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Abstract. Bi-layered coating strategies for carbon-based materials reinforcement of composite oxide coatings
show promise for producing long-lasting durable materials. The bi-layered coating comprises an oxide/graphite
lubricant composite (top layer) and Diamond-like carbon (DLC)-contained oxide coating (sub-layer).
Reinforcement particles contribute to the oxide coating by filling pores formed after anodizing; however, they do
not alter the porous structure. However, the porous structure can be regulated by adjusting the electrolyte
temperature, as anodizing temperature influences the growth and morphology of the oxide coating. A higher
electrolyte temperature can increase porosity, which leads to hardness reduction. This study aims to control
electrolyte temperature and examine the porous structure of the bi-layered composite oxide coating. The bi-
layered composite oxide coating was fabricated on aluminum alloy (AA2017-T4) by anodizing method with
various constant electrolyte temperature (30 °C, 40 °C, 50 °C & 60 °C). The surface roughness of the oxide
coating measured by 3D optical profiler where it affected by the pore dimension of the oxide layer. Then the
microhardness was measured by using the Vickers hardness test. The pore dimension of the oxide layer showed
reduction. The microhardness increased approximately up to twofold (from 205.8 HV to 413.4 HV) for
conventional oxide coating and up to 25.10% (from 345.8 HV to 432.7 HV) for bi-layered composite oxide coating
when compared between uncontrolled electrolyte temperature with controlled electrolyte temperature due to
densification of the oxide film occur when the temperature of the electrolyte during the anodization controlled,
especially at 50 °C where the highest microhardness achieved. Therefore, this finding will contribute to
automotive applications as it enhanced the properties of the aluminum alloy where it is widely used in aircraft and
automotive parts.
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1. INTRODUCTION

Aluminum alloys are favored in the automotive and aerospace industries due to their
lightweight, high strength and corrosion resistance [1]. However, it still has limitations such as low
surface hardness, ease of scratch, and low wear resistance. These limitations can be overcome by
applying surface modification to the aluminum alloy.

One of the surface modifications that can be applied to enhance aluminum alloy surface
properties is anodizing. Anodizing is an electrochemical process to form a protective anodic film on
metal surface that enhanced the corrosion and wear resistance [2]. Anodizing can achieve higher
hardness and strength while also providing good protective and decorative surface properties with a
thicker oxide layer as high as 125 pum of thickness. However, the anodized oxide film also known as
anodic aluminum oxide (AAO) still cannot achieve the best mechanical performance due to the porous
structure of the film.

Al alloys are classified into a few series such as 2XXX, 6XXX and 7XXX group where the
oxide coating formed on these Al alloys during anodizing are affected by intermetallic phases such as
AL Cu, Al,CuMg, Al;Cu2Fe, AlsCu,MgsSi;, AlICuFeMnSi, and Mg,Si [3]. The high copper and silicon
content in Al alloys contribute to the porous structure of the AAO coating. According to Bononi et al.
[4], the sites enriched with copper enhanced oxygen evolution activity in the oxide layer and have a
significant impact on reducing the anodizing efficiency. The oxygen evolution activity occurs during
anodizing process, causing porous structures to form. Other than that, AAO also faces another problem,
which is fatigue cracks on the surface or at internal sites. Fatigue cracks may form due to the presence
of various intermetallic phases, which affect the uniformity of oxide layer growth [5]. The intermetallic
phase can hinder the uniformity of the oxide layer formation that leads to complex porosity and uneven
oxide growth with cracked oxide layers [6].

Recently, there have been approaches to reduce the porosity by adding reinforcement particles
into the AAO coating. Reinforcing carbon-based materials like graphite, graphene and diamond-like
carbon into the AAO coating are proven can reduce the porosity and increase the microhardness [7-9].
The particles embedded in the oxide film led to densification of the coating. Studies have also fabricated
composite coatings using pulse current (PC) anodization to mitigate fatigue cracks and porosity issues
[10]. PC anodization has proven to reduce crack, and porosity leads to an increased in the mechanical
strength of the coating by 25.20% compared to the direct current (DC) anodizing method [10]. The
mechanical strength improvement is due to the recovery effect that occur when using the pulse current
method that allow efficient dissipation of heat generated on the surface of the anodized aluminum [11].
The same method has also been done by Zulkifli et al. [9] except that they used diamond-like carbon as
reinforcement particles. As a result, denser and more uniform film was produced.

