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Abstract: Aluminium alloys have attractions to be used for a wide range of applications due to its
lower density and the formation of passive film which provide corrosion protection. At high
temperature (more than 250 °C), the passive film may be destroyed, thermally corroded and it will
easily be failed by thermal fatigue failures. This work has investigated the enhancements of plasma
sprayed Al>Os coating on the performance of 6082-T6 aluminium alloy surface against erosion
and corrosion test environments. The study investigates the macro/microstructure and the formed
phases of the plasma sprayed Al>Os formed layer. The erosion resistance of the coated layer, in
particular, the effect of sand concentration and temperature variations to the aqueous slurry
impingement against material properties such as adhesion, ductility, and roughness were
investigated. In addition, a series of electrochemistry tests have been conducted to verify the
corrosion performance. As a reference, the un-coated 6082-T6 aluminium substrate was instigated
in all the experiments. The resulted showed that plasma sprayed Al>Os coating layer had lamellar
structure of approximately 86% y-Al>Oz and 14% a-AlO3 phases and contained many voids and
porosity. The coated layer shows good corrosion resistance at ambient temperature. At 80 °C,
small amount of ions penetrations was recorded. The coated layer was completely removed after
polarizing the solution up to 400 mV for 24 hours. Although there was no stability of the current
in the coating during the polarization test, the coating shows lower corrosion current density under

static anodic polarization tests compared to the aluminium substrate indicates better corrosion

58


mailto:essamibrahim2@yahoo.com
mailto:alialgahtani@kku.edu.sa

(JESC) The Journal of Engineering, Science and Computing Issue I, Volume I, April, 2019

resistance. It has been shown that the erosion of the coated layer shows linear erosion rate. The
erosion rates observed for the coating in elevated temperature are much lower than aluminium
substrate. As a result, the erosion resistance of aluminium alloy can be highly improved by plasma

sprayed Al2O3 coating, especially at high temperature.

Keywords: 6082 Aluminium Alloy; plasma sprayed coating; erosion resistance; Microstructure;

Wear resistance; polarization test.
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1. Introduction
Aluminium is a metallic element which has a natural corrosion resistance at room temperature due
to the formation of very thin oxide layer (few nanometre thick) on its surface [1]. This dense layer

is formed quickly when it is exposed to the environment. The thickness of the layer is dependent
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on the environment parameters. Some of the aluminium alloys also possess attractive properties
such as strength to weight ratio, low-cost material and good weldability which make them good
candidate for wide range of applications such as aerospace, automotive structures, renewable
energy, extraction systems, internal combustion engines and gas turbines sectors. The operation
temperature of some of these applications is relatively high. When the surface of the aluminium
alloys exposed to high temperature for long time, it will easily be oxidized and wearied. Also,
relatively amount of heat losses is expected due to their high thermal conductivity [2-4].

Under aggressive environments, aluminium is subjected to different types of severe corrosion like
intergranular corrosion, pitting corrosion, and many other cracks such as stress corrosion cracking
[5-6]. Pitting corrosion usually attacks aluminium surfaces causing localised holes in the protective
film under chloride corrosive environments which affect the mechanical properties of the metal
like reducing the tensile stress and causing fatigue and stress corrosion cracks [7]. For some
applications, the materials are suffered from many severe conditions of erosion/wear and
corrosion. It led to an irreversible materials degradation, and whenever they take place
simultaneously, the process is known as tribo-corrosion. Tribo-corrosion involves a synergism
between wear and corrosion, since the total material loss when the two processes occur
simultaneously is greater than when they act alone [8]. Insufficient resistance to tribo-corrosion
limit the application of aluminium alloys [9]. For that reason, a thin layer called “thermal barrier
coatings” can be formed on the surface subjected to high temperature for long time, to protect it
from thermal damage. These thermal barrier coatings, usually consisting of ceramics, will protect

the surface and reduce heat loss from inside to outside due to its lower thermal conductivity.

Many technologies were used to form a protective layers/coating on aluminium alloys to enhance
the tribo-corrosion resistance properties of the alloy, such as laser cladding, traditional welding
processes, hard anodization, plasma electrolytic oxidation and plasma-spray ceramic coatings etc.
[10].

