 370◦ with 3701 projections collected. The rotation axis was 
tilted to 30.168◦ with respect to the X-ray beam path.

Microhardness and stretch tests were performed on the Al2O3-ZrO2- 
TiO2 coating. Before conducting microhardness according to DIN EN 
843–4: 2005 and scratch tests according to ISO G99: Standard testing 
parameters for the ball on disc tests, the surface was mechanically pol
ished on a Struers TegraForce-5 system with P1200 SiC wet sanding 
paper for several hours. Then, microhardness tests were performed 
normal and parallel to the coating surface. The Vickers hardness mea
surements HV-1 were conducted on a Struers Duramin 40 system with a 
dwelling time of t = 10 s according to Vickers DIN EN 843–4:2005. N =
10 indents were made for each coating and the results were averaged. 
Plasma-sprayed TiO2 coatings served as references for Vickers hardness 
measurements.

Afterwards, scratch experiments were carried out on the coating 
surface using a Bruker UMT TriboLab system equipped with a modular 
force sensor for 2–200 N (DHF-20) and a Rockwell diamond tip (HR-1) 
with a tip radius of 200 µm. The scratch test was performed with a 
progressive load from 4 N to 60 N with a force increase of 4 N/mm 
(resulting in a scratch length of 14 mm) and a scratch speed of 0.073 
mm/sec (190 s). A total of 5 scratches were created, alternately from 
right to left and vice versa, each with a spacing of 2.5 mm. The scratches 
then were investigated by a SEM, Hitachi TM3030. Attention was given 
to the type of deformation, the base, surrounding and the width of the 
scratch track. The observed defects were classified according to the 
following damage features [36]: 

• Crack types: Chevron, arc tensile, Hertz cracks or conformal cracking
• Spallation types: Buckling, wedging, recovery, gross spallation.

3. Results and discussions

3.1. As received powder

The S-XRD analysis shows that the major phases of the received 
powder consist of Corundum (α-Al2O3), monoclinic m-ZrO2 and around 
5% of ZrTiO4, Fig. 1(a) and table 2. The as-received powder consists of 
non-spherical particles ranging from 50 to 100 μm in size, Fig. 1(b). 
From the BSE image and the EDX mapping, it is apparent that parts of 
the powder consist of single-phase Al2O3 or ZrO2. In a minor part of the 

powder, a high Ti content is detected. Apart from the single-phase area, 
there are also areas containing a multi-phase composition which shows 
bright (BSE value larger than 2500) and dark intensity (BSE value less 
than 1500). The BSE values will be used again in the last sections when 
analyzing the splat microstructures. A closer look at the particles with 
multi-phase composition shows that the bright intensity component 
consists of two phases, Fig. 1(c). A line profile across the zoomed-in 
image of a particle shows that the bright contrast consists of Zr (blue 
line) as the major elements and with a minor composition of Ti (cyan) 
and Al (green). The dark region is mostly Al (green). To summarize, the 
S-XRD and SEM results show that the powder is a mixture of single-phase 
powder either of corundum (α-Al2O3) or monoclinic m-ZrO2, and multi- 
phase powder of Al2O3 + (ZrO2 - ZrTiO4). This distribution of phases in 
the powder influences the splat composition of the coating.

3.2. Phase analysis of the coatings

S-XRD measurements were performed on 5 coatings with the same 
spraying conditions, and they all show very similar results, see Fig. 2. 
The XRD patterns of all 5 samples coincide with each other except for 
sharp peaks from the corundum α-Al2O3. Since not all corundum peaks 
appear in the XRD patterns, it is expected that corundum is present in the 
coating in large quantities and with large grain sizes compared to other 
present phases. Apart from the sharp α-Al2O3 peaks other peaks are 
broad which makes refinement becoming difficult. We can still estimate 
that the major phases present in the coating are, apart from the α-Al2O3, 
monoclinic m-ZrO2 and with a small fraction of ZrTiO4.

3.3. Microstructures of the coatings

The microstructures of the coating in the cross-section consist of 
lamellar splats which is a typical microstructure for APS coatings, Fig. 3 
(a). The coating is compact, and voids of the size less than 10 μm and 
micro-cracks growing along the thickness of the several splats can be 
observed. No through-thickness cracks nor delamination of the coating 
can be seen.

