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A B S T R A C T

Graphene Nanoplatelets (GNPs) and Carbon Nanotubes (CNTs) offer excellent properties but often suffer 
agglomeration when used individually. This work investigates hybridizing CNTs and GNPs as reinforcement 
strategy to improve dispersion and enhance the surface and mechanical properties of Anodic Aluminium Oxide 
(AAO). Composite coatings were fabricated by incorporating 5g of CNT:GNP mixtures with varying ratios under 
specific anodizing conditions (60 min in 20 % diluted H2SO4). XRD analysis confirmed that AAO and carbon- 
reinforced AAO composites exhibited orthorhombic and γ-Al2O3 phases with no detrimental phase trans
formations caused by carbon addition. Surface morphology characterization using a 3D Profiler showed that the 
hybrid 0.5CNT:0.5GNP produced surface roughness of (5.701 μm) and pore dimensions (w: 50.10 μm and d: 
60.13 μm) lower than AAO and AAOCNT. SEM-EDX analysis further verified these findings, indicating that CNT- 
GNP incorporation effectively reduces porosity. The Vicker hardness of 0.5CNT:0.5GNP showed the highest value 
of 240.3 HV, outperforming AAO (133 HV), AAOCNT (186.2 HV), and AAOGNP (171 HV). The superior per
formance of the hybrid composite demonstrates that combining CNTs and GNPs effectively mitigates agglom
eration and significantly enhances the structural integrity of AAO coatings. These findings provide new insights 
into carbon-reinforced AAO fabrication and highlight the potential of CNT-GNP hybrids for advanced surface 
engineering of aluminium alloys.

1. Introduction

Aluminium alloys’ advantageous properties, including their 
strength, corrosion resistance, and especially lightweight nature, make 
them widely used today in various kinds of industries such as aerospace 
and transportation [1]. Despite these advantages, aluminium alloys 
have intrinsic limitations such as low surface hardness, which affects 
tribological qualities and might undergo plastic deformation under 
sliding conditions due to poor hardness [2]. Especially in harsh envi
ronments, these limitations restrict the material’s performance [3]. 

Recent studies have continued to explore advanced aluminium alloy 
processing and enhancement methods. For example, wire-based friction 
stir additive remanufacturing has been used to repair volumetric defects 
in aluminium alloy components, achieving improved mechanical 
integrity [4]. Wire-based friction stir welding has also demonstrated 
equal-strength joining even with assembly gaps, enhancing the adapt
ability of solid-state joining techniques [5]. Additionally, bonding 
mechanisms between Cu coatings and aluminium substrates have been 
further clarified through combined simulations and experiments, offer
ing insight into interfacial strengthening [6].
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Anodizing is one of the most popular and effective surface treatments 
developed to resolve these issues and improve the functioning and 
durability of aluminium alloys [7]. AAO contains many small nanopores 
that can potentially give rise to the formation of cracks. The formation of 
cracks will cause stress at the surface of AAO which can eventually 
reduce the overall hardness of the material increasingly [8].

The electrochemical process of anodizing significantly improves the 
aluminium resistance to corrosion and wear through the formation of a 
protective oxide coating on its surface [9]. Despite these advantages of 
anodizing, the process leaves the aluminium with some sort of surface 
roughness, which lowers its overall strength and tribological properties 
when challenged by mechanical stresses [10]. Also, high wettability is 
an expected feature of anodized aluminium oxide coatings, which re
duces reinforcement adhesion, resulting in a decline of the material’s 
mechanical properties [11].

The application of reinforcement materials, especially carbon-based 
reinforcements like CNTs and GNPs, has shown huge potential in 
enhancing the performance of anodized aluminium. High strength, 
flexibility, and heat conductivity are only some of these materials’ sig
nificant mechanical properties [12,13]. CNTs are thought to be 
extremely promising reinforcing elements for composite materials that 
are used in metal because of its remarkable mechanical qualities, low 
density, and wide aspect ratio [14], while GNP has found widespread 
use as a novel reinforcing filler because of their exceptional qualities, 
including thermal conductivities, high electrical conductivity, excellent 
stiffness, and mechanical strength [15]. However, due to their tendency 
to aggregate when standing alone, adding only the CNTs or GNPs to 
anodized aluminium alloys presents several issues. These carbon-based 
reinforcements’ ability to improve the anodized aluminium layer is 
limited by their agglomeration, which causes poor dispersion, uneven 
reinforcement distribution, and reduced material characteristics [16,
17].

