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Abstract: Ceramic—nano-metallic composite coatings of AlO3—nano-Ni on an aluminum
substrate (Al6061) were obtained using electrophoretic deposition (EPD). Three composite
coatings with different ratios of nano-Nj, i.e., 25, 50, and 75%, were obtained. The phase
composition of the resulting composite coatings was examined using XRD; this confirmed
the existence of alumina and nickel in the composite coatings. The surface morphology
and microstructure of the composite coatings were analyzed with SEM, while the chemical
composition and phase content were determined through energy-dispersive spectroscopy.
The hardness indenter results revealed a high hardness 420 HV for the Ni 25% composite
coating However the hardness decreased with an increase in the Ni nanoparticle ratio,
reaching a value of 360 HV for the Ni 75% composite coating. Reflectance measurements
were conducted using a UV-visible spectrophotometer equipped with an integrating sphere
(UV2600), and the composite coating with a Ni ratio of 75% exhibited the lowest reflectance
of UV-visible light at <0.035. These results are promising for subsequent investigations
into the absorbance of Al,Os-nano-Ni composite coatings within the sunlight irradiation
wavelength range.

Keywords: Al,O3—nano-Ni; composite coatings; electrophoretic deposition; microstructure;
hardness; optical properties

1. Introduction

There is a strong focus on improving ceramic composites by incorporating nanoscale
metallic particles [1]. These particles are commonly used to strengthen the ceramic matrix
to produce materials with desirable properties [2], and they can be used in the power
industry [3]. Al,O3 ceramics have seen widespread application due to their notable char-
acteristics, including high hardness, excellent wear resistance, and elevated electrical
resistivity [4]. Nickel is often chosen as a reinforcement due to its ability to maintain
stability at high temperatures and due to its chemical inertness [2].

One of the most widely applied composite coatings is the Ni-Al,O3 system, which
has good tribological [5,6], erosion and corrosion resistance [7,8], and wear and heat
resistance [9,10] properties. It is widely used for many applications.

Ni-Al,O3 composite coatings also provide unique sets of surface characteristics, mainly
such as selective surfaces for solar thermal conversion [11,12].
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They are obtained using different methods, such as chemical methods [13], ultrasonic-
assisted electrodeposition (UAED) [14], electrodeposition [15,16], planar magnetron-
assisted RF sputtering [17], spin-coating [18], sol-gel [9], spark plasma sintering (SPS) [19],
plasma spraying [20], planetary ball-milling [21], high-velocity flame spray (HVES) sys-
tems [22], mechanochemical synthesis [4], cold-spraying coating [23], gel casting pro-
cesses [1], centrifugal slip-casting method (CSC) [24], and electrophoretic deposition (EPD),
which is utilized as a rapid prototyping method [25-28]. EPD is a colloidal process in which
particles are compacted directly from a suspension under the effect of an electric field. This
method offers several advantages, including the fabrication of films with thicknesses rang-
ing from approximately ten nanometers to several hundred micrometers, simplicity, fast
processing, cost-effectiveness, excellent uniformity, and the ability to work with substrates
of any shape. It is widely used for the deposition of metal oxides for applications in various
fields. Key advantages of EPD include its fast processing, cost-effectiveness, scalability, and
the ability to achieve a broad range of compositions and thicknesses. EPD has already been

widely adopted as an industrial process [29].

Some of the most common techniques, with their advantages and limitations, used to

fabricate Ni-Al,O3 are summarized in Table 1.

Table 1. Most common methods used to prepare Ni-Al,O3 composite coatings.

Coating and Method

Advantages

Limitations

Nickel nano-particles embedded in a
dielectric matrix of alumina.
Spin-coating.

Uniform thin films.

High reproducibility.

Simple and fast process.

Cost-effective for small-scale production.
Good control over film thickness.
Applicable to various materials.

Material waste.

Limited to flat and small
substrates.

Solvent evaporation effects.
Scalability issues [18].

Ni-Al,O3 composite film.
Magnetron sputtering.

Dense and adherent coatings, high purity,
fine microstructure.

High control over thickness and
composition.

