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based materials. The lack of literature on how the correlation between the particles'
size improves the surface condition and its tribological properties opens up the gap in
expanding this coating's potential. In this study, aluminium alloy AA2017 has been
chosen as the substrate to be anodized with three different carbon sources: micro-
sized graphite, nano-sized graphite, and graphite plate. With a constant 2A current on
the DC power supply, the substrate was anodized for 60 minutes in a 20% sulphuric
acid electrolyte. The finding shows that the anodic oxide with nano-sized graphite
produces the highest hardness surface with almost 50% improvement compared to the
unreinforced anodic oxide coating with no visible micro-cracks on the surface
observed. Tribologically, the anodic oxide reinforced with micro-sized graphite

Keywords: produced the lowest coefficient of friction and wear rate at 0.4 and 1.25x10-5
Composite coating; carbon mm3/Nm, respectively. The wear track image shows traces of debris that are different
reinforcement; hard anodizing; anodic for each type of anodic coating that might be influenced by the surface roughness and
oxide hardness of the coating.

1. Introduction

With the endless properties that could be provided by its combinations, aluminium alloy (AA) is
one of the most used alloys on earth, where the AA2XXX series are often used in machinery,
automotive, aircraft, and aerospace structures [1]. With copper as one of its main elements, the
AA2XXX is a heat-treatable alloy with fair workability and corrosion resistance relative to its weight.
Although this alloy is rather challenging to anodize, there is plenty of research focusing on improving
the properties of this alloy to expand its potential applications due to its unique properties.

After decades of research, porous anodic alumina has emerged as one of the most widely used
templates for forming new functional ordered nanostructures made of metal, inorganic, and polymer
materials. These nanostructures have shown remarkable optic, electric, and magnetic properties [2].
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The typical fabrication of porous anodic alumina is hard anodizing. Hard anodizing is an emerging
anodizing method that can be manufactured by using strong acids such as sulphuric, oxalic, and
phosphoric acid [3—6]. As literally named by hard anodizing, the oxide coating produced by this
anodizing method has a higher hardness and growth rate than the typical mild anodizing method.
Unfortunately, oxide layers do not adhere to all alloys in the same way. Alloys with high copper or
silicon concentrations typically have porous and relatively soft coatings.

Recently, it was discovered that the anodic oxide layers' porosity was useful for tribological
applications because it served as a lubricant reservoir, improving friction and wear performances. It
was claimed that the anodic oxide coating of aluminium alloys is synergistic with surface micro-
texturing technology. Unfortunately, no significant study has been able to prove this claim yet
systematically. In fact, it was found that significant surface roughness characteristics (pore
conditions) have an adverse impact on the ability of an oil film to develop and decrease friction. In
actuality, compared to the flat and micro-textured specimens, the anodizing micro-textured samples
exhibit a higher oil-lubricated friction coefficient [7].

Throughout the past few years, the majority of researchers have concentrated on creating
composite coatings incorporating different additives, such as Silicone Carbide (SiC), Silicone Dioxide
(Si02), hydroxyapatite (HA), fly ash (FA), carbon nano-tubes (CNT), graphene, and graphene oxide
(GO), in an effort to improve the wear and electrochemical corrosion resistances. The outcomes have
demonstrated that the anodic oxide composite coatings offer very effective protection where
entrapping hard particles in the coating often improves the hardness and has a beneficial impact on
wear resistance [6,8—14].

To strengthen the surface condition, previous studies have added reinforcement such as highly
dispersed polytetrafluoroethylene, polymethyltrimethoxysilane, and hydroxyapatite particles during
Plasma Electrolytic Oxidation (PEO) on magnesium (Mg) or Titanium (Ti) alloy and found that the
composite coating displayed improved wear and corrosion resistances [15—-17]. Additionally, self-
lubricating substances, including graphite, graphene, and molybdenum disulfide (MoS;), have been
used to enhance the antifriction qualities of PEO coatings on Mg alloys [12,18-25]. A superior self-
lubricating and corrosion-inhibiting material for metal substrates, graphene oxide (GO) has recently
shown growing signs of potential for use [13,26-28].