Even though adding reinforcement particles into the AAO coating can reduce the porosity up
to 43.20% for width and 58.80% for depth, and improve the coating microhardness [10], the
microhardness values are still considered as low because, according to Sathiyakumar [12], theoretically,
the microhardness of alumina ceramic is about 1020 HV. The difference occurs due to residual pores
that still exist within the AAO coating even after the dimension of the pores reduced with the aid of the
reinforcement particles. The result achieved shows that still less than half of the pores dimension
managed to be reduced by the reinforcing particles.

One of the concerns on why the pore dimension still cannot be reduced more than half even
after applying pulse current method and adding reinforcement particles may be due to electrolyte
temperature. As stated by Dobosz [13], the rate of pore widening depends on the type of electrolyte and
anodizing condition especially anodizing voltage and temperature used. Increasing electrolyte
temperature accelerates oxide growth; however, it also enhances aluminum oxide dissolution, leading
to a more porous structure. The increased of oxide dissolution due to increasing electrolyte temperature
leads to a more porous oxide structure.
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This issue emphasizes the requirement for further improvement of the anodizing process
especially to minimize the porosity of the AAO coating to improve its mechanical properties. Recently,
fabricating bi-layered coating has been done and proven to improve the mechanical properties by using
two different reinforcement particles. Our approach is to combine graphite/oxide layer as top layer, and
DLC/oxide as sub layer. This approach is considered based on the findings from our previous work [8-
10,14]. In this study, the aim is to improve the mechanical properties of the AAO coating by fabricating
bi-layered coating and controlling electrolyte temperature, as well as examine the porous structure of
the coating.

2. MATERIALS AND METHODS
2.1 Materials and Preparation

The substrate used for the anodizing process was the AA2017-T4 Al alloy discs purchased from
Misumi Malaysia Sdn. Bhd, which has a 25 mm diameter and a 4 mm thickness. The primary alloying
element in AA2017-T4 aluminum alloy is copper (Cu), with a chemical composition of 5.19% Cu,
91.79% Al, and 3.02% O. Prior to anodizing, the substrates were mechanically polished using silicon
carbide (SiC) abrasive papers, progressing from 600 to 2000 grit. They were then ultrasonically cleaned
in distilled water, ethanol, and acetone for 10 minutes each, with the process repeated twice. In this
study, DLC-deposited Cu particle and graphite flakes used as reinforcement particles. The SEM images
of graphite flakes and DLC-deposited Cu particle are shown in Figure 1. The DLC-deposited CU
particle was fabricated by chemical vapor deposition (CVD). Copper particles were placed in a vacuum
chamber on a stainless-steel tray that acted as a negative electrode. Acetylene gas used as gas precursor
with applied voltage maintained at -3.5 kV. The deposition time of DLC on copper particles was set at
30 min. The copper particles were agitated three times every 10 min during the deposition process. The
copper from the DLC-deposited Cu particle then dissolved in electrolyte during anodizing as the copper
only act as carrier.

Figure 1: Surface morphology of (a) graphite particles (400 nm — 600 nm) and (b) DLC-deposited Cu
particle
2.2 Experimental Set-up

The study utilized a PC power supply with a unidirectional square wave pulse for the anodizing
process. The electrolyte used was a solution of sulfuric acid (H.SO4) that had been diluted with distilled
water to a concentration of 20 wt%. 1 g/L of DLC-deposited Cu particles were mixed into electrolyte
to fabricate the first layer of the composite coating. While for the second layer of composite coating
where graphite flakes used as reinforcement, 20 mL/L of ethanol used to disperse the graphite flakes
and stirred with magnetic stirrer for 20 min at 200 rpm.