Used in microelectronics.

Expensive equipment.

Requires vacuum environment and
high-cost equipment.

Low deposition rate [30,31].

Nano-structured Ni-Al,O3 composite
coatings.
Planetary ball-milling.

Versatile applications.
Customizable parameters.
Batch processing.
Controllable atmosphere.

High wear and contamination.
High energy consumption.

Small batch processing.
Agglomeration of fine powders [32].

Nickel-alumina composite coatings.
Thermal spraying.

Nickel-alumina composite coatings.
Cold-spraying.

High deposition rates, suitable for large
surfaces.

Allows for thick coatings with good wear
resistance and high hardness.

Requires expensive equipment.
Some processes induce thermal stress,
affecting adhesion [22,33].

Ni-Al,O3 nano composite coating.
Electrodeposition.

Good adhesion, cost-effective,
scalable for industrial applications.

Particle dispersion in the electrolyte can
be challenging, possible agglomeration.
Requires optimization of bath
composition and deposition parameters,
need many chemicals [19,34].

Electrophoretic deposition (EPD), used in
our study.

Uniform coating, precise control over
composition, simple setup, and suitable
for complex shapes. Eco friendly process.

Adhesion strength depends on substrate
preparation [28].

The present work aimed to use the electrophoretic deposition method to obtain metal—

ceramic Al,Os-nano-Ni composite coatings with good properties using a colloidal suspen-
sion containing both metallic Ni nanoparticles and ceramic sub-micron Al,O3 particles
with different ratios (Ni ratios: 25, 50, and 75%).



J. Compos. Sci. 2025, 9, 122

30f12

The choice of Al6061 as the substrate is crucial due to its excellent mechanical strength,
corrosion resistance, and thermal conductivity, making it ideal for functional coatings.
These properties ensure the longevity and effectiveness of the coating. Al6061’s surface
morphology, which may require pre-treatment for optimal roughness, affects the adhesion
strength, while its surface energy and oxide layer influence the coating’s uniformity and
durability. Overall, Al6061 not only offers practical advantages but also significantly
impacts the deposition process, ensuring the desired performance and durability of the
coating [16,35].

The coatings obtained have the potential to be applied as selective absorbers.

2. Methods and Materials
2.1. Experiments

Alumina powder and aluminium substrate (Al6061) were sourced from Alfa-Aesar
(Ward Hill, MA, USA), while nickel nanopowder was supplied by Vale-Inco (Toronto, ON,
Canada). The alumina powder had an average particle size of approximately 400 nm, and
the nickel powder had an average particle size of about 50 nm. Pure ethanol, ammonium
hydroxide, and hydrochloric acid were procured from Sigma Aldrich.

The aluminium (A16061) substrates had a rectangular shape measuring 30 x 10 mm?.
First, the substrates were polished using silicon carbide papers (400, 600, 1000, and 1200 grit)
and then cleaned by sonication in ethanol followed by acetone for 5 min to eliminate surface
residues, and they were finally dried at room temperature.

Nano-nickel and alumina powders were separately dispersed in pure ethanol solvent,
where a suspension concentration of 1 mol% was used, and the mixtures were sonicated
over 24 h. Extended sonication was necessary in order to achieve higher-quality films. Once
dispersed, these two solutions were mixed at different mass ratios of nickel nanoparticles
in the mixture (Nipse,, Nisge,, and Niyse,) and kept under stirring for 30 min. The pH of the
single and mixed suspensions was adjusted to a range between 4.5 and 5 by adding HCI to
lower it (acidic) and NH4OH to raise it (basic).

Electrophoretic deposition (EPD) was performed using two aluminum electrodes with
a 10 mm distance between them. The electrophoretic deposition was carried out under
constant stirring at 100 rpm with an applied voltage of 10 V for a maximum of 30 min.
Figure 1 provides a schematic representation of the experimental process.