Like the powder, a distinct contrast between different phases can be 
seen in the BSE images. There are splats which have a bright intensity 
with a BSE value larger than 2200, dark intensity with a BSE value 
smaller than 1500 and grey intensity which have BSE values in between. 
From the EDS line scans along the thickness of the coating, the content of 
O, Al, Zr, Ti and the corresponding BSE values of the splats are listed in 
Fig. 3(b). Matching with the S-XRD results, the Al and Zr content in the 
splats and the BSE values from the as-received powder, the splats with 
BSE values <1500 and high Al content are expected to be α-Al2O3, while 
the splats with BSE values > 2200 and high Zr content are m-ZrO2. For 
the splats which have a BSE value between 1500 and 2200, there is not a 
fixed Al and Zr content in the splats. We define them as “other phases”.

The different BSE values of the pores and phases were defined and 
image segmentation was performed in which the area% of the pores and 
phases was calculated, Fig. 3(c). The area% of the pores is around 1% 

Table 2 
Volume fraction of corresponding phases of powder.

Phases Volume fraction (%)

Monoclinic m-ZrO2 51.14
Corundum a-Al2O3 41.99
ZrTiO4 4.59
Al2TiO5 0.72
Tetragonal t-ZrO2 0.29
Rutile TiO2 0.12

Fig. 2. XRD patterns of 5 coated samples, arrows indicating of the sharp corundum α-Al2O3 peaks.
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Fig. 3. (a) BSE image of the cross-section of the coating showing lamellar structure. (b) O, Al Zr and Ti contents and its corresponding BSE contrast of individual 
splat. (c) Image segmentation and area ratio of the pores, Corundum α-Al2O3, Zirconia m-ZrO2 and the “other” phases.
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Fig. 4. (a) Transverse cross-section of the coating and the ROI of where the porosity analysis was carried out. (b) The analysed volume of 0.325×0.325×0.260 mm3 

showing the pores with the size of 1 × 10− 8mm3 to 0.8 × 10− 8mm3. (c) Graphs of volume ratio against size of the pores within the ROI.
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Fig. 5. (a) HRTEM image of one of the lamellae investigated. Selected Area Diffraction (SAD) and zoom HRTEM images of different area in the overview image 
showing α-Al2O3 and m-ZrO2 phases present. (b) BF-STEM image and EDX mapping of the area shown in (rotated 90◦ CCW) (a) and summarizing phases and elements 
found. (c) HRTEM image shows the depicted area.
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from the SEM results, while the area% of α-Al2O3 and m-ZrO2 are both 
around 24%.

The area ratio from the SEM results gives a rough idea of the porosity 
information of the coating. For a more quantitative investigation, lam
inography [37,38] was performed due to the flat, coin-like shape of the 
sample coating on the Ti-6Al-4V-substrate. Laminography is particularly 
well suited for 3D imaging of flat and laterally extended specimens, even 
if they vastly exceed the detector field of view and thus allows scanning 
of selected Region of Interests (ROIs) without dissection of the sample 
and thereby damaging of the coating. 4 scans were performed from the 
side to the center of the sample. No delamination of the coating nor 
horizontal large cracks through the thickness of the coating can be seen. 
For each scan, a ROI with the size of 0.325 mm x 0.325 mm x 0.260 mm 
was chosen for performing the porosity analysis, Fig. 4(a). The 
segmented pores were grouped according to their sizes, Fig. 4(b) shows 
an example. Then the volume ratio (with respect to the volume of the 
ROI) against the volume of the pores was plotted and shown in Fig. 4(c). 
The porosity distribution is similar in the 4 scans and they all have 
dominant pore sizes in the 1 × 10− 8 mm3 to 0.8 × 10− 8 mm3 range. The 
total volume ratio of the porosity is around 1%, which matches the SEM 
results.