Despite the intense interest in improving the anodic oxide coating, there are gaps in further
research to determine how these hard particles affect anodic coatings' ability to adsorb within the
coating and its ability to resist wear and friction. Besides that, there is a limited number of works of
literature that have focused on the wear characteristics of anodic aluminium oxide coating in a dry
(non-lubricated) environment. It is considerably more difficult to come across a publication that
examined the dry sliding behavior of hard anodized-anodic aluminium oxide coating under low-range
load (1IN).

2. Methodology
2.1 Sample Preparation

The substrate selected in this study is an aluminium alloy (AA2017) with the properties shown in
Table 1 (received from the manufacturer). The substrate was cut into @25mm with 4mm thickness
and @4mm hole, as shown in Figure 1. The surface was then ground and polished until it reached
average surface roughness (Ra) of 0.08+0.05um. The reinforcement material selected in this study is
graphite (micro-size, nano-size, and plate).
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Table 1
The properties of the AA2017 substrate
Properties Value
Composition Al: 90.61%, O: 5.73%, Cu: 3.66%
Hardness 135HV
Ultimate tensile strength  427MPa
Yield strength 276MPa
Shear Strength 262MPa
-~ N . o

Fig. 1. The dimensions of the AA2017 substrate
2.2 Anodizing Process

The polished substrates were first cleaned by using an ultrasonic bath in ethanol for about 10
minutes before being dried and anodized. As mentioned in the previous section, there are three types
of graphite source reinforcement used in this study: micro-sized, nano-sized, and graphite plate. For
a standard datum, anodic oxide without graphite was also anodized. Table 2 shows the arrangement
of the anode, cathode, and electrolyte used in this study.

Table 2

Arrangement of sample fabrication (anodized)

Sample name Anode Cathode Electrolyte

AO AA2017 SUS316L 20% H2S04

AO micro AA2017 SUS316L 20% H2S04 + (graphite + ethanol)
AO nano AA2017 SUS316L 20% H2S04 + (graphite + ethanol)
AO plate AA2017 Graphite plate  20% H2SO4

For sample AO micro and AO nano, the 1.0g/L graphite was first mixed with 20mL/L ethanol and
stirred for 20 minutes at 250rpm before mixing with the sulphuric acid (H2SO4) for the anodizing
process. With a DC power supply, the current was set to be constant throughout the anodizing
process at 2A with fluctuating voltage at 15V maximum. Based on the previous preliminary study, the
growth time was set to be 60 minutes in order to produce a fully covered oxide coating with this set-
up condition. A magnetic stirrer with 250rpm speed was used to stir the electrolyte. The set-up
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diagram for the anodizing is shown in Figure 2. The anodized sample was then rinsed with distilled
water before being left to dry under ambient temperature.

cathode anode
[ o
DC =
Power Supply | N = o Magnetic stirrer [250 rpm]

Fig. 2. lllustration of the anodizing set-up

2.3 Surface Analysis

The dried sample was first analyzed by using a 3D surface profilometer for its surface roughness
analysis. Then, the surface's hardness was analyzed using Vicker's Micro-hardness tester at 0.25N
load and 10 seconds of indentation duration by complying with the American Society for Testing and
Materials (ASTM) E384. The illustration of indentation and its calculation is shown in Figure 3 and Eq.

(1).
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Fig. 3. lllustration of the Vicker's micro-
hardness indentation for (a) indenter
indenting the sample, and (b) indentation
mark
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136°

2Fsin 2
HV =—5"
(1)
F

where F is the applied load in kgf, d is the arithmetic mean of the two diagonals (d1 and d2 in mm),
and HV is Vicker's micro-hardness.

The detailed surface condition was observed by using Scanning Electron Microscope (SEM), while
the presence of graphite (Carbon) was observed by using Energy Dispersive X-ray Spectroscopy (EDS).