Ni + Ethanol ALO; + Ethanol
-
Mix and adjust
— A A
pHat [4.5,5]
range

Stirring for 30 min

Suspension

Aluminum
Electrode

Deposition for 30 mn

Figure 1. Schematic illustration of the experiment process.
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2.2. Characterization

A MALVERN ZETASIZER was used to control the zeta potential of the mixtures
(Ni + ethanol, Al,O3 + ethanol, and Ni + Al,O3 + ethanol) before the electrophoretic
deposition process to confirm the stability of the charged particles.

The zeta potentials of each mixture (Ni + ethanol, Al;O3 + ethanol, and Ni + Al,O3
+ ethanol) were measured at pH = 4.5. Their values were around 23, 50, and 41 mV,
respectively, which was suitable for ensuring good coatings because of the particles’ stability
in the suspension [36].

A Veeco Dektak 150 Surface Profiler was used to measure the thickness of the com-
posite coatings.

X-ray diffraction was used to identify the phases present in the composite coatings.
The measurements were performed using a RIGAKU MINIFLEX X-ray diffractometer with
a Cu K« radiation source (A = 1.5418 A). Scans were conducted from 20 = 10-80° at a rate
of 0.01° min~1.

Scanning electron microscopy (SEM) images were obtained for the composite coatings
with an FEI CONTA 200 electron microscope equipped with an energy-dispersive X-ray
analysis device (EDS analysis).

In terms of UV-visible spectrometry, optical spectra were recorded using a (UV2600
SHIMADZU, Kyoto, Japan) UV-visible spectrophotometer with an expanded wavelength
range of up to 1400 nm equipped with an integrated sphere.

The Vickers hardness of the composite coatings was measured using an INNOVATEST
hardness tester. The composite coatings were indented with a pyramidal diamond indenter
under a 100 g load and 10 s time duration. Each coating was tested five times, and the
average of these measurements was reported as the final Vickers hardness value for the
tested coating.

3. Discussion and Results

The thicknesses of all the composite coatings were measured by mechanical sur-
face profiling.

The effect of the duration time on the thicknesses of the obtained composite coatings
under electrophoretic deposition was investigated, and the results are shown in Figure 2.

- Ni25%
251 e Ni50% —

—A— Ni 75% /r///o—o—o

E
g A
% 15 /
w
D
=1
=
£ 1.0
0.5
0.0 g T T T T T T T T T g T
0 5 10 15 20 25 30

Time (min)

Figure 2. Effect of the time duration on the thicknesses of Al,Os-nano-Ni composite coatings at
different ratios of nano- Ni: 25, 50, 75%.
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Figure 2 shows that for the three composite coatings (Nips9,, Nisge,, and Niyse,) ob-
tained, as the deposition time increased, the thickness of the coating also increased. In
the initial stage (0 to 15 min) of EPD, the coating thickness increased almost linearly with
the deposition time. This was because more charged particles were migrating toward the
electrode and accumulating on the surface.

As the time progressed (15 to 20 min), the growth rate slowed down due to the following:

- Increased resistance: A thicker deposited layer increased the electrical resistance,
reducing particle mobility.

- Electrostatic repulsion: A high charge density in the coating may have led to repulsion
between incoming particles.

- Limited particle availability: The concentration of suspended particles in the bath
decreased over time.

The thickness values were about 2.5, 2.3, and 2 um for Nijse,, Nisge,, and Niyse, at a
30 min duration, respectively. The thicknesses of the thin films increased with the increase
in the alumina percentage; this can be explained by the fact that the particle size of the
alumina was larger than that of the nickel used.

The X-ray spectra of composite coatings with different ratios of Ni: Al;O3 during the
co-deposition are delineated in Figure 3.
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Figure 3. X-ray diffraction patterns of Al,O3, Ni nanoparticles, and Ni-Al,O3 composite coatings at
different ratios of Ni. (N: nickel; A: alumina; Al: aluminium).

The XRD data were processed using the X'Pert HighScore software v5.3, and the ICDD
Powder Diffraction database was employed for phase matching.