3.4. Sub-micron structures of the coating

The “other phases” that we observed in the SEM as splat with grey 
BSE contrast still needed to be verified. Therefore, we prepared TEM 
lamellae from selected areas containing the grey splats. In total, 4 
lamellae were investigated by TEM and Fig. 5(a) shows a HRTEM image 
of one of the lamellae. Selected Area Electron Diffraction (SAED) was 
performed in different areas, Fig. 5(a) and higher magnification images 
reveal a complex structure with a size of 50–100 nm. In many areas, 
multiple diffraction patterns of different orientations overlap with each 
other. The diffraction patterns were analyzed using the crystallographic 
tool box CrysTbox [39], and the phases present were identified as 
α-Al2O3 and m-ZrO2. Ti-containing phases such as TiO2 could not be 
identified in any diffraction patterns, even though their presence is 
confirmed by STEM-EDX, Fig. 5(b). Different Al and Zr content is 
observed in the EDX mapping. We conclude that the “other phases”, 
identified as grey splats, consist of dual phases of α-Al2O3 and m-ZrO2. 
From the EDX results, the α-Al2O3 content in the splats varies from 15% 
to 78% while for ZrO2 it varies from 43% to 79%. Ti is always associated 
in the dual phase with content of 1% to 5%. We cannot identify any 
ZrTiO4 from the diffraction pattern. However, higher Ti content (over 
10%) is found in some splats together with the m-ZrO2. The 
nano-crystalline dual phase aside, the HRTEM image in Fig. 5(c) shows 
small structures with a diameter of roughly 5 nm within the bright 
α-Al2O3 phase. Furthermore, the dark upper section indicates that the 
dual phase is not homogeneous, either.

The work on ternary Al2O3-ZrO2-TiO2 APS coating is rare. Gao et al. 
[21]. investigated the effect of the addition of TiO2 on the Al2O3-ZrO2 
APS coatings. The ratio of Al2O3/ZrO2 they used was 60:40, which had a 
hypoeutectic composition [40]. Gao et al. observed a similar micro
structure with distinguished BSE contrast for the ZrO2, Al2O3, and 
mixed-phase splats, that the latter could correspond to the dual-phase of 
Al2O3-ZrO2 we observe. While they founded α-Al2O3, γ-Al2O3 and t-ZrO2 
in the coating, our S-XRD and TEM results show that α-Al2O3 and 
m-ZrO2 are the major phases. We have only found 0.29% t-ZrO2 in the 
powder but not in the coating.

The near eutectic composition of our powder consists of a mixture of 
single-phase α-Al2O3, single-phase m-ZrO2, and multi-phase of 
Al2O3+(ZrO2- ZrTiO4). Depending on the Al2O3/ZrO2 ratio in the 
powder, the composition changes from hypo-eutectic, eutectic and 
hyper-eutectic composition of Al2O3-ZrO2, and therefore the multi- 
phase powder has a varied ratio of Al2O3/(ZrO2- ZrTiO4). Since APS is 
a fast heating and cooling process, atomic diffusion is restricted during 
the APS process. Thus, the sprayed splats resemble the composition of 

the as-received powder, which also consists of single phase α-Al2O3, 
single phase m-ZrO2, and nano-crystalline multi-phases of Al2O3+ZrO2. 
The restricted atomic diffusion also restricts grain growth, especially in 
the multi-phase Al2O3+ZrO2 splat.

3.5. Mechanical properties of the coating

The pyramidal Vickers impressions with a square shape are all 
deemed valid according to the DIN EN 843–4: 2005 standard, exhibiting 
no unacceptable impression phenomena such as cracks at the tips, 
chipping, curved edges, asymmetries, chipped edges, distortions at the 
tips, or emerging pores, which are excluded in the DIN EN 843–4: 2005 
standard. The microhardness measurements are shown in Table 3. The 
in-layer parallel tests of sample 3 show comparable results to the normal 
tests of samples 1 and 2. The microhardness tests of all samples result in 
a hardness value of 794.2 ± 42.0 HV which is significantly higher than 
the hardness of 618 ± 21 HV in classical plasma-sprayed TiO2 coatings.

The scratch test results show visible plastic deformation from the 
start with a normal load of 4 N until the end with 60 N. As expected, the 
width of the scratch increases with the load. There is no delamination 
observed in any scratch. The coating is guaranteed to retain its integrity 
under the specified test conditions. The scratches are shown in Fig. 6(a). 
The identification of cracks/defects induced by the scratch testing turn 
out to be challenging since the multiple phases of the ceramic coating 
led to individual contrast in BSE images, Fig. 6(b). Only very few micro- 
cracks are observed at regions with higher loads. Within the scratch 
track, only single arc tensile cracks are identified, see Fig. 6(c) lower left.