2.4 Tribological Analysis

Finally, the sample undergoes a dry sliding test using a ball-on-disc tribotester by obeying the
ASTM G99. The testing parameter for the ball-on-disc test is shown in Table 3. The friction force was
recorded continuously against the sliding time and later converted into the coefficient of friction
(COF), as shown in Eq. (2). Meanwhile, the wear rate was calculated based on Archard Equation, as
shown in Eq. (3). The schematic diagram of the ball-on-disc tribotester is shown in Figure 4. The
sample (flat surface) will be placed horizontally and rotated. The ball will be then pressed on the
rotating surface allowing the resistivity of the sliding motion (friction) to be determined.

Table 3
The testing parameters for the ball-on-disc test
Parameters
Samples AO, AO micro, AO nano, AO plate
Counter surface material Silicon nitride (SizNa)
Counter surface size 8mm
Applied load 1IN
Sliding speed 31.416mm/s
Wear track diameter 10mm
Rotation number 1000
Relative humidity 50%
Temperature 27°C
F = uN (2)

where F is the friction force (N), and N is the applied load (N).

_ Viotal
k= D (3)

where the Viota is the total volume loss (mm3), N is the applied load (N), and D is the sliding distance

(m).
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Fig. 4. lllustration of (a) The schematic diagram of the ball-on-ball tribotester (b) A close-up image of the ball
and disc

3. Results
3.1 Surface Performance

The surface roughness and hardness were compared with the bare AA2017 substrate (un-
anodized), along with samples AO, AO micro, AO nano, and AO plate. Figure 5 shows the images
obtained from the 3D surface profilometer of the surfaces. The images were represented by pseudo
color information where blue represents the low and red color represents the high region. The image
area is 696173 um? and was taken at four different areas on each sample. Figure 6 shows the
comparison graph of the surface roughness and hardness for each surface.

Figure 5(a) to (e) shows the 3D surface profilometer for all samples, including the bare AA2017
substrate. Except for the bare substrate, all anodized surface has higher surface roughness and are
presented with pores and crates. It was discussed that the formation of the oxide layer by anodizing
is through the formation of a non-porous barrier layer followed by a porous structure. The oxide layer
formation happens when the anode cation AI** (in this study: AA2017) moves to the interface
between the oxidized layer zone and the electrolytes, where O anions are transported from the
electrolyte to the interface between the AA2017 and the oxidized layer zone [3,29]. As a result, the
molten oxides and gas bubbles are released out of the outlet channels due to the electrical discharge
process that sparks during high-voltage electrolytic oxidation that creates pores.

The AO nano has the lowest surface roughness compared to other anodizing surfaces. Here, it
can be said that the reinforcement size plays a crucial role in the adsorption of the reinforcement in
the coating. This idea can be supported by the previous researcher, who found that the nano-sized
graphite particles have the least porosity and are able to provide a smooth surface compared to
micro-sized graphite. It was discussed that the incorporation of nano graphite able to seal the pores
and increase the densification of the coating [30,31]. Interestingly, the AO plate has the highest
surface roughness among others. Although the pores are relatively smaller compared to the AO
surface, the AO plate surface has many uneven peaks throughout the surface. To clarify this finding,
further analyses on SEM were conducted and will be discussed later.

With the presence of an oxide coating, the surface's hardness shows an increment compared to
the bare AA2017 surface. From Figure 6, it can be seen that the hardness also increased as the
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reinforcement was added to the oxide coating. Among all, AO nano has the highest hardness,
followed by AO micro and AO plate sample. The densification of nano-sized graphite into the AO nano
surface was believed to be the critical factor for its high hardness compared to the other surface.
Regardless of its high surface roughness, the hardness of the AO plate is almost the same as the AO
micro. To understand this phenomenon more, an SEM image compilation of these surfaces is shown
in Figure 7.