The results revealed the formation of the Al;O3—nano-Ni composite coatings on the
aluminium substrate Al6061. The diffraction peaks of the Ni-Al,O3 composite coatings
at 20 values of 44.37°, 51.59°, and 76.1° corresponded to the preferred cubic Ni planes
(111), (200), and (220), respectively (ICDD ref. card: 00-001-1258). The peaks attributed to
rhombohedral alumina were detected at 26 values of around 35.16°, 37.93°, 43.47°, 52.55°,
57.95°, and 68.42°, corresponding to the (104), (110), (113), (024), (116), and (300) crystal
planes, respectively (ICDD ref. card: 00-001-1243). The peaks corresponding to cubic
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aluminum were detected at 26 values of 38.49° and 78.22° (ICDD ref. card: 98-004-4321).
These peaks were related to the substrate used [37-39].

As shown in Figure 3, the intensity of the peak corresponding to Ni increased with
the increase in the Ni ratio. In the metal-rich sample (Nizs9,), we observed a high rel-
ative intensity of the (111) plane, which was attributed to the preferred growth of Ni
nanoparticles. Ni-Al,O3 composites have also demonstrated comparable outcomes in
earlier studies [40,41].

SEM micrographs of the Ni-Al,O3 composite coatings with different ratios of Ni (Ni
ratio: 25, 50, and 75%) are shown in Figure 4.

Ni 3504 [ 5]

wKeny
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OK 26.12 41.68
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12 4 © NiK 22.66 09.85
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Figure 4. SEM micrographs and EDS spectra of Al,Os—-nano-Ni composite coatings at different
nano-Ni ratios.

The morphology and composition of the Ni-Al,O3 composite coatings were analyzed
to evaluate the ability to control the deposition across the full range of mixture composi-
tions. Typical micrographs of the composite coatings at different Ni contents are presented
in Figure 3, they exhibited a relatively homogeneous structure, with a uniform distribu-
tion of Ni nanoparticles in the Ni-Al,O3 composite coatings, and there was no sign of
agglomeration. They revealed a more strengthened structure with the increase in the metal
nanoparticle content (Niyso, ).

According to the EDS analysis results reported in Figure 3, there was a difference
between the composition measured by EDS and the theoretical composition; this can be ex-
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plained by the difference in the particle size of the two powders used in the electrophoretic
deposition onto the surface. Consequently, the smaller nickel nanoparticles were deposited
first, followed by the larger alumina particles. Indeed, the deposition kinetics of the larger
particles (alumina) were expected to be relatively slower [42].

The EPD process produced composite coatings with a more homogeneous structure,
ensuring better dispersion of Al;O3 and nano-Ni in the coatings.

The hardness of the composite coatings as a function of the Ni particle content in the

mixture is plotted in Figure 5.

500

6.89
7.97

400

(O8]

(=3

(=}
1

200

Hardness (HV)

100

Ni 75% Ni 50% Ni 25%
Ni Ratio in composite coatings

Figure 5. Vickers hardness (HV) and error bars of the standard deviation of the AlyO3-nano-Ni
composite coatings at different ratios of nanometallic Ni: 25, 50 A 75%.

The standard deviation values were <10, indicating moderate variability in the mea-
surements. This means that the data points were relatively close to the mean, suggesting a
reasonable level of consistency and precision in the measurements.

It can be seen that the hardness of the Al;O3—nano-Ni composite coatings increased
with the increase in the Al,O3 content from 375 HV for the rich-nickel (Nizs50,) to 450 HV
for the poor-nickel (Nips9,) composite.

Thus, the hardness of the Ni-Al,O3 composite coatings increased with the increase in
the ceramic Al,O3 content.

Figure 6 shows a schematic diagram illustrating the strengthening mechanism of the
supplementary hardness in the Al;O3z-nano-Ni composite coatings on the AL6061 substrate,
providing a clear visualization of these effects.

This can be explained by the intrinsic hardness of Al,O3 and its ability to reinforce
the composite structure through the load transfer effect. Al,O3 acts as a load-bearing
reinforcement, enhancing the composite’s hardness and making the coating more resistant
to deformation, thereby increasing its overall hardness. This inclusion aligns with previous
studies and reinforces the results obtained [9,21,43-48].

