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Abstract

The paper presents the results of scratch tests on the connection of the AlI203+40%TiO2 coating with the AZ91 alloy casting.
The A1203+40%TiO2 coating was applied to the AZ91 alloy casting using the APS (Atmospheric Plasma Spraying) method. Microstructure
studies and chemical composition analysis of the substrate material and the A1203+40%TiO2 coating were conducted. The analysis of the
coating to substrate connection was based on microstructure examinations before and after the scratch test. The scratch was made in the
direction from the substrate to the coating. In the scratch test, the depth and width of the scratch were determined. Based on the conducted
research, it was found that the A1203+40%TiO2 coating has a very good quality connection with the AZ91 alloy substrate. The obtained
lower values of the geometric parameters of the scratch (width and depth) for the A1203+40%TiO2 coating, compared to the AZ91 alloy
substrate, indicate the potential use of the A1203+40%TiO2 coating to improve the scratch resistance of elements and machine parts made
of the AZ91 alloy. The effect of the indenter's intervention during scratching is the degradation of the microstructure of the AZ91 alloy and
the AI203+40%TiO2 coating. In this process, cracking plays the main role. In the case of the A1203+40%TiO2 coating, the effect of the
indenter's action is a network of microcracks, while in the microstructure of the AZ91 alloy, cracks appeared in large precipitates of the
v-Mgl7(Al, Zn)12 phase.
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1. Introduction in the presence of aggressive ions, and their low abrasion wear
resistance [6, 7].

One way to improve corrosion resistance and abrasion
resistance is to use protective coatings. In the technical literature,
there are studies on the use of conversion, electrolytic, laser, and
plasma-sprayed coatings [7, 8].

The APS (Atmospheric Plasma Spraying) method can be used
to apply metallic and ceramic coatings. The APS method involves
melting or partially melting powder particles and accelerating
them in a plasma stream, which solidify quickly upon contact with
the substrate. The quality of the produced coatings is determined
by the appropriate selection of APS process parameters, such as

Magnesium alloys are characterised by low density, high
strength-to-weight ratio, good casting properties, and vibration
damping capability. These advantages make magnesium alloys
widely used in the aerospace, automotive, and electronics
industries. Additionally, these alloys are easy to machine
and recycle [1-5].

A significant limitation in the use of magnesium alloys is their
susceptibility to corrosion, especially in humid environments and
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the type of plasma gas, the distance between the torch nozzle and
the substrate, the torch movement speed, the amount of powder
fed, its granulation, and others [9].

Among ceramic coatings, those based on aluminium oxide,
particularly A1203+TiO2 coatings, are of great interest. These
coatings, due to their high hardness and abrasive wear resistance,
good corrosion resistance, and good adhesion to the substrate (in
various configurations of titanium oxide TiO2 content), have a
microstructure and operational properties that allow for a wide
range of applications [10, 11].

The optimisation of APS process parameters for applying the
Al203+40%TiO2 coating to stainless steel was studied by the
authors of [12]. Their research focused on the analysis of
microstructure, hardness, and abrasive wear resistance. They
concluded that the technological parameters of the spraying
process significantly affect the quality and adhesion of the coating
to the substrate. Studies on the abrasion wear and corrosion
resistance of aluminium oxide-based coatings were also conducted
by the authors of [6, 13].

In turn, the authors of [14] used two variants of titanium oxide
content (13% and 40%) to produce aluminium oxide-based
coatings. The coatings were applied using the plasma spraying
method onto an AZ31 alloy substrate. Based on their research,
they observed a significant improvement in the tribological
properties of AZ31 alloy samples with the coating.

A significant improvement in the corrosion resistance of the
AZ31 alloy due to the application of the A1203+3%TiO2 coating
was reported by the authors of [15]. Based on their study of
resistance to 3.5% NaCl solution, they found that the
AI203+3%TiO2 coating showed much better anticorrosive
properties compared to the TiO2 coating.

A greater number of variants of titanium oxide content in the
Al203-based coating were used by the authors of the study [16].
They analysed the microhardness and crack resistance of coatings
containing 13%, 40%, and 50% TiO2. The coatings were applied
to a substrate of AISI304L steel. The authors found that increasing
the addition of titanium oxide results in a decrease in the
microhardness of the coating.