Plasma-spray ceramic (PSC) coating is considered a famous and cheap technique for cladding
many metallic surfaces. It can be used to deposit metals, ceramics or even plastics on the surface
of most of the metallic surfaces. Also, the thickness of the coating varies from a few micrometres
to several millimetres [11-12]. Plasma Spray Ceramic Coating is a coating produced by process
in which molten or softened particles are applied by impact onto a substrate [13, 14]. It was first

addressed by Schoop when he studied the production of metallic particles from a molten metal to
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be used as a coating at the beginning of the last century [15]. There are three main stages to form
this coating. Firstly, plasma particles are created as small droplets stream [16]. Secondly, these
particles are subjected to high temperature using heat source generating thermal energy. The
particles’ compositions get changed due to the chemical reaction between the droplet material and
the flame [17]. After that, they are flattened then striking a cold surface at high velocities
generating kinetic energy. A common feature of lamellar grain structure will be formed as a result
of the rapid solidification and cooling processes. The general behaviours of PSC coating are
considered to be porous lamellar structures [18] composed of splats with columnar grain structures

and have voids and pores areas.

Among many ceramics, Al>Oz are the most widely used for cladding the aluminum alloys through
plasma spraying. Besides its low density, high hardness & wear resistance, low cost and its wide
range of available grades, it has excellent thermal stability. The Al>Oz coating can protect its
substrate form severe and harsh environment when wear and corrosion are presented [19].
Beauvais et al., [20] studied the microstructure of plasma sprayed coating using different ceramic
powders (Al203-TiO2, Al203, ZrO>—Y203 (YSZ) and Cr203) on 316 stainless substrates. It was
found that the PSC microstructure was homogenous with low porosity. Also, micro-cracks in the
Al>03 coating were detected as a result of the thermal stresses developed during the process [20].
Song et al., [21] deposited Al,Oz and TiO2 powders using plasma spraying method with different
powers on 6063 aluminium alloy substrate. The coating has high porosity at low power source,
since the parts of the particles did not completely melt and were embedded in the melted lamellar
structure. As the power source increased, the un-melted particles decreased, and lamellar structure
was formed with less particle sizes. Abdel-Salam et al., [22] improved the corrosion resistance of
the 2014 Al alloy through hard anodizing in sulphuric acid electrolyte. They found that the addition
of sulphonate significantly improve the corrosion resistance. Tabakoff and Shanov [23] studied
the erosion behaviour of the plasma ceramic coating that used in compressors and turbines at high
temperature. They reported that TiC coating shows better erosion resistance when exposed to fly
ash and chromite particles. Wang et. al. [24] sealed the plasma sprayed alumina coating through
aluminum phosphate. The results showed that the phosphate penetrates through the interface
between the alumina coating and the substrate and improves the sliding wear resistance.

Most of the previous works [19-26] were focused on the wear or corrosion behaviors of plasma

ceramic coating. In this research work, we planned to characterize both erosion and corrosion of
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the plasma ceramic coating layer that deposited on Al 6082 alloy. The microstructure of the coating
layer was investigated in detail. The hardness, erosion resistance, and corrosion behavior of the

coating layer was evaluated in detail at ambient and high temperatures.

2. Experimental work

The substrate used for PSC coating was 6082-T6 aluminum alloy. The substrate specimens’ discs
were cut with a diameter of 25.40 mm and a thickness of 10 mm £ 0.01 mm to be fitted in the
holder for erosion and electrochemistry experiments suitable for the rig available in the lab. The
samples were coated using a conventional 100 kW atmospheric plasma spraying system. The
powder of grey alumina contains 2.5% of titanium dioxide was feed at constant rate of 15 gm/min,
using a turntable type volumetric powder feeder. The feeding and spraying distances were 24 mm
and 300 mm, respectively. The microstructures of the PSC coating were investigated using
scanning electron microscope equipped with EDX analyzer. The database (ICDD, International
Centre for Diffraction Data) entries used were 00-046-1212 and 01-074-4629 for alpha and gamma
respectively. The area of the peaks was determined using the software XPert Highscore Plus. The
PSC coated layer were analyzed by X-ray diffractometer (XRD). Surface roughness of the coated
surface was measured using Veeco-Wyko NT 3300S Interferometer. An Inductive Coupled
Plasma (ICP) test was performed to assess the amount of ions (AI**) released from the 3.5%NaCl
solution after 24 hours (for temperatures of 20°C and 80°C) of immersing the samples into the
solution at different test conditions. Then, the samples were polarized up to 400 mV against the
reference electrode for another 24 hours. This polarization test was theoretically compared with
Faraday’s Law of electropolsity that gives an indication of corrosion process of these coatings on
the basis of ion movements across the coating layers. The erosion tests were performed using sand
particles through Recirculation Jet Impinging Rig. These sand particles have round shape and
sharp edges with an average diameter between 200 pum and 250 um as shown in the SEM image
in Figure 1. Two sand loadings (200 mg/l & 1000mg/l) and two temperatures (20°C & 70°C) were
selected as the main experimental variables to go gradually from medium to highly severe erosion
conditions. After erosion experiments, the weight loss measurements were recorded after 2, 5, 8
and 10 hours followed by profilometry and microscopic analysis on the surfaces of the coated
samples to analyze the surface of the coated samples after erosion experiments using “Form
Talysurf 120L” equipment in order to measure the surface shape, texture, profile of volumetric