AA2017-T4 Al alloy substrate was used as the anode while SUS 316 L stainless steel plate used

as the cathode to complete the circuit. Before anodizing, the temperature of the electrolyte was set
constant at 30 °C, 40 °C, 50 °C and 60 °C. The anodizing process was carried out for 60 min for
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conventional oxide coating while for composite bi-layer coating are 30 minutes for the first layer and
another 30 minutes for the second layer. By using PC power supply, the interval time on is 30 seconds
and the time off is 10 seconds with 15 A/dm? of constant current density and 15 V initial voltage.

2.3 Surface Characterization

3D optical profiler ZeGage™ (Zygo Corporation and Ultra Precision Technology Division of
AMETEK Inc., United States) was used to analyze the surface topography images to determine the
surface roughness and pore dimensions. The scanning electron microscopy (SEM) JSM-6010PLUS/LA
(JEOL Ltd, Japan) was utilized to observe the surface morphology of the coating. Then the mechanical
properties of the coating was measured by Vickers hardness machine (Shimadzu Corporation, Japan)
with applied load of 0.1 HV for a duration of 10 seconds. The Vickers indenter is a regular quadrangular
pyramid diamond with an angle between opposing faces of 136 degrees. To ensure the accuracy of the
microhardness value, approximately 15 points of microhardness indention have been done.

3. RESULTS AND DISCUSSION
3.1 Surface Characterization

Figure 2 represents the SEM images and 3D profiles of conventional oxide coating surfaces
anodized at different controlled temperatures, which are 30 °C, 40 °C, 50 °C, 60 °C & uncontrolled
temperature by pulse current for 60 minutes. The crests and troughs of a topographic picture are
represented by a sequence of colour areas arranged in the following order: red, orange, yellow, green,
and blue [14]. The red region indicates the area's greatest height (crest), while the blue region denotes
the lowest area (trough). The average Ra value of oxide coatings anodized at 30 °C, 40 °C, 50 °C, 60
°C and uncontrolled temperature was 2.57, 4.42, 4.74, 14.21 and 10.43 pum, respectively, as illustrated
in Figure 3.

Based on Figure 2, oxide coating that anodized at 30 °C dominated by pits compared to other
samples that dominated by pores. As the anodizing temperature increased to 40 °C, undulation started
to occur on the coating surface as can be seen in the Figure 2(b). In Figure 2(c), the undular structure
on the coating surface become more obvious where the anodizing temperature was set constant at 50
°C. Undular structure is wave-like morphology on the surface. At 60 °C, the coating surface exhibits a
different morphological structure compared to undular structures that resulted from lower electrolyte
temperatures. The surface structure transitioned to different appearances, most likely due to changes in
growth and oxide dissolution rate. On the other hand, oxide coating that anodized with uncontrolled
(UC) temperature shows a similar surface structure with oxide coating anodized at 60 °C. This might
be happened due to its temperature that can increase up to 61.1 °C even though the initial temperature
was set at room temperature.

Based on Figure 3, the highest surface roughness was obtained from oxide coating anodized at
60 °C while the lowest surface roughness was obtained from oxide coating anodized at 30 °C. The trend
of the surface roughness corresponding to the size of the pores where the largest pore dimensions were
obtained from oxide coating anodized at 60 °C while the smallest pore was obtained from oxide coating
anodized at 30 °C as (Figure 4). The width and depth of pores obtained on oxide coating anodized at 60
°C is 116.37 and 102.93 um, respectively. For controlled electrolyte temperatures anodizing, the pore
dimension increased linearly with electrolyte temperatures. This is because the rate of pore widening
depends on the type of electrolyte and anodizing condition, especially anodizing voltage and
temperature used. The increasing electrolyte temperature increases oxide dissolution that leads to a
more porous structure. In relation to the increment of pore dimensions, larger pores lead to higher
surface roughness. The huge pore dimension of oxide coating anodized at 60 °C explained why the
surface roughness of the oxide coating shown a significant difference compared to other oxide coating.
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Furthermore, the formation of craters on the oxide coating resulted from a combination of large pores
[15] and undulation structure also lead to higher surface roughness.

