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ABSTRACT ARTICLE INFO

In this study, the surface of the magnesium alloy was coated with Cr20s-40%  Keywords:
TiO, by plasma spray coating method. The surface coating process was carried outat g face coating:
two different current (580 and 500 A) and two different spray distances (110 and 130  Plasma spray;
mm), and the effects of these parameters on microstructure and mechanical properties Magne_sium alloys;
were examined. Characterization of the coated surface layers was analyzed by optical \?\/eerZPIFCrSi;ction
microscope (OM), scanning electron microscope (SEM), X-ray diffraction (XRD) and '
energy dispersed X-rays (EDS). Tribological properties of coatings were determined Received: 14-May-2020,
in disc-on-disc type wear test device at 3 different loads (2.5, 5 and 7.5 N) and 150 m  Accepted: 03-June-2020
sliding distance. Cr.03, TiO2and TiO were detected in the coating layers of samples ISSN: 2651-3080
coated with Cr,03-40% TiO2. The hardness and wear resistance of the coatings are
quite high compared to the magnesium alloy. Hardness and abrasion resistance
decreased with decreasing current and increasing spray distance. The friction
coefficient of the magnesium alloy is lower than the coated samples.

velocity oxy-fuel [5], plasma spray [6], cold spray [7] and
flame spray [8]. Plasma spray method is frequently
preferred in coating industry due to its advantages such as
high spraying temperature, small heat effect on substrate,
fast deposition rate and large variety of materials [9]. With
the plasma spray method, material surfaces can be
successfully coated with various materials such as ceramics,
carbides, cermets, metals and intermetallics, due to high
flame temperature [10].

Material surfaces are successfully modified with
Al,O3, TiO,, Cr03 etc. and their mixtures in different
proportions. The wear resistance of ceramic coatings is
quite high due to their high hardness [11-15]. Due to its high
hardness, the wear resistance of Cr,O3 is higher compared
to other ceramics. In addition, the friction, oxidation and
corrosion resistance of Cr,O3 is good compared to other
ceramics. The most important disadvantage of Cr,Os is its
low fracture toughness. Coatings made by adding TiO: to

Cr,03 have higher coating density. Thus, fracture toughness
28

1. Introduction

Interest in magnesium alloys is increasing day by day
in industries such as automotive, aerospace and biomedical.
This is due to the properties of magnesium alloys such as
high specific strength, excellent castability, recyclability,
lightness, biocompatibility, good machinability, good
electrical and thermal conductivities. However, the low
corrosion and abrasion resistance of magnesium alloys is a
limiting factor in their use in the industry. Therefore, in
order to improve the surface properties of magnesium
alloys, studies with surface heat treatment and surface
coating have gained speed in recent years [1-3]. The most
effective method used to increase the corrosion and wear
resistance of magnesium alloys is by coating the surface to
prevent its interaction with the environment [4].

The surfaces of magnesium alloys are made resistant
to wear with different spray coating methods such as high
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and wear resistance are improved [16]. Some previous
researches on coating magnesium alloys by plasma spray
method are given in Table 1.

Table 1. Literature research.
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Plasma spray coating [+ + + + + + + +
Current change + - - - - N N _
Spray distance change + - + - - N N N
Powder feed rate + - - - - N N N
change
Microstructure + + + + + + + +
investigation
Microhardness + + - N + n n "
investigation
\Wear investigation |- + - - - n n "
Friction investigation |- - - - - N N .

In this study, the surface of AZ91D magnesium alloy
was coated with Cr.03-40% TiO, powder via plasma spray
coating method. The microstructure of coating layers was
examined by using OM, SEM, XRD and EDS. The
hardness, wear and friction behavior of samples were
investigated. Finally, worn surfaces were examined by
SEM.

2. Material and method

One of the magnesium alloy commercially AZ91D
was used as substrate and its chemical composition is given
in Table 2. The substrate to be used in the surface coating
process are 20 mm in diameter and 50 mm in length. The
substrates were first cleaned with ethanol in the ultrasonic
bath for 15 minutes and then rinsed in the ultrasonic bath
with distilled water for 15 minutes. Moisture on the samples
was removed with hot air and surfaces are sandblasted with
5 bar pressure of Al,O3 sand. Thus, the surfaces are
roughened for better adhesion. The surfaces are coated with
GTV brand -45 and +20 um size Cr,03-40% TiO; coating
powder using the plasma spray method in the parameters
given in Table 3. The surface roughness values of the
coating surfaces were determined using the Mitutoyo SJ-
201 profilometer. Measurements were carried out from 10
different points of the coating surface and the surface