damage and to identify the depth of the attack and the zones which suffer the greatest degradation.
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The microhardness of the coated layer and the substrate were measured (before and after the
erosion test) using Knoop indenter. The shape of this type of indenter is an elongated diamond
pyramid and it is more sensitive to surface conditions than Vickers test which is more suitable for
the thin coatings [27].
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Figure 1. SEM image of sand particles used for erosion test.

3. Results and Discussions

3.1 Macro/microstructure analysis

The coated plasma spray ceramic (PSC) consisted of three different layers of about 350 um thick,
starting with a loose layer in the interface region of 87 um as shown in Figure 2 (a). This layer is
followed by the intermediate layer of approximately 250 um and finally the top porous layer of 55
pum. The intermediate layer contains many laminar structures with white colours which could be
the aluminium alloy 6082-T6. Similarly, the SEM cross-sectional image of PSC sample, shown in
Figure 2 (b), reveals that the average coating thickness is about 275 — 280 um. The dark layer (gap)
at the interface is probably due to debonding of the PSC coating from the substrate. Although it is
due to metallographic preparation (sectioning / polishing), it also indicates a poorer bond with the
substrate.
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Figure 2. Cross-sectional view of PSC coating.

Microscopically, the microstructure of the plasma spray ceramic coating (Figure 3) exhibits a
lamellar structure and has many porous regions. The EDX analysis (Figure 4) detected the
elements of aluminium, oxygen and titanium. The PSC coating was prepared using grey alumina
powder which contains 2.5% of titanium dioxide according to the supplier. According to XRD
spectra shown in Figure 5, PSC coating has a-Al203 and y-Al2O3 phases but with lower intensity
peaks. The relative proportions of alpha alumina (a-Al.O3) and gamma alumina (y-Al203) phases
can be estimated from the intensity (area) of the peaks in the XRD plots for the material.
Conventionally, this is achieved using the most intense peaks for each phase and using an RIR
(Reference Intensity Ratio) for each phase. RIR values are normalised against corundum (alpha
alumina, which has a value of 1.0). Due to peak overlap and strong scattering from the substrate,
it was not possible to use the most intense peaks. Therefore, to gauge the relative proportions, less
intense, but unobstructed peaks were used at 25.578° for and 19.318° for gamma. The area of the
peaks was then divided by the product of the RIR and the relative intensity of the peak (from the
database). The amount of alumina phases (a-Al203) available in PSC coating was 14% and Gamma

alumina (y-Al203) was 86%.
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Figure 4. Detection of elements of PSC using EDX analysis.
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Figure 5. XRD for PSC sample; (a) full plot and (b) Zoomed scale.

3. 2. Electrochemistry

3.2.1 Inductive Coupled Plasma (ICP) Test Results

Figure 6 show the potential current versus time plots to calculate charge transfer at 400 mV for
PSC sample. There was no stability of the current in the PSC sample as many variations of the
curve occurs during the 24 hours polarization test and the currents were relatively high. The first
increase of the current occurs at about 1000 seconds from 1.5 x 102 A/cm? to 3.0 x 102 A/cm?
which could be attributed to high movements of AI** movement through the coating due to its high
porosity. The current fluctuation on the polarisation curves could be attributed for electrochemistry
activities taking place on the surfaces such as localised pitting corrosion in the substrate/coating
interface region [28]. However, the current increases also from about 2.5 x 102 A/cm? t0 5.0 x 10°
2 Alcm? around 7000 seconds where it is expected that the PSC coating has completely removed
from the substrate as shown in Figure 7. This is due to the low adhesion between the substrate and
the coating where ions penetrate between them.
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Figure 6. Current density versus time plots to calculate charge transfer for PSC at +400 mV (Ag/AgCl).

PSC coating

Aluminum

Figure 7. PSC sample after 24 hours ICP polarization Test.

3.2.2 Anodic Polarization (AP) Measurements

Figure 8 shows the results of the anodic polarization resistance for PSC sample together with Al
substrate. The breakdown voltages for all materials can be determined from the anodic polarization
curves at the potential value where the current increased rapidly and deviated from the initial
growing rate. The values of the breakdown potentials of the materials were determined from the
Excel plots and the red lines in these graphs are just to show the method and not indicating the
exact Ep values. The breakdown potential (Ep) is the potential where the passive film of the surface
breaks down. E, for the ceramic materials indicate the penetration of the electrolyte ions through
the coating defects to the substrate metal. It is expected that the coating would decrease the
possibility of breaking down the aluminium passive film and consequently decrease the current
density and improve the corrosion resistance [29-30].