The SEM image shown in Figure 7 shows samples at X500 and x1500 magnification. From the
images, micro and nano-cracks are visible in AO and AO plate samples (as shown in Figure 7(b) and
Figure 7(h)), indicating surface defects. In contrast, the AO micro and nano samples have no clear
and visible cracks. The EDS analysis (in Table 4) conducted on marked red points indicates the
presence of carbon elements on the surface. From the table, it can be confirmed that all three AO
micro, nano, and plate are presented with carbon but at different conditions and sizes. Interestingly,
it can be seen from the SEM images that carbon elements (in this case graphite) are embedded inside
the pores for AO micro and AO nano samples; meanwhile, the carbon element in the AO plate lies on
top of the surface due to its relatively large size. It was discussed that the graphite particles
underwent self-diffusion during the process, moving from areas with greater concentrations of
electrolytes containing graphite to areas with lower concentrations close to the anode surface. In
addition, the electrophoresis effect moved the graphite particles to the anode surface due to the
electrical force between the anodizing cells. Therefore, upon the oxide film's solidification, the
graphite particles that had adsorbed to the film surface would be integrated [3,8,31,32].

Fig. 5. Surface roughness image observed from the 3D surface profiler for (a) Bare AA2017 (b) AO
(c) AO micro (d) AO nano (e) AO plate
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Fig. 7. SEM images of samples (a) At x500 AO (b) At x1500 AO
(c) At x500 AO micro (d) At x1500 AO micro (e) At x500 AO nano
(f) At x1500 AO nano (g) At x500 AO plate (h) At x1500 AO plate
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Table 4

EDS analysis on the spectrum

Sample Element content

AO - Figure 7(b) C: 00.00%, 0: 48.51%, Al: 50.47%, Si: 01.02%

AO micro — Figure 7(d)  C: 96.58%, 0: 01.00%, Al: 01.97%, Si: 00.45%
AO nano —Figure 7 (f)  C: 83.08%, 0: 12.57%, Al: 04.35%, Si: 00.00%
AO plate — Figure 7(h)  C:98.32%, 0: 00.70%, Al: 00.00%, Si: 00.98%

Besides that, mechanical entrapment was another way of embedment of graphite particles into
the oxide coating. This trapping may take place in one of two ways: either inside the pores or during
the oxide film's solidification. A comparable process for the PTFE particles inside the anodic oxide
coating was presented by Chen et al., [29]. Additionally, they claimed that some big particles had
rushed into the film's larger holes while small particles had entered nano-sized pores. Meanwhile,
other researchers claimed that smaller graphite particles are easier to adsorb into the film and are
stuck in the pore compared to bigger graphite particles [31]. Due to the oxide film's size restriction,
there is some possibility that large particles could only partially embed.

Xiang et al., [33] utilized a graphite plate as its carbon reinforcement source for nickel plating on
the SS304 substrate. They declared that graphene was exfoliated from the graphite plate and
embedded on the surface along with the nickel. From the observed images, graphene lays on the
coating surface with some nickel particles spread on top. It can also be seen that the graphene layers
are in a large surface area. However, there are some defects presented that they clarified to occur
due to the electrochemical stripping and deposition process. Thus, by comparing with this study, the
graphene exfoliated indeed has a large surface area. Still, it fails to lay flat on the surface but
agglomerated and folded on top of the oxide surface.

3.2 Friction and Wear Performance

The ball-on-disc tribotester findings are represented by a continuous graph against the number
of rotations, as shown in Figure 8.

From the graph presented in Figure 8, it can be seen that the AO nano and AO plate show
relatively the same pattern and value; meanwhile, the AO micro shows almost the same pattern as
the AO in the beginning. Since the behavior changes throughout as the no. of rotations increases, the
analysis can be divided into two phases (Phase | and Il).