roughness values were calculated by calculating the
average. Coated samples were divided into 10 mm pieces
for use in microstructural analysis and wear tests by wire
electro discharge machining. The pieces were cleaned with
ethanol in the ultrasonic bath for 15 minutes, then rinsed
with pure water in the ultrasonic bath and the moisture on it
was removed with hot air. Samples required for
microstructure investigations were polished
metallographically after being bakelite. The coating layers
of the polished samples were examined with Nikon Eclipse
NA200 brand OM. SEM images of the phases forming the
structure were obtained using the ZEISS EVO-MA10 brand
SEM device. The chemical composition of the compounds
forming the coated surfaces was measured using the Bruker
brand EDS detector connected to the ZEISS EVO-MA10
SEM device. The phases formed on the coated surfaces was
determined in the BRUKER AXS D8 ADVANCE brand
XRD device with copper a-ray tube using Cu-Ka radiation
at 1.5406 A wavelength at 20 = 20 - 80 degrees, 40 kV and
40 mA. The hardness of the coating layers was found by
taking the average of the values measured from 5 different
points. Each measurement was made by applying 100 g
mass for 10 seconds. Abrasion tests were carried out on
disc-on-disc type wear test device at room temperature.
AISI 52100 bearing steel with a diameter of 40 mm was
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used as abrasive and the wear test was carried out at 150 m
sliding distance, 100 mm/s sliding speed and 2.5, 5, 7.5 N
normal force, respectively. Wear losses were measured with
a precision scale with a precision of 10-5 (g). Each test was
repeated three times and averaged. The friction coefficients

were calculated during the experiment by measuring the
friction forces with the load cell and recording them with
the data logger. Finally, wear surfaces were examined by
SEM.

Table 2. The chemical composition of AZ91D magnesium alloy (wt%).

Mg Cu Si Al

Zn Mn Other

88-90.50 0.025 max. | 0.050 max. 8.5-9.5

0.45-0.9 0.17-0.4 Rest.

Table 3. Plasma spray coating parameters.

Sample  |Current (A) |Spray distance |Shielding gas Powder feed |Plasma gas flow |Voltage
(mm) flow rate (I/min) |rate (g/min) |(I/min) V)

Samplel |580 110

Sample2 |580 130

Sample3 [500 110 38 (Ar) 30 13 (H) 150

Sample4 |500 130

The hardness of the coating layers was found by
taking the average of the values measured from 5 different
points. Each measurement was made by applying 100 g
mass for 10 seconds. Abrasion tests were carried out on
disc-on-disc type wear test device at room temperature.
AISI 52100 bearing steel with a diameter of 40 mm was
used as abrasive and the wear test was carried out at 150 m
sliding distance, 100 mm/s sliding speed and 2.5, 5, 7.5 N
normal force, respectively. Wear losses were measured with
a precision scale with a precision of 10-5 (g). Each test was
repeated three times and averaged. The friction coefficients
were calculated during the experiment by measuring the
friction forces with the load cell and recording them with
the data logger. Finally, wear surfaces were examined by
SEM.

2. Results and discussion

2.1. Microstructure, surface roughness and hardness

As seen in Figure 1, the magnesium alloy surface was
successfully coated with Cr.03-40% TiO, by plasma
spraying. No visible cracks and porosities were found on the
surfaces. The surface roughness and hardness values of the
coating layers are given in Table 4. The surface roughness
of the coated samples is higher than the surface roughness
value (0.298 pm) of AZ91D. The high surface roughness is
by the nature of the plasma spray coating method [24]. The
surface roughness values of the coatings increase with
decreasing energy input and increasing spray distance. The
reason for this may be that the non-molten particles increase
with decreasing energy input and increasing spray distance.
As the current increases, the plasma temperature rises, so
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more particles will melt and accumulate on the surface to be
coated. Also, increasing the spray distance causes some
small particles to pass from the plasma region to
neighboring orbits and absorb some heat. This is thought to
lead to an increase in the number of non-melting particles
[25]. When the average hardness values of the coating
layers are examined, the hardness ranges between 656-730
HVo.1 and is considerably higher than the hardness value of
the substrate (70 HVo1). Hardness values increased with
increasing current and decreased with increasing spray
distance.

Samplel Sample2 Sample3 Sample4

Figure 1. Macro images of coated samples.

Figure 2 shows the results of XRD analysis of samples
(Samplel and Sampled). Coating layers consist of Cr,0s,
TiOzand TiO. This shows that coating powders have been
successfully deposited on the surfaces.

Figure 3 shows OM images of Cr,0O3-40% TiO, coated
samples by plasma spray method. As can be seen, the
coating powders are melted and deposited on the substrate
surface and metallurgically bonded to the surface of the
AZ91D. It can be seen from the OM images that the coating
layers are generally composed of some micro pores, oxides
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and lamellar structures which are generally formed in
plasma spray coatings. Plasma spray coatings mainly
consist of flat splashes and when they hit the surface, these

splashes accumulate on each other in the molten coating
layers and form the lamellar structure [25].

Table 4. The surface roughness and hardness values of the coating layers.