Additionally, strong adhesion and successful reinforcement disper
sion are difficult to obtain because the high wettability of the coating 
and the high surface roughness of anodized aluminium oxide. These 
aspects limit the possibilities of anodizing as a surface treatment for 
aluminium alloys and cause decreased mechanical performance [18]. 
Recent studies observed that strong van der Waals interactions promote 
CNTs agglomeration at high CNTs/GNPs ratios of 4:1 or more, which 
results in poor dispersion, reduced mechanical performance, and a 
plateau in electrical conductivity which it is essential to keep the 
CNTs/GNPs ratio balanced between 1:1 and 2:1 to avoid agglomeration 
and preserve the synergistic increase of characteristics [19].There also 
another issue within the composition ratio of CNTs/GNPs is that a high 
CNTs content causes entanglement and decreased mechanical strength, 
while a significantly low CNTs content results in GNP-dominated sys
tems with insufficient CNT bridging, fading electrical conductivity [20]. 
Thus, a major obstacle to producing high-performance anodized 
aluminium composites is the combination of excessive surface rough
ness and poor reinforcement dispersion. Since porous surfaces can 
impair adhesion and durability, the surface morphology of anodized 

aluminium is a critical factor in defining the mechanical and electro
chemical properties of the coating [21]. It is well known that although 
GNPs tend to fold and stack because of their high aspect ratio, CNTs tend 
to bundle and agglomerate because of the van der Waals forces. The 
effects of CNTs and graphene nanoplatelets as the reinforcement parti
cles were investigated in this work. However, excessively high weight 
percentages of CNTs or GNPs can decrease mechanical strength due to 
the formation of weak interfacial bonds between the fibers and the 
matrix [22]. The main objective of this study is to cultivate porous 
anodic aluminium oxide (AAO) that is then filled with CNTs and GNPs 
with different ratio. There also are limited research on AAO reinforced 
CNTs and GNPs via anodization, hence 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 by introducing hybrid reinforcement particles based on car
bon materials. The unique aspect of this study is the identification and 
use of an optimal CNTs/GNPs composition ratio, which improves the 
hybrid reinforcement particles dispersion and enhances the performance 
of the AAO coating.

2. Methodology

2.1. Starting material and preparation

Substrate of AA2017-T4 alloy discs with 25 mm diameter and 4 mm 
thickness, which were purchased from Misumi Malaysia. The primary 
alloying element inside AA2017-T4 is Copper (Cu) and the chemical 
composition consists of 91.79 % Al, 5.19 % Cu, and 3.02 % O. Before 
anodizing, each substrate was ground with silicon carbide abrasive 
paper (SiC) from 800 grits to 2000 grits to remove surface impurities and 
essential for accurate measurements, then ultrasonically cleaned with 
ethanol for 10 min and rinsed with distilled water. This study used 
Multi-Walled Carbon Nanotubes (≥98 % carbon, density ~2.1 g/mL, 
Sigma-Aldrich) and Graphene Nanoplatelets (purity ≥98 %, density 
2.0–2.5 g/cm3, Sigma-Aldrich) without further purification as rein
forcement particles, as shown in Fig. 1.

2.2. Experimental Setup

This anodizing process utilised a DC power supply. A two-electrode 
electrochemical cell was used for the anodization process, with a cop
per plate (99.9 % pure solid copper with 200 mm × 200 mm x 0.5 mm) 
acting as the cathode and an aluminium alloy as the anode. This study 
used sulphuric acid (H2SO4 (95–98 %), R&M Chemicals), which was 
diluted to 20 % and to ensure a similar oxide layer fabrication, the 
electrolyte was initially carried out at room temperature. For 60 min, the 
anodization process was carried out at a constant 15 V voltage. The 
aluminium alloy samples were ultrasonically cleaned for 10 min in 
methanol and washed with distilled water to reduce the surface impu
rities before anodization.

The reinforcing materials were added by dispersing 5 g/L of 

Fig. 1. Surface morphology of a) carbon nanotubes (75.5 nm) and b) graphene nanoplatelets (2600 m2/g).

N.H.E. Nazila et al.                                                                                                                                                                                                                            Journal of Materials Research and Technology 40 (2026) 1166–1178 

1167 



graphene nanoplatelets (GNPs) and multi-walled carbon nanotubes 
(CNTs) in the electrolyte using magnetic stirring and ultrasonication to 
reduce agglomeration. This study examined five distinct CNTs-GNPs 
compositions: 0:1 (5 g GNPs), 1:0 (5 g CNTs), 0.5: 0.5 (2.5 g CNTs: 
2.5 g GNPs), 0.25: 0.75 (1.25 g CNTs: 3.75 g GNPs), and 0.75: 0.25 
(3.75g CNTs: 1.25g GNPs). Throughout the anodization process, con
stant stirring was used to guarantee that the reinforcement particles in 
the oxide layer were evenly distributed. The parameters for anodizing 
and the composition ratios with sample abbreviations are concluded in 
Tables 1 and 2.