The corrosion current densities for the materials were determined from the logarithmic scale of the
current density in the anodic polarization curves as shown in Figure 9. The potential was shifted
from the OCP value of the material to 250 mV in the opposite direction to ensure that the cathodic
and anodic currents are different to measure the corrosion current density on the sample by

extrapolating the anodic branch with the line from OCP value. Table 1 summarises the main
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corrosion parameters of the materials that were determined from the DC electrochemistry plots

(anodic polarisation curves). Therefore, PSC coating has lower corrosion current density (2.6E-07

Alcm?) under static anodic polarization tests.
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Figure 8. AP Measurements for (a) aluminium substrate and (b) PSC coating.
Table 1. Summary of corrosion parameters of the materials.
Corrosion Parameter PSC Al
Open circuit potential (OCP) [V] -0.76 -0.7
Breaking down potential (Ep) [V] 1.12 0.2
Corrosion current density (icorr) [A/cm?] from AP Curve 2.6E-07 1.2E-05
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Figure 9. Determination of corrosion current density for (a) Al substrate and (b) PSC.

69



(JESC) The Journal of Engineering, Science and Computing Issue I, Volume I, April, 2019

3.2.3 AC Impedance Plots for Plasma Spray Ceramic (PSC) Surface

The arc radius in the Nyquist plot of PSC coating was slightly increased after the full period of immersion
test (Figure 10 (a)). This corresponds to the minimal change in the total resistance from the Bode plot shown
in Figure 10 (b). The aluminium substrate can be seen after the corrosion test which indicates that relatively
high amount of PSC coating degradation has occurred due to this chemical reaction.
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Figure 10. (a): Nyquist plots and (b): Bode plots for PSC at different immersion times.

The AC impedance data was fitted using the circuit model (Figure 11) and the results are shown in Figure
12 for Day 10 of the immersion period. Although there is no significant change in the arc radius of the
Nyquist plot of PSC after the full period of immersion test, the total resistance was fluctuating between
these two end points as shown in Figure 13. The increase of the resistance between day 2 and day 5
corresponds to the formation of the corrosion products at the coating/substrate interface that initiated due
to ions transfer in the pores regions of PSC surface. The resistance and phase constant element were
fluctuating during the period of the test (Figure 13) which indicate that part of the PSC coating was
delaminated [31].
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Figure 11. Modified circuit model for PSC coating.
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Figure 12. Fitted data for PSC coating at day 10.
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Figure 13. Time dependence of the Ryt and CPE; for PSC coating after different exposure times.

3.4. Erosion Test Results

This part presents the results of erosion experiments performed on the samples of the aluminium

substrate and the PSC coatings. Figure 14 shows the weight loss measurements of the materials

for ten hours experiments under low (200 mg/l) and high (1000 mg/l) sand loadings at temperatures
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of 20 and 70 °C. The weight loss measurements were recorded after 2 hours, 5 hours, 8 hours and
10 hours to observe how the wear rate of the materials changes with time. The data points have
been fitted with either linear regression line or polynomial curve according to the weight loss trend
for each material. A consistent increase in the wear losses has been observed with increasing both
time and sand loading as expected. Generally, the PSC coating exhibits poor erosion resistance in
the test conditions when compared to aluminium substrate at both sand loading 200 mg/l and 1000
mg/l. The PSC coating has high erosion rate and its weight loss is more than the aluminium
substrate after five hours at low sand loading and four hours at high sand loading. Moreover, the
erosion rates observed in elevated temperature tests are higher than in room temperature tests for

the PSC coated samples and aluminium substrate.
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Figure 14. Weight loss measurements at different conditions after 10 hours.

It has been observed that the aluminium substrate has good erosion resistance and has a linear wear
rate at low sand loading and low temperature. When the sand lading was increased to 1000mg/I,
large amount of material loss was observed, which match the results of Zhang et al., [32] and Costa
et. Al. [33]. Itis noticed that a large amount of PSC material has been removed due to the impact
loading. Also, its wear loss rate increases sharply compared to aluminium sample where the
erosion rate increases gradually. This indicates that the removed materials of PSC take place as

cracks on the surface followed by chipping off the coating since its surface exhibits brittle material
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fracture. This could be attributed to the low adhesion bonding and pores as shown between the
PSC coating and the substrate in Figure 15.