In phase |, it can be seen that the coefficient of friction (COF) for AO starts low and increases as
the number of rotations increases; meanwhile, the other sample starts with a relatively high COF and
decreases as the number of rotations increases. Unlike the AO nano and AO plate, the COF for AO
micro decreased at the beginning and started to increase as it reached the 50t rotation. Then, after
reaching almost 0.6, the COF stays within that value and decreases as it reaches the 300t rotation.
Interestingly, the COF kept decreasing as the rotations increased, producing lower COF than the AO
nano and AO micro in Phase Il.

36



Journal of Advanced Research in Applied Mechanics
Volume 105, Issue 1 (2023) 28-40

Applied load 1N - Ao
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Rotation number 1000 — A o nano
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Temperature 27eC AO plate
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Fig. 8. Coefficient of friction graph obtained from the ball-on-disc

tribotester

The COF shows a lesser noise with a relatively stable value in Phase I, where the average COF can
be obtained within this phase. The calculated average COF was then compared and plotted along
with the calculated wear rate, as shown in Figure 9.

The data plotted in Figure 9 shows a different distribution pattern between the COF and wear
rate. The COF for all samples presents almost the same value at around 0.4 — 0.5 with its standard
deviation bar presented. Thus, it can be said that the addition of reinforcement on the anodic oxide
coating did not improve its COF performance. Among all, AO micro presents the lowest COF of 0.40.
On the other hand, variations in wear rate distribution can be observed from the same graph. It can
be seen that AO micro presents the lowest wear rate at 1.25x10° mm3/Nm, followed by AO plate,
AO nano, and AO samples at 2.21x107, 3.24x107, and 3.42x10> mm3/Nm respectively.

0.7
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1 & wear rate - 3.5
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Fig. 9. Comparison of COF and wear rate for all samples
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Although it has been discussed earlier that the size of particles plays a vital role in improving the
surface quality, which shows the AO nano provides the best, the finding did not correlate with the
tribological performance. Here, it can be observed that the AO micro provides the lowest COF and
wear rate surpassing the others. It was explained by previous research that these four key factors—
the hardness of the coating to the substrate, the hardness of the surface, the hardness of the
coating's thickness, and the size and hardness of the debris—can be used to define contacts between
two surfaces that are either one or both coated [34]. As a result of the link between the
characteristics mentioned above, various contact circumstances that specific contact mechanisms
may characterize were created.

Similar research focusing on DLC coatings with varying surface roughness was conducted by
Suzuki et al., [35]. They discovered that the various surface roughness tests had no discernible impact
on the coefficient of friction on surfaces that were lubricated. However, when they examined the
wear analyses, they discovered that varying surface roughness results in varying wear rates, which in
turn results in varying wear processes. It was also discussed and agreed that the dominant wear
mechanisms for coating may vary from adhesion to chip-flake formation and fragmentation
depending on the surface roughness of the coating [36]. Figure 10 shows proof of the discussed idea
on the wear track of this study which correlates with the previous argument.

~ » 7 | Y L ¥ /%
1 S5kV__ WD9mm SS60 — SEI mSSE0 x1,200  10um SEI 6KV WDSmm $560

Fig. 10. Comparison of wrn surfce of (a) AO micro (b) AO nano (c) AO plate
4. Conclusions

The present study mainly focused on the surface refinement of anodic oxide coating reinforced
with the different conditions of carbon-based material, in this case, graphite particles at micro-sized,
nano-sized, and graphite plates. The reinforcement was introduced during the anodizing process and
interestingly gave various mechanical and tribological performances. Hence, it can be concluded that

i.  Allanodic oxide coating successfully increased the surface hardness with AO nano has the
highest hardness of 195.85HV due to its smoother surface. The surface of AO nano
samples was observed to be free from micro-cracks. The AO plate has the highest surface
roughness among all samples due to the micro-cracks on its surface and the pores formed
during the anodizing process.

ii.  Tribologically, although there is not much difference in the COF between those samples,
AO micro presents the lowest COF and wear rate of 0.4 and 1.25x10° mm?3/Nm,
respectively. The worn surface shows different traces of wear debris, indicating different
dominant wear occurs between those surfaces.
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