The samples were rinsed with distilled water and air-dried at room 
temperature after anodization. The structural, morphological, and me
chanical characterisation of the resultant anodic aluminium oxide 
(AAO) coatings was then conducted to determine how CNTs-GNPs 
hybridisation affected the surface characteristics.

2.3. Characterisation

X-ray diffractometer (XRD, PW 3040/60 MPD X’pert Pro Panalytical, 
Philips, Netherlands) was used to determine the phase composition 
analysis of AAO and AAO with varying composition ratios in the 2θ 
range of 20–80◦. Then, a 3D optical profiler was used to determine the 
surface roughness and pore diameters, and the surface topography im
ages were analysed using ZeGage™. The coating’s surface morphology 
and elemental composition were examined using scanning electron 
microscopy with EDX (SEM-EDX, JEOL JSM IT-100, United States). The 
Micro Vickers Hardness (HM-G30 Shimadzu Corporation, Japan) was 
used for measuring the coating’s mechanical characteristic of 
microhardness.

3. Results and discussions

3.1. Voltage and electrolyte temperature to time responses

The electrolyte temperature-time curve and voltage obtained during 
the anodizing of AA2017 in the electrolyte with and without a 5 g/L 
variety ratio of reinforcement particles using direct current (DC) are 
shown in Fig. 2. The anodizing process’s voltage and electrolyte tem
perature are extremely important because they will affect the anodic 
film’s ultimate chemistry, shape, and characteristics [23]. The thickness 
of the oxide film with broader and larger holes can increase with an 
increase in the applied voltage [24]. During anodizing, the heat transfer 
affects the electrolyte temperature. During Joule heating process, which 
is caused by ionic current passing through the extremely resistant oxide 
layer of the aluminium substrate, is the primary method of producing 
heat [25]. Also, when aluminium dissolved chemically, the electrolyte 
conductivity raised the temperature, which caused an oxide layer to 
grow on the surface of AA2017 while causing pore broadening close to 
the oxide/electrolyte contact due to high electrolyte temperatures. The 
electrolyte becomes aggressive and accelerates the oxide dissolution 
process at higher temperatures [26]. Based on Fig. 2, during the anod
izing process, the electrolyte temperature increases linearly while the 
voltage value drops for all composite oxide layers. It can be seen that the 
anodizing process voltages at 10, 30, and 60 min are 10, 8, and 6 V, 
respectively, after the fabrication process. Since the current density is 

Table 1 
Anodizing parameters.

Cathode, Anode Cu, AA2017

Applied Voltage and Current 15 V, 2 A
Initial temperature Room temperature
Electrolyte 20 % H2SO4

Anodizing time (min) 60
Concentration of Reinforcement Particles (g/L) 5

Table 2 
Anodizing Composition Ratio and sample abbreviation.

Sample Reinforcement Ratio 
(CNT: GNP)

Label

Anodic aluminium oxide 0: 0 AAO
Anodic aluminium oxide-Carbon 

nanotube composite
1: 0 AAOCNT

Anodic aluminium oxide-Graphene 
nanoplatelets composite

0: 1 AAOGNP

Anodic aluminium oxide-carbon 
nanotube and graphene 
nanoplatelets composite

0.5: 0.5 0.5CNT:0.5GNP
0.25: 0.75 0.25CNT:0.75GNP
0.75: 0.25 0.75CNT:0.25GNP

Fig. 2. The voltage and electrolyte temperature vs. anodizing time curve.
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maintained at 15 A/dm2 throughout the anodizing process, there are no 
noticeable differences in the potential drops for either of the composite 
oxide films. After 10 min or more, the bubbles produced on the top 
surface of the electrolyte near the anode and cathode were getting 
progressively smaller over time. It showed that the aluminium alloy 
surface had been covered with diluted sulphuric acid and started with 
oxide formation, demonstrating growth in the coating’s thickness [27]. 
The addition of CNTs and GNPs further influences the electrical 
behaviour of the electrolyte. Due to their high intrinsic electrical con
ductivity and aspect ratio, CNTs and GNPs create local conductive 
pathways within the electrolyte and oxide pores [28]. These pathways 
facilitate increased ionic mobility and more uniform current distribution 
across the anode surface. As a result, the electrochemical kinetics are 
modified, leading to enhanced charge transfer and localized Joule 
heating [29]. This explains why the electrolyte temperature rises slightly 
faster, and the voltage declines more gradually for composite coatings 
compared to pure AAO. The specific ratio of CNTs to GNPs affects the 
connectivity of these conductive networks, where higher CNT content 
promotes longitudinal current pathways, while GNPs with larger lateral 
dimensions enhance planar conduction and pore coverage. Conse
quently, the macroscopic voltage drop and temperature increase during 
anodization can be directly linked to the presence, type, and ratio of 
these conductive nanofillers [30].