Sample Current (A) Sprey distance (mm) Surface roughness (Ra=pm) Hardness (HVo.1)
Samplel 580 110 5.306 730
Sample2 580 130 5.500 701
Sample3 500 110 5.626 689
Sample4 500 130 5.720 656

Ao

b)

Figure 2. XRD analysis results of samples a) Samplel and b) Sample4.

100 pm

100 pm

100 pm

100 pm

9

d)

Figure 3. OM images of samples cross-sections a) Samplel, b) Sample2, c) Sample3 and d) Sample4.

The SEM images taken from the surfaces of the
samples coated with Cr,03-40% TiO; via the plasma spray
coating method is seen in Figure 4. As can be seen, the
coating surfaces have a rough structure formed by the
overlapping of the molten particles. In addition, micro pores
are seen in places on the surfaces. According to the results
of EDS analysis taken from the surfaces of the samples,
Samplel consists of (wt%) 18.61Cr-47.80Ti-34.040,
Sample2 consists of (wt%) 20.81Cr-44.68Ti-34.510,
Sample3 consists of (wt%) 23.67Cr-26.06Ti-36.720 and
Sample4 consists of (Wt%) 37.39Cr-32.44Ti-30.170. These
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results show that the coating powders melt together and
successfully accumulate on the surface.

2.2. Wear and friction

In Figure 5, the wear loss (mg) of the coated samples
and the substrate material with different loads at a sliding
distance of 150 m are shown. Wear loss of coated samples
are lower than AZ91D at all load values. The reason for this
may be that the hardness values of the coated samples are
much higher than the substrate material. Also hardness has
a positive effect on wear resistance [26]. As the hardness
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value of the coatings decreases, their wear resistance
decreases. Again, as the load increases, the wear loss of the
substrate and coated samples have increased. In coated
samples, the wear loss increases with the decrease of the
current value and the increase of the spray distance. The
reason for this may be the decrease in hardness by changing
the coating densities [25]. Figure 6 shows the friction
coefficients of samples and AZ91D according to normal
load. The friction coefficient (u) of AZ91D is lower than
the coated samples at all force values and is 0.278 at 2.5 N
load, 0.464 at 5 N load and 0.507 at 7.5 N load. This
situation is thought to be due to less surface roughness and
to be more homogeneous in its structure. Friction
coefficient values of AZ91D and coated samples increased
with increasing load. This is thought to be due to the fact
that the particles breaking off from the material surfaces
with the increase of load and therefore the contact area is
reduced. Again, p values of coated samples increase with
decreasing current and increasing spray distance.

Worn surface SEM images of samples and AZ91D at
high load (7.5 N) are seen in Figure 7. As can be seen, a
significant amount of particle loss has occurred from the
surface of the AZ91D. In addition, deep grooves have
formed on the wear surfaces substrate (Figure 6a). The wear
of the coated samples generally occurred as a rupture of

ey 1
EHT = 15.00 kV
WD = 7.6 mm

10 ym

Signal A = SE1
Mag= 100KX

Date :24 Oct 2018
Time :10:52:41

particles from the surface and the particles that were broken
off from the surface generally were plastered to the surface.

3. Conclusions

The surface of the magnesium alloy was successfully
modified with Cr,03-40% TiO; by plasma spray method.
Coating layers consist of Cr,03, TiOzand TiO. The highest
surface roughness value was measured as 5.306 pm in the
sample coated with low heat input and high spray distance.
The hardness and wear resistance of the coatings are quite
high compared to AZ91D. The highest hardness and wear
resistance values were obtained in coating with high heat
input and low spray distance. The hardness and wear
resistance of the coated samples decrease with decreasing
heat input and increasing spray distance. The wear
resistance of the coated samples at all normal load values is
higher than the AZ91D. The friction coefficient of the
AZ91D is lower than the coated samples at all load values.
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Figure 4. SEM images of coting surfaces a) Samplel, b) Sample2, c) Sample3 and d) Sample4.

32



Cihan Ozela,& Abdulkadir Zirek

Journal of Physical Chemistry and Functional Materials

5.00

4.50

4.00

3.50

3.00

250

Wear loss (mg)

2.00

150

1.00

0.50

0.00

5.00

4.50

4.00

3.50

3.00

250

Wear loss (mg)

2.00

1.50

1.00

0.50

0.00

Friction coefficient (1)

Friction coefficient (1)

2.50

5.00

mAZ91D = AZ91D
4.50

3.50
3.00

250

2.00
150
1.00
0.50 I
0.00

2.50 5.00

Wearloss (mg)

mN9
5.00 7.50

4.00 mN10
7.50

Normal load (N) Normal load (N)

250

Figure 5. Wear loss of samples and AZ91D according to load a) Samplel, b) Sample2, c) Sample3 and d) Sample4.
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Figure 7. Worn surface SEM images of a) AZ91D, b) Samplel, c) Sample2, d) Sample3 and e) Sample4
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