WD = 13.0 mm Mag= 4.53 KX

Figure 15. High gap size between PSC coating and Al substrate.

3.5. Hardness measurements

The hardness values of the tested materials were obtained before performing the erosion tests to
study the effect on the wear response and the results shown in Figure 16. Before the erosion test,
the micro-hardness values for the coating layer are much harder than the Al substrate. The coating
layer hardness increases as the distance from the substrate increases until near the middle of the
coating (100 um). After that, the hardness decreases as the distance approaches the resin side of
the coating. Also, the hardness measurements of the eroded regions of the coatings were compared
with the un-eroded surfaces after the test and it is obvious that the hardness for the eroded surface
is higher for all materials. The increase of the material’s hardness after the erosion tests is expected
since there is a work hardening undergoing on the surface due to the effect of the impact particles

loading.
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Figure 16: Distribution of hardness values across PSC coating (Knoop Test, Load = 25 g).

3.6. Talysurf Tests

Figure 17 shows the surface textures of the tested samples after ten hours tests for different sand
loadings (200 and 1000 mg/l) and different temperatures (20 ©C and 70 ©C). The 3-D profile of
the sample was captured to show the affected zone of the surface and its type in terms of the
deformation type such as plastic deformation, cutting chip, etc. As clearly shown in Figure 17 (b)
and (d), the sand lading had a greater effect on the erosion rate more than the temperature. Also,
the materials’ volume loss due to impact particles were calculated to be compared with the weight
loss measurements.

Regarding the coating density, it has been approximately determined by coating porosity which
can be studied from optical or SEM images. Limited studies have measured the coating density.
For example, Curran and Clyne [34] has suggested that the PEO density is summation of phase
densities in the coating (a-Al203, y-Al.O3 and amorphous alumina) which theoretically equals to
3.69+0.25 g/cm?. However, this will depend on the phases available in the coating and also affected
by the thickness of the coating.

The density of the removed materials after erosion can be calculated by dividing the measured
weight loss over the volume loss data as shown in Figure 18. There are two reasons that can explain
the anomalous densities of the removed materials against their theoretical values (2.7 g/cm? for the

aluminium substrate and approximately 3.69+0.25 g/cm? for the coatings). Firstly, it should be
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noted the removed materials sometimes consists of the coating part and the substrate which have
different densities. Secondly, the porosity has main effect of the density of the material as the pore
space in the eroded material will increase due to the impact of solid particles [35]. As a result, the
volume of the material will decrease and consequently increase its density as shown in Figure 18.
Thirdly, it is assumed that the measured volume loss from the Talysurf analysis is less than the
actual volume loss of the material. The volume of the removed top layer could not be determined
using this technique. Therefore, most of the measured densities of the materials under different

test conditions are higher than their actual density values.
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Figure 17. 3-D Profilometry tests for PSC coating after erosion test of 10 hours.
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m Test A: 200 mgl/l, 20 °C, 90° angle = Test B 1000 mg/l, 20 °C, 90° angle
Test C: 200 mg/l, 70 °C, 90° angle = Test D: 1000 mg/l, 70 °C, 90° angle
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Figure 18. Density of the removed materials after 10 hours erosion tests.
4. Conclusions

In this work, aluminum 6082-T6 was cladded with the plasma sprayed Al.Oz coating process. The
macro/microstructures of the coated specimens were investigated using optical and scanning
electron microscopes. An inductively coupled plasma test was performed after immersion in 3.5%
NaCl solution for 24 hours (for temperatures of 20°C and 80°C). The erosion tests were performed
with water carrying sand particles at different sand loadings (200mg/l and 1000mg/l) and two
temperatures (20°C and 70°C). After erosion experiments, the weight loss measurements were
recorded followed by profilometry and microscopic analysis. The micro-hardness of the coated

layer and the substrate were measured. The results of this study led to the following conclusions:

e The coated layer consisted of three different layers of about 350 pum thick, starting with a
loose layer in the interface region followed by laminar intermediate layer and finally top
porous layer. The hard-anodizing coating has a higher roughness value compared with the
Al substrate.

e The coated layer was consisted of approximately 86% Gamma alumina (y-Al203) and 14%
alumina phases (a-Al203).

e There was no stability of the current in the coating during the polarization test. The coating

shows lower corrosion current density under static anodic polarization tests.
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e During the erosion test, a consistent increase in the wear losses has been observed with
increasing both time and sand loading.

e Compared to the aluminium substrate, the PSC coating exhibits poor erosion resistance at
low temperature, while the erosion rates observed for the PSC coating in elevated
temperature are much lower than aluminium substrate.

e The coating showed higher hardness values compared to aluminum substrate.
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