The growth mechanism, as illustrated in Fig. 3 correlates with the 
voltage-time profile in Fig. 2, can be categorized into three stages based 
on Fig. 2: (i) an initial linear voltage decrease, corresponding to the 
formation of a barrier layer on the Al surface; (ii) a slight voltage 
decrease, indicating the development of a composite oxide film through 
the selective dissolution of barrier oxide into acidic solution; and (iii) a 
steady-state phase, representing continuous AAO growth [31]. In gen
eral, the mechanism can be explained by the chemical reaction that 
follows: The creation of a barrier layer occurs in stage (i) when Al3+ ions 

move across the metal/oxide interface from the AA2017 surface to form 
a thin barrier layer [Equation (1)]. Together, during the anodizing or 
hydrolysis process, the aqueous electrolyte dissociates and produces O2−

ions, which migrate to the Al surface. 

Al→Al3+ + 3e−

2H2O→2O2− + 4H+ (1) 

It can be seen from Fig. 2, (i) above that the surface of the Al alloy 
stays comparatively smooth during the early anodization process. 
Nevertheless, a voltage drop happened as Al3+ ions moved and created 
the compact and dense barrier layer because of its evolution, as shown in 
Fig. 3. The applied voltage has a direct correlation with the barrier ox
ide’s thickness. In step (ii), O2− ions combine with Al3+ ions in the 
presence of an electric field to form Al2O3 [Equation (2)] 

2Al3+ +3O2− →Al2O3 (2) 

Al3+ ions provide greater chances for the formation of AAO oxide 
film growth due to the longer development time. Since ion exchange 
occurs throughout the anodization process, ion migration occurs 
simultaneously, including the escape of Al3+ and O2− causing the films 
to develop quickly. As a result, the film develops unstable porosity due 
to this fast migration. The higher voltage will cause craters to form be
tween adjacent pores. Due to this unstable construction, the voltage was 
slightly reduced or reached its local maximum as a result of a tiny in
crease in resistance. There is a correlation between this observation with 
earlier research [31,32]. Due to chemical anodic dissolution in the for
mation of dense oxide coatings, it was also noted that the temperature 
for AAO increased during the anodizing process. Fig. 2 shows that the 
voltage was nearly constant and had reached its steady-state phase 
during stage (iii).

During stage (iii), the voltage reaches a near-constant steady-state 
which indicating stable AAO growth. Prolonged anodizing times 

Fig. 3. Growth mechanism of: (a) AAO, (b) AAOCNT, (c) AAOGNP, and (d) CNT:GNP at different time.
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consequently revealed that AAO had increased surface roughness, larger 
craters on the surface, and more pore formation. Incorporation of CNTs 
and GNPS into the pores to help with surface porosity, as illustrated in 
Fig. 3(b–d), which is facilitated by both electrophoresis and self- 
diffusion [31]. Under the applied electric field, the charged or polariz
able CNTs and GNPs migrate toward the Al surface (electrophoresis), 
while concentration gradients drive self-diffusion within the pores. 
While stirring process enables the flow of CNTs and GNPs into the pores. 
CNTs and GNPs tend to migrate from areas of higher concentration to 
areas of lower concentration during self-diffusion. This self-diffusion can 
influence the incorporation of CNTs and GNPs into pores and aid in the 
regularity of their dispersion. Because the anodizing method employed 
an electric field, it also produced an electrophoresis effect, in which the 
particles of CNTs and GNPs migrated to the Al surface due to the electric 
force. Additionally, surface hydroxyl groups and defect sites on Al2O3 
can interact via van der Waals forces, hydrogen bonding, or π-π in
teractions with CNTs and GNPs, which stabilise their incorporation and 
improve dispersion uniformity within the oxide matrix [33]. The com
bination of these physical and chemical interactions contributes to the 
formation of a stable composite AAO-CNT/GNP layer with enhanced 
surface properties, including reduced porosity and improved mechanical 
strength.Fig. 4. XRD pattern of anodizing with different composition ratio.