Along the entire scratch trajectory from 4 N to 60 N, an impression 
with increasing width and depth is discernible in all samples. This is 
remarkable for a ceramic material, indicating a high degree of ductility 
within the ceramic coating. Material from the coating was displaced 
laterally, leaving a smooth base. With increasing normal force, partic
ularly at the end of the scratch at 60 N, lateral spalling of the ’recovery 
spallation’ type can be observed and probably resulted in some indi
vidual abrasion particles. In contrast, no ’gross spallation’ or delami
nation occurred, indicating good adhesion between the substrate and 
the coating.

Despite the locally applied loads significantly exceeding any realistic 
load no crack formation is observed in any sample. Only at the very end 
of the scratch where loads of 60 N were applied, a single crack shorter 
than 30 µm, not exceeding 1/3 of the crack width, is observed away from 
the direction of the scratch. In the regions of the scratch track subjected 
to the highest normal loads, only isolated instances of single arc tensile 
cracking are observed.

Goa et al. [21] claimed that the tribological performance, such as the 
fracture toughness, the adhesive strength and the wear resistance of the 
Al2O3-ZrO2-TiO2 coating was improved compared to the binary 
Al2O3-ZrO2 coating, because the addition of TiO2 increase the density 
and reduce microcracks in the coating. Indeed, literature has shown that 
the addition of ~ 5% of TiO2 in ZrO2 [41] or ATZ [42] could effectively 
increase the density of the ceramics, but the increase in the fracture 
toughness and the wear resistance of the Al2O3-ZrO2-TiO2 coating 
should be related to the relatively nano-structured ductile phases that 

Table 3 
Results of Microhardness tests for Al2O3-ZrO2-TiO2 and TiO2 coatings.

Al2O3-ZrO2-TiO2 Mean [HV 
1]

SD [HV 
1]

Min [HV 
1]

Max [HV 
1]

Sample_normal_1 (n =
10)

784.3 56.3 682.9 849.2

Sample_normal_2 (n =
10)

802.5 33.1 760.7 855.8

Sample_parallel_3 (n =
10)

795.7 36.4 736.9 860.6

Average 794.2 42.0 726.8 855.2
TiO2 618 21 654 587
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are present, in which plastic deformation is observed after scratch test 
and tip cracking after indentation is not observed. The ductile phases 
also can accommodate better the residual stresses that are retained after 
APS and therefore reducing microcracks.

4. Conclusions

Al2O3-ZrO2-TiO2 coatings were thermally sprayed on Ti-6Al-4 V 
substrates using the Debye-Larmor cascaded plasma torch. The ternary 
ceramic coating is compact with no delamination nor trans-granular 
cracks. The pore fraction is around 1%. The coating has a typical 
lamella microstructure with a single phase α-Al2O3, m-ZrO2, and a dual 
phase of varying content of Al2O3 and ZrO2. Ti is present either in ZrTiO4 
or as solute in the dual phase. The coating shows adequate mechanical 
properties with a high degree of ductility and simultaneously suitable 
hardness of 794 ± 42 HV. The progressive scratch tests show plastic 
deformation but no delamination or spallation indicating good adhesion 
between the substrate and the coating. Within the scratch track, only 
single arc tensile cracks are identified at regions with higher loads.

Our thick coating is compact without delamination from the sub
strate nor from the splats, and no through-thickness crack is observed in 
SEM cross-sections. Porosity and micro-cracks are at low levels. The 
formation of the splat-like structure is a direct result of the deposition 
mechanism, signifying the deposition of individual droplets, which ul
timately results in the coating. Thanks to the Debye-Larmor cascade 
plasma torch technology which stabilizes the heat treatment of the 
powders to splats, and with the complex nano-size multi-phase system, 
the coating provides high hardness and high adhesion, while enabling 
local plastic deformation due to increased ductility. Consequently, the 
occurrence of adhesion failure or crack initiation is diminished. The 
coating is suitable for different types of applications, particularly for 
medical devices which could require long-life high wear resistance and 
fracture toughness. The next step is to perform further tribological 
testing like the pin on disk with different combinations of materials like 
PE or ceramic versus ceramic coating.
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Fig. 6. (a). SEM TOPO image of scratches with increasing normal force from 4 
N to 60 N. The scratch directions are indicated with by blue arrows. Plastic 
deformation is visible from the start until the end (red circles), breakouts at are 
visible at higher values. (b) BSE images with heavy contrast on the phases of the 
ceramic coating. With increased load there was some small crack formation and 
chipping visible. (c) BSE Image of the end of a scratch (60 N) with visible cracks 
and chipping.
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