Generally, the porous structure developed after formation of non-porous barrier layer. During
the formation of the porous oxide layer, oxide formation and dissolution occur simultaneously [16].
According to Scheer et al. [17], the dissolution of the oxide layer occur at the interface between the
oxide layer and the electrolyte due to weakening of Al-O bonding in the oxide lattice. On the other
hand, pits that can be seen on the coating surface that anodized at 30 °C may cause by dissolution of
intermetallic phase during the anodizing process.

Undular
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Figure 2: SEM image and 3D p‘roﬁles of conventional oxide coating surface with (a) 30 °C, (b) 40
°C, (c) 50 °C, (d) 60 controlled temperature and (e) uncontrolled temperature
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Figure 4: Average pore dimension of controlled temperature conventional oxide coating and
composite bilayer coating

On the other hand, Figure 5 represents the SEM images and 3D profiles of composite bilayer
coating surfaces anodized at different controlled temperatures which is 30 °C, 40 °C, 50 °C, 60 °C &
uncontrolled temperature by pulse current for 30+30 minutes. The SEM images of the composite bilayer
coating show similar trend with the conventional oxide coating where the surface dominated by pits at
30 °C as shown in Figure 2(a) and Figure 5(a). Then at 40 °C, the coating surface started to dominate
by pores as shown in Figure 2(b) and Figure 5(b). Despite the pore formation, undulation also started
to occur for composite bilayer coating at 40 °C as can be seen in Figure 5(b). As the anodizing
temperature increased to 50 °C, the undular structure is more apparent.
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Figure 5: SEM images and 3D profiles of composite bilayer coating surface with (a) 30 °C, (b) 40 °C,
(c) 50 °C, (d) 60 °C controlled temperature and (e) uncontrolled temperature

Other than that, unlike the conventional oxide coating, the composite bilayer coating shows

different surface topography trend. At 40 °C, the composite bilayer coating dominated by red zone and
no spikes seen on the 3D profiles image as shown in Figure 5(b). Meanwhile, Figure 2(b) shows that
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the conventional oxide coating dominated by green region and many spikes. The different topography
caused by higher electrolyte conductivity during the anodization of the composite bilayer coating.
According to Mohamad et al. [14], the dispersion of graphite in the electrolyte lead to increasing of
electrolyte conductivity due to good electrical conductivity of the graphite. The higher electrolyte
conductivity of the composite bilayer coating causes the oxide dissolution to increase. The spike that
can be seen at 30 °C in the 3D profiles image for the composite bilayer coating which is the protrusion
seems to be flattened at 40 °C due to oxide dissolution occur at the protrusion. The average Ra value of
composite bilayer coatings anodized at 30 °C, 40 °C, 50 °C, 60 °C and uncontrolled temperature was
1.46, 2.96, 4.84, 13.38 and 2.92 um, respectively, as illustrated in Figure 5. Most of the composite
bilayer coating shows slight reduction in the surface roughness value due to the presence of
reinforcement particles both inside and surrounding the pores, which caused a notable decrease in
surface roughness [15].

The incorporation of the reinforcement particles caused the pore dimension of the composite
bilayer coating slightly reduced compared to conventional oxide coating as shown in Figure 6. The
largest pore dimension obtained for composite bilayer coating when anodized at 60 °C with 101.84 um
in width and 114.81 pm in depth compared to 116.37 um in width and 102.93 pm in depth for
conventional oxide coating that also anodized at 60 °C. The reduction in pore dimensions occur due to
incorporation of DLC and graphite particles into the pore. This finding also supported by Mohamad et
al. [14] that reported a significant reduction in pore dimensions and surface roughness on the composite
Al>,O3 coatings after increasing the graphite content. Rawian et al. [8] also found that the reduction in
the formation of pores associated with incorporating DLC deposited on Cu particles inside and around
the pores, which resulted in a considerable decrease in surface roughness. The incorporation of the
particles in the oxide coating can be done by mechanical entrapment mechanism where the particles
entrapped during the oxide coating formation and entrapped within the pores. Similar mechanism was
introduced by Chen et al. by using Al,Os and PTFE particles inside oxide coating [18]. Figure 6 shows
the graphite particles entrapped into the pores. The graphite presence in the pores are confirmed by EDS
analysis as shown in Table 1.