Fig. 5. 3d profilers of a) AAO and AAO with different composition ratio b) AAOCNT, c) AAOGNP, d) 0.5CNT:0.5GNP, e) 0.75CNT:0.25GNP, f) 0.25CNT:0.75GNP.

N.H.E. Nazila et al.                                                                                                                                                                                                                            Journal of Materials Research and Technology 40 (2026) 1166–1178 

1170 



3.2. Phase composition analysis

The effect of composition ratio difference on the phase compositions 
of AAO was determined by XRD analysis. The crystallinity and structural 
properties of AAO and its composites with different CNTs and GNPs 
compositions were examined using X-ray diffraction (XRD) analysis. 
According to the reinforcement compositions, the XRD patterns showed 
significant differences in peak intensities. The exact positions and in
tensities of these peaks, which each correlate with specific diffraction 
angles, provide essential details about the material. The XRD patterns 
shown in Fig. 4 peaks that correspond to the orthorhombic Al2O3 (2 1 1) 
(JCPDS #98-010- 2358) and Al2O3 (0 2 1) (JCPDS #98-001-3124) 
crystallographic planes, while the XRD data do not show carbon peaks of 
CNTs or GNPs on the coated surface because of the small quantity 5 g/L 
of CNTs [32].

3.3. Surface characterization

The 3D profiles of oxide coating surfaces anodized (AAO) and AAO 
with varying composition of AAOCNT, AAOGNP, 0.5CNT:0.5GNP, 
0.75CNT:0.25GNP, and 0.25CNT:0.75GNP are shown in Fig. 5. The 

topographic images show a series of colour areas categorized in the 
following order: red, orange, yellow, green, and blue, which represent 
the crests and troughs of a topographic image [32,34]. The lowest area 
(trough) is indicated by the blue region, while the highest area (crest) is 
indicated by the red region. The corresponding average Ra values for 
these coatings are presented in Fig. 6, while Fig. 7 presents the measured 
average pore width and depth, demonstrating their correlation with the 
surface roughness of the composite coating.

Furthermore, in Fig. 5, the AAO displayed numerous large craters 
and distorted pores, indicative of pronounced pore coarsening during 
anodization. The incorporation of carbon fillers altered this behaviour: 
AAOGNP exhibited smoother pores compared to AAOCNT, which can be 
attributed to the larger lateral dimensions of graphene sheets, helping to 
physically limit pore expansion and coalescence during oxide growth 
[35]. The 0.5CNT:0.5GNP hybrid coating resembled AAOCNT in 
topography, indicating that CNTs dominate the pore morphology at this 
composition. Conversely, the hybrid coatings with uneven CNT:GNP 
ratios (0.75CNT:0.25GNP and 0.25CNT:0.75GNP) exhibited slightly 
increased roughness relative to 0.5CNT:0.5GNP, reflecting enhanced 
pore coarsening likely caused by uneven filler dispersion and localized 
disruption of anodic growth kinetics [36].

The distribution and connectivity of CNTs and GNPs indicate a 
possible percolation threshold within the AAO matrix. At low filler 
contents, nanomaterials remain mostly isolated, but at higher CNT or 
GNP fractions, partially connected networks can form within the pores 
[37]. This percolation can affect surface roughness and pore structure. 
The slightly higher roughness in 0.75CNT:0.25GNP and 
0.25CNT:0.75GNP suggests the onset of such networks, showing that 
filler type and ratio can modulate interconnected nanofiller pathways 
and overall surface morphology [38].

Importantly, these variations were reproducible across repeated ex
periments, indicating that the observed irregular trends are intrinsic to 
the hybrid system rather than experimental error. The irregularity can 
be attributed to differences in dispersion stability of CNTs and GNPs 
within the electrolyte, where GNPs with larger lateral dimensions tend 
to spread uniformly and reduce surface roughness, while CNTs can form 
localized agglomerates due to higher surface energy and van der Waals 
interactions [39]. Additionally, synergistic or antagonistic interactions 
between CNTs and GNPs at different ratios can influence local anodic 

Fig. 6. Average surface roughness of AAO and AAO composites.

Fig. 7. Average pore dimension of AAO and AAO composites.
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dissolution and oxide growth, contributing to the 
composition-dependent variations in Ra and pore dimensions [40].

These results demonstrate that both the type and ratio of carbon 
additives can effectively tune the surface morphology of AAO-based 
coatings, providing a strategy to control roughness and pore structure 
for optimised functional performance.