In the technical literature, there are studies on the use of other
methods for producing AI203+TiO2 coatings, such as HVOF
[17], or flame spraying [18], as well as studies that examined
Al203-based coatings with other additives, for example with
chromium oxide [19] or aluminium [6].

This paper presents the results of the first stage of research on
the use of Al203+40%TiO2 coating to improve the functional
properties of the surface layer of AZ91 magnesium alloy castings.
In the first stage, given that one of the main criteria for using this
coating to improve the functional properties of the surface layer of
AZ91 alloy castings is to achieve high-quality bonding of the
coating to the substrate, the results of scratch resistance tests
(scratch test) are presented. To identify cracks and delaminations,
these test results were analysed based on microstructure studies
and chemical composition analysis.

2. Materials and Research Methodology

The coating was applied to a substrate consisting of AZ91
magnesium alloy plates measuring 50x35x5 mm. The chemical
composition of the material is presented in Table 1.

Table 1.
Chemical composition of AZ91 alloy

Element content, % wt.

Al Zn Mn Mg

8.75 0.49 0.22 rest

An example microstructure of the AZ91 alloy is shown
in Figures 1 and 2.
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Flg 1. Microstructure of AZ91 alloy, optlcal mlcroscope
magnification 100x

The microstructure of the AZ91 alloy consists of a solid
solution a, precipitates of the y-Mgl7(Al, Zn)12 intermetallic
phase, and a 3 (aty) eutectic.

Before the coating application process, the substrate was
subjected to abrasive blasting to increase the surface roughness.
The samples were also cleaned with acetone.

The coating was made using A1203+40%TiO2 powder (60%
AI203 and 40% Ti02). The appearance of the powder is shown in
Figure 3. In the morphology of this powder, spherical particles
with diameters ranging from 10 to 70 um can be distinguished.
Each spherical particle was a conglomerate of needle-like and
globular microparticles (Fig. 4).
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Fig. 3. Appearance of A1203+40%TiO2 powder particles

Based on the chemical composition analysis of the
Al203+40%TiO2 powder particles, it was found that the needle-
like microparticles (marked as 1) contain more titanium than the
globular particles (marked as 2).

SEM MAG: 4.00 kx WD: 15.04 mm
SEM HV: 20.0 kV Det: SE

. Element, %wt.
Point o Al Ti
1 48.32 5.46 46.22
48.93 41.73 9.34

Fig. 4. A1203+40%TiO2 powder particle and results of its
chemical composition analysis

The coating application process was carried out using a plasma
spraying station with the APS method. Preliminary research
results allowed for the determination of the technological
parameters of the APS spraying process (Tab. 2). The criterion
adopted was a coating thickness ranging from 280 to 300 pm.

Table 2.
Process parameters for spraying the A1203-TiO2 coating
Process parameter Value
Amperage 600 A
Ar — 55 I/min
Gas output H— 10 Umin

Dispenser disc — 0.45 rpm
Mixer — 90%

Amount of powder fed

Distance of the torch from the

part to be sprayed 110 mm

Carrier gas for powder Ar — 4 1/min

Type of refrigerant gas Air, pressure 5 bar
Number of passes 20

A view of the AZ91 alloy sample with the A1203+40%TiO2
coating applied is shown in Figure 5.

ARCHIVES of FOUNDRY ENGINEERING Volume 25, Issue 3/2025, 47-52 49



Fig. 5. A1203+40%TiO2 coating

Microstructural studies and chemical composition analysis
were conducted using a Tescan Vega 3 scanning microscope
equipped with an Inca x-act X-ray microanalysis attachment.

Scratch resistance tests were performed using a Revetest
device. The scratch length was 2 mm. The scratch was made in the
direction from the substrate to the coating. The indenter load value
was 5 N, with a scratch speed of 5 mm/min.

3. Research Results and Their Analysis

The microstructure of the A1203+40%Ti0O2 coating applied to
the AZ91 alloy substrate is shown in Figure 6. Observation of the
coating-substrate interface did not reveal any cracks or
delaminations, indicating high-quality bonding of the coating to
the substrate.

Figure 7 shows the results of the X-ray microanalysis of the
Al203+40%TiO2 coating. Based on the obtained research results,
it can be concluded that the layered structure of the coating
contains areas with varying titanium content.

The results of the scratch test for the AZ91 alloy sample with
the A1203+40%TiO2 coating are shown in Figure 8 and Table 3.