L 60pm ~ T Electron Image 1
Figure 6: SEM images of graphite particles embedded into composite bilayer coating surface

Table 1: Chemical compositions of the composite bilayer coating

Weight %
Spectrum C (0] Al
1 3.75 58.45 37.8
2 3.18 54.7 42.12
3 2.81 55.48 41.71
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Based on Figure 4, it can be seen that the pore dimension increased as the anodizing temperature
increased for both conventional and composite bilayer oxide coating. However, most of composite
bilayer oxide coating produce smaller pores compared to conventional oxide coating that anodized at
the same temperature. This finding indicates the reinforcement particle does help in reducing the pore
size but smaller pore can be achieved at lower anodizing temperature. Even though temperature might
be more dominant factor in reducing the pore size at lower anodizing temperature, the best mechanical
properties cannot be achieved at lower anodizing temperature as shown in Figure 7. Judging from Figure
3 and Figure 4, increasing linear trend only can be seen as the temperature controlled increased up to
50 °C, then discontinuity occur at 60 °C due to huge difference in surface roughness values.

3.2 Mechanical Properties

Microhardness of both composite bilayer coating and conventional oxide coating was measured
by performing Vickers microhardness test on the surface of the samples. The comparison of the
microhardness of each sample is shown in Figure 7. The highest microhardness value, 432.7 HV, was
achieved by composite bilayer coating anodized at 50 °C, followed by 413.4 HV microhardness value
achieved by conventional oxide coating also anodized at 50 °C. Anodizing at 30 °C until 50 °C shows
an increasing trend in microhardness. However, at 60 °C, the microhardness value suddenly decreased.
The reduction in microhardness of the coating corresponds to its pore dimension (Figure 6), pore
dimension produced at 60 °C anodizing was the largest compared to the others. This is important as the
pore dimension of the coating affected its density, where the density of the materials is one of the factors
that affect the microhardness of the oxide layer [19].

450 Jr
400
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uc 30 40 50 60
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Figure 7: Average microhardness of uncontrolled temperature composite bilayer coating and
conventional oxide coating, controlled temperature conventional oxide coating and composite bilayer
coating

Furthermore, based on Figure 7, it can be seen that microhardness values of composite bilayer
coating are higher than conventional oxide coating. One of the reasons for this is the density of the
composite bilayer oxide coating higher than conventional oxide coating since its pore dimensions are
smaller. Another reason is because of the reinforcement particles of the composite coating. The
existence of the reinforcement particles in the coating structure improves the mechanical property of
the coating [20]. The highest microhardness value achieved at 50 °C attributed to optimal microstructure
achieved at this temperature with high density along with effective incorporation of reinforcement
particles in the composite bilayer coating that contribute to enhanced mechanical properties.
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4. CONCLUSIONS

In this study, conventional oxide coating and composite bilayer coating were fabricated by
controlling the electrolyte temperature to improve the mechanical properties. Electrolyte temperature
controlled at 50 °C is the optimal temperature of both conventional oxide coating and composite bilayer
coating. The surface roughness of both conventional oxide coating and composite bilayer coating can
be reduced up to 71.62% and 50.82%, respectively, when anodizing with controlled temperature
compared to uncontrolled temperature. However, the surface roughness increased more than twofold
for conventional oxide coating and more than fivefold for composite bilayer coating when the
temperature controlled at 60 °C. At 50 °C, composite bilayer coating shows slight reduction in surface
roughness values compared to conventional oxide coating. Up to 13.57% of reduction achieved by
composite bilayer coating. The microhardness of conventional oxide coating increased up to twofold
when anodizing with controlled temperature compared to uncontrolled temperature. On the other hand,
the microhardness of composite bilayer coating shows improvement up to 25.10% when the temperature
of the electrolyte controlled compared to the uncontrolled temperature. At 50 °C, composite bilayer
coating shows higher microhardness value compared with conventional oxide coating. Improvement of
4.67% was achieved by composite bilayer coating.
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