Fig. 6 shows that the oxide coatings anodized for AAO, AAOCNT, 
AAOGNP, 0.5CNT:0.5GNP, 0.75CNT:0.25GNP, and 0.25CNT:0.75GNP 
had average Ra values of 21.704 μm, 6.286 μm, 4.335 μm, 5.763 μm, 
7.605 μm, and 8.604 μm, respectively. The addition of reinforcement 
particles to anodized aluminium oxide (AAO) significantly decreases the 
surface roughness, with AAOGNP showing the lowest roughness, fol
lowed by the CNT0.5:GNP0.5 hybrid composition, AAOCNT, and the 
other composites. This finding indicates that GNPs have significance in 
lowering surface roughness because of their excellent dispersion and 
strong interfacial interactions with the oxide matrix. Previous study on 
this carbon-based materials also states that the surface roughness 
decreased by almost 63 % when CNTs were added to the Ni–P matrix, 
going from 192 nm in the Ni–P coating to 129 nm in the Ni–P-CNT 
composite [41]. While graphene nanoplatelets have slightly lower sur
face roughness due to their wide aspect ratio and flat structure, they 
enable more uniform reinforcement distribution, due to the GNPs ability 
to spread consistently inside the matrix, which could result in smoother 
surfaces [42]. In contrast to GNPs, CNTs have a greater surface energy 
and significant van der Waals forces between nanotubes, which can 
cause agglomerates. This results in less uniform dispersion and, ulti
mately, a rougher surface [43]. Based on Fig. 7, AAO without any 
reinforcement particles have the highest pore dimensions and highest 

surface roughness, which can also be seen in Fig. 5 images that AAO has 
enormous craters formed by the merging of the pores upon closer in
spection at higher magnification. Also, as shown in Fig. 7, the graphs 
indicate a considerable reduction in the average width and depth of all 
AAO with the addition of carbon-based materials into the coating ma
trix, corresponding towards lower surface roughness as shown in Fig. 5. 
This confirms that the addition of reinforcement particles reproducibly 
reduces surface roughness and pore size, consistent with a previous 
study that both size and quantity of pores can be significantly reduced by 
the addition of CNTs [44].

From Fig. 8, the SEM images of AAO and its composites with varying 
reinforcement ratios show significant differences in surface morphology 
and pore structure. With the same magnification and scale size, 
AAOGNP exhibit a smaller pore size, which indicates in Fig. 6 that GNP 
have the lowest surface roughness. Pure AAO, by contrast, exhibits large 
and irregular pores and surface irregularities with a more open struc
ture, characteristic of anodization without any reinforcement and cor
responding to the highest surface roughness. In contrast, AAOGNP 
shows significantly smaller pores compared to AAOCNT due to the 
planar structure and high surface area, promotes better dispersion, 
leading to a more compact oxide layer with uniformly smaller pores 
[45]. The hybrid composites, such as 0.5CNT:0.5GNP, 
0.75CNT:0.25GNP, and 0.25CNT:0.75GNP, exhibit a combination of 
craters and smaller pores, while CNTs and hybrid compositions produce 
a rougher surface with crate-like features and slightly larger pores.

As shown in Fig. 9, focusing on the sample of 0.5CNT:0.5GNP, which 
exhibited the highest microhardness as shown in Fig. 10. The figure 
shows that CNTs and GNPs are present in the composite coatings as 

Fig. 8. SEM images focusing on pores and craters of a) AAO and AAO with different composition ratios b) AAOCNT, c) AAOGNP, d) 0.5CNT:0.5GNP, e) 
0.75CNT:0.25GNP, f) 0.25CNT:0.75GNP

N.H.E. Nazila et al.                                                                                                                                                                                                                            Journal of Materials Research and Technology 40 (2026) 1166–1178 

1172 



reinforcement particles, and this ratio of reinforcement particles is the 
optimum value in this research, which can help the particles disperse 
more evenly within the anodic oxide layer. The reinforcement particles 

act as barriers and impediments to the crack route, and this dispersion 
aids in preventing crack initiation and progression because the cracks 
are resisted by the scattered reinforcing particles, further increasing the 
material properties to become more resilient [45]. Table 3 shows the 
carbon weight concentration of GNPs and CNTs. CNTs have hair-like 
structure, are more easily detected by Energy dispersive X-ray (EDX) 
because of their surface, whereas GNPs have flake shape, residing inside 
pores, and are less detectable because electron beam scattering reduces 
signal resolution when inside pores. The SEM electron beam may scatter, 
particularly if the pores are narrow or deep which influence the reso
lution of the EDX signals derived from the inside of the pores may be 
lowered by this scattering and to getting accurate results may also be 
more difficult to get due to less effective X-ray collecting from deeper 
locations caused by the angle at which the electron beam strikes the 

Fig. 9. SEM images of a) 0.5CNT:0.5GNP oxide layer coating surface, b) and c) CNTs on surface and inside pore, d) and e) GNPs on surface and inside pore.