Table 3.
Scratch test results
Material
Parameters Coatin:
AZ91 A1203+40°/§T102
Penetration depth, pm 4.0-8.2 2.1-29
Penetration width, um 116.02 - 47.05—-47.25
i 120.50

Friction Coefficient 0.2-0.28 0.1-0.3
Frictional force, N 0.75-1.3 045-1.6
Acoustic Emission, % 5.0-12.0 4.0-5.0

SEM MAG: 100 x WD: 15.45 mm | | |

SEMHV: 200KV | Det: SE 500 pm

Fig. 6. View of the A1203+40%TiO2 coating's bonding with the
AZ91 alloy substrate

'SEM MAG: 4.00 kx
SEM HV: 20.0 kV

Elemental content, %wt.
Area
(0] Al Ti
1 51.98 45.66 2.36
2 48.43 31.24 20.33
3 47.71 30.21 22.08

Fig. 7. Microstructure of the AI203+40%TiO2 coating and
results of the chemical composition analysis
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Fig. 8. View of the scratch surface (a) and scratch test results (b)

The scratch test results clearly show that the coating material
is significantly more scratch-resistant than the AZ91 alloy. This is
particularly evident in the scratch width. The width in the case of
the coating is almost three times smaller compared to the scratch
width in the AZ91 alloy (Fig. 9).

8\D1=16.77 ym

0
WD: 15.00 mm |

SEM HV: 20.0 kV Det: SE 100 pm

SEM MAG: 500 x

Fig. 9. View of the scratch in the A1203+40%TiO2 coating and
in the AZ91 alloy

The analysis of damage, cracks, and delaminations occurring
at the substrate-coating transition boundary was conducted based
on SEM images of this area (Fig. 10).

SEM MAG: 2.00 kx WD: 15.00 mm

Det: SE | 20 ym

Fig. 10. View of the scratch at the substrate-coating transition
boundary

Based on SEM image observations, no delaminations were
found at the transition of the scratch from the AZ91 alloy substrate
to the AI203+40%TiO2 coating, indicating a high-quality
bonding between the coating and the substrate. Observation of the
scratch area in the coating behind the substrate showed the
presence of a network of microcracks caused by the indenter's
intrusion into its banded microstructure (marked in red in Fig. 10).
Cracks were also found in the AZ91 alloy, where, due to the
indenter's pressure, cracks appeared in large and thick precipitates
of the intermetallic phase y-Mgl7(Al, Zn)12 (marked in blue in
Fig. 9). The significant impact of the indenter on the AZ91 alloy
microstructure is indicated by the presence of cracks in the large
v-Mg17(Al, Zn)12 phase precipitates, found not only in the scratch
area but also nearby (marked in green in Figs. 9 and 10). The
occurrence of these cracks during the scratch test is confirmed by
the acoustic emission (AE) signal analysis results presented in
Table 3 and Fig. 8. It can be assumed that the cracks in the
y-Mgl7(Al, Zn)12 phase are due to its high hardness and
brittleness.

4. Conclusions

Based on the conducted research, it was found that the
Al203+40%TiO2 coating has significantly higher scratch
resistance compared to the AZ91 alloy.

The scratch test did not reveal the presence of delaminations
and cracks at the scratch transition from the substrate to the
coating, indicating a high-quality connection between the
Al203+40%TiO2 coating and the AZ91 alloy.
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The effect of the indenter's intervention during scratching is
the degradation of the microstructure of the AZ91 alloy and the
Al203+40%TiO2 coating. In this process, cracking plays the main
role. In the case of the A1203+40%TiO2 coating, the effect of the
indenter's action is a network of microcracks, while in the
microstructure of the AZ91 alloy, cracks appeared in large
precipitates of the y-Mg17(Al, Zn)12 phase. It can be assumed that
these cracks were caused by the pressure of the plastic phase,
which is the solid solution a, on the hard and brittle precipitates of
the intermetallic phase y-Mgl7(Al, Zn)12.

Further research is planned to precisely explain the cracking
mechanism of the y-Mg17(Al, Zn)12 phase precipitates, including
determining the critical size of these precipitates at which they
start to crack. Therefore, in addition to the scratch test method,
nanoindentation studies along with metallographic studies after
deep etching are planned.
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