Fig. 10. Average microhardness of AAO and AAO with different composi
tion ratios.

Table 3 
Chemical compositions of the composite anodic oxide layer coating from Fig. 8.

Spectrum Weight %

​ C O Al S
GNPs 3.80 43.10 37.60 2.10
CNTs 16.47 46.99 34.14 2.41
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pores [46].

3.4. Microhardness of composite

The microhardness values of anodized aluminium oxide (AAO) and 
its composites with varying reinforcement compositions reveal clear 
trends based on the data shown in Fig. 10. AAO shows the lowest 
microhardness due to its relatively soft anodized oxide layer [47]. The 
0.5CNT:0.5GNP hybrid shows the highest microhardness of 240.3 HV 
due to compatible behaviours of graphene nanoplatelets (GNPs) and 
carbon nanotubes (CNTs), which enhance the mechanical characteristics 
by better dispersion and interlocking within the aluminium oxide ma
trix. As GNPs’ wide surface area helps reduce CNT entanglement, 
resulting in a more uniform distribution of reinforcements, CNTs’ high 
aspect ratio and flexibility enable them to act as spacers between GNPs, 
limiting restacking. The CNTs and GNPs interlock to form a strong 
network structure that efficiently distributes stress, reduces dislocation 
movement, and raises the hardness of the composite [48]. Besides, 
AAOGNP exhibits noticeably less microhardness than AAOCNT, indi
cating that GNPs by themselves are not as successful at increasing 

hardness as CNTs because of their high aspect ratio and tubular 
morphology. CNTs form a more interconnected network that effectively 
prevents dislocation movement and improves load transfer efficiency. 
This difference can be ascribed to the structural characteristics of the 
reinforcements. As two-dimensional platelets, GNPs, on the other hand, 
are more likely to restack and slide inside the anodic aluminium oxide 
(AAO) matrix when stress is applied, which results in less hardness 
performance and weaker reinforcement. The CNTs more successfully 
add to the composite’s hardness because of their high tensile strength 
and stiffness by creating a more cohesive reinforcement network. CNTs 
lessen structural flaws and significantly increase microhardness [49]. 
These findings suggest that CNTs offer better reinforcement, particularly 
in terms of hardness, even though GNPs improve several characteristics. 
In addition to filler type and composition, the average microhardness of 
AAO coatings may be influenced by anodization temperature, electro
lyte conditions, and oxide layer thickness [50]. Higher temperatures or 
optimised thermal treatment could enhance hardness by promoting 
densification of the oxide matrix, while variations in pore morphology 
and filler dispersion may also modulate the mechanical response of the 
coatings. Further studies incorporating these parameters could provide 

Fig. 11. Illustration of reinforcement particles acting inside the AAO coatings interface, a) AAO, b) AAOCNT, c) AAOGNP, and d) 0.5CNT:0.5GNP.
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Fig. 12. Cross-sectional SEM images and EDS mapping of oxygen (O) element of AAO with different composite coating ratio.
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deeper insight into the microhardness behaviour of AAO-CNT/GNP 
composites.

As illustrated in Fig. 11, the potential of anodic aluminium oxide 
(AAO) coatings to withstand interfacial sliding under mechanical stress 
is a key factor in determining their hardness. Pure AAO interfaces have 
limited strength and low hardness, which can be seen by the high 
indentation depth, because the structure can readily slide along grain 
boundaries and crystallographic planes. After introducing reinforce
ment particles, specifically GNPs, they can decrease the indentation 
depth, thus improving hardness by preventing dislocation motion over 
planar barriers and providing resistance towards interface slip. 
Furthermore, because of their high surface area and layered structure, 
which enables them to attach efficiently to the AAO matrix, GNPs aid in 
mechanical interlocking within the matrix. However, the dispersion of 
GNPs affects their reinforcing efficiency. The homogeneity and hardness 
of the coating can be weakened if agglomeration occurs, because GNPs 
may group together to form clusters that reduce their barrier efficiency 
and produce stress concentration spots.

Compared to GNPs, CNTs have lower indentation depth and even 
higher resistance to interface slippage because of their high aspect ratio 
and tubular structure. CNTs greatly aid in mechanical interlocking with 
the AAO matrix in addition to blocking dislocation migration in multiple 
directions. They can physically anchor into the oxide structure thanks to 
their shape, which improves load transfer and stops local deformation. 
The hardness enhancement is greater than that of GNPs alone because of 
their dual function as an interlocking reinforcement and a physical 
barrier. However, similar to GNPs, CNTs clumping is a significant 
drawback. The advantages of CNTs reinforcement are reduced due to 
entangled CNTs bundles, which can also generate structural in
homogeneities and decrease interfacial bonding. For 0.5CNT:0.5GNP, 
the optimal result is shown; combining GNPs with CNTs in a hybrid 
reinforcement system tends to enhance both reinforcements’ dispersion 
while utilising their respective advantages, such as the multidirectional 
pinning of CNTs and the planar blocking of GNPs, thus introducing 
higher interlocking. This hybrid shows the lowest indentation depth and 
better dispersion of reinforcement particles, therefore providing the 
highest resistance to interface slipping. Agglomeration is prevented 
because of their reciprocal interaction and three-dimensional separation 
effect; both materials’ propensity to agglomerate is lessened when they 
are present, resulting in a more uniform distribution within the AAO 
matrix.

A dense, interconnected network that more successfully prevents 
interface slippage and disperses stress throughout the coating is ach
ieved by this improved dispersion. Because hybrid-reinforced AAO 
coatings have better reinforcement mechanisms and better structural 
homogeneity, they attain the maximum hardness. Also, the rough sur
face of the reinforcement particles, GNPs and CNTs, having irregular 
shapes, becomes embedded within the matrix material, hence acting as 
the "interlocking mechanism" of reinforcement particles inside AAO 
composite coating, while 0.5CNT:0.5GNP shows the highest hardness 
due to better dispersion of reinforcement particles within the coating 
matrix. These reinforcement particles create a mechanical "lock" that 
prevents them from readily detaching, greatly improving the coating’s 
overall strength and adhesion [51]. Overall, CNTs provide more indi
vidual reinforcement than GNPs, and when combined with GNPs in a 
well-dispersed hybrid system, they offer the best way to maximize me
chanical performance. Both CNTs and GNPs increase hardness by 
blocking dislocation motion and interlocking.

The coating thicknesses were determined using cross-sectional SEM 
supported by oxygen (O) elemental mapping to clearly delineate the 
oxide layer, as shown in Fig. 12. The average coating thicknesses for 
AAO and 0.5CNT:0.5GNP were 73.51 ± 12.59 μm and 73.17 ± 6.01 μm, 
respectively, indicating that the incorporation of carbon-based re
inforcements does not significantly influence overall oxide growth. 
Similar trends were observed for the other reinforced coatings, where 
AAOCNT (77.41 ± 1.63 μm), AAOGNP (70.37 ± 2.16 μm), 

0.25CNT:0.75GNP (70.60 ± 4.39 μm), and 0.75CNT:0.25GNP (71.00 ±
9.47 μm) all exhibited comparable thickness values. These findings 
suggest that the observed differences in microhardness arise mainly 
from reinforcement type, composition, and dispersion rather than from 
variations in coating thickness, thereby minimizing substrate effects 
during hardness measurements. Minor variations among samples may 
be attributed to slight changes in local electrolyte temperature or con
ductivity during anodization [52]. Overall, the results confirm that 
coating thickness is primarily governed by the anodization parameters, 
and the addition of CNTs or GNPs does not substantially alter the final 
oxide layer thickness [53].

4. Conclusions

In conclusion, the aluminium alloy’s oxide layer coating on the 
surface was successfully synthesized with different reinforcement 
composition ratios. The effect of different ratios of reinforcement par
ticles on the anodizing process was studied. Cross-sectional SEM images 
revealed that the average coating thicknesses of AAO and the reinforced 
composites were comparable, ranging from 70.37 ± 2.16 μm to 77.41 ±
1.63 μm. AAO with 0.5CNT:0.5GNP ratio showed, from 3D images, a 
reduction in pore size and a decrease in surface roughness to 5.763 μm, 
while exhibiting the highest microhardness of 240.3 HV compared to 
bare Al alloy and other reinforcement particle ratios. The ratio of 
0.5CNT:0.5GNP can be used to enhance the performance of bare Al 
alloy. This study indicates that 0.5CNT:0.5GNP exhibits promising 
properties as a potential solution for protective coating uses in auto
motive and industrial machining applications.
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