As shown in Figure 6, the EPD-produced Al,O3—nano-Ni composite coatings exhib-
ited improved hardness due to the homogenous distribution of the Al,O3 and nano-Ni
particles. This uniform dispersion effectively hindered dislocation movement, enhancing
the coating’s hardness through dispersion strengthening. Conversely, the electrodeposited
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Al;Oz-nano-Ni coatings also demonstrated increased hardness; however, ensuring a con-
sistent nanoparticle distribution is challenging, which may result in agglomeration and
reduced reinforcement efficiency [37].

Co o
.O. .nanoNi

Al6061

Q‘OO —3—> Dislocation movement
oo

Figure 6. Schematic diagram of hardness enhancement in Al;O3-nano-Ni composite coatings.

As shown in Table 2, the hardness reproducibility values for each composite coating
in the second and third trials exceeded 97%, indicating minimal differences between their
means and demonstrating high measurement consistency and reliability.

Table 2. Results of reproducibility percentage and stability percentage of the second and third trials
for hardness values obtained for Al,O3—nano-Ni composite coatings at different ratios of nanometallic
Ni: 25, 50, and 75%.

Mean Hardness Standard Reproducibility

Trial HV) Deviation (%) Stability (%)
Nipso, 1st 375 6.89 - -
Nipse, 2nd 364 6.5 97.07 94.34
Nipse, 3rd 371 6.08 98.08 93.54
Nisge, 1st 420 7.96 - -
Nisge, 2nd 418 7.38 99.5 92.71
Nisg, 3rd 424 6.78 98.56 91.87
Niyso, 1st 450 8.6 - -
Niyse, 2nd 445 7.18 98.89 83.49
Niyse, 3rd 455 6.81 97.75 94.85

The stability percentages for the Al;O3—nano-Ni composite coatings (Ni ratio: 25%
and 50%) were >91%, signifying low variation within each trial and stable results.

For the Al,O3—nano-Ni composite coating with 75% Ni, the stability increased from
83% to 94%, suggesting improved precision and control in the third trial. This increase
reflects enhancements in the quality of the method, addressing issues such as calibration
errors, measurement inconsistencies, or procedural variations observed in the second trial,
leading to a more stable process. These results imply that the electrophoretic deposition
method is reliable.

The resulting reflectance spectra of the composite coatings at the different Ni ratios
are given in Figure 7.

The reflectance spectra of the Al,Os—nano-Ni composite coatings with different Ni
contents exhibited lower reflectance values with the increase in the nano NI content, as
shown in Figure 7. The coating with a 75% of nano Ni content revealed the lowest reflectance
in visible light of <0.035; while the composite coating with higher nickel nanoparticle
content absorbed light significantly. This makes it suitable for selective absorbers due to
its adjustable optical properties. Composite films strongly absorb visible light due to two
key physical phenomena: the first is due to inter-band transitions in the metal; as nickel
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is a transition metal, it has electronic states that allow for these transitions, leading to
strong absorption and small particle resonance or plasmonic effects; nickel nanoparticles
contribute to plasmonic resonance, a phenomenon where light interacts with small metallic
particles, causing enhanced absorption. This effect is more pronounced when the Ni content
is high, further reducing the reflectance [49,50].

25
Ni 25 %
| Ni 50 %
204 Ni 75 %

15 4

Reflectance (%)
S
|

T
1200 1400

T T T T
200 400 600 800 1000

Figure 7. Reflectance UV-visible spectra of Al;O3—nano-Ni composite coatings at different ratios of
nanometallic Ni: 25, 50, and 75%.

4. Conclusions

Composite coatings with sub-micron alumina and nanometallic nickel particles were
successfully deposited on Al6061 substrate using EPD techniques with varying ratios of Ni
metallic nanoparticles of 25, 50, and 75% in the colloidal mixture.

The XRD analysis demonstrated improved alumina and nickel peaks in the compos-
ite coatings.

The SEM micrographs exhibited regular surfaces for the composite coatings, with
more uniformity in the Niyse, composite coating.

The EDS analysis revealed that the nanometallic nickel and alumina particles had
content ratios proportional to the initial mixture conditions.

The Nips9, composite coating showed the highest microhardness, averaging 450 HV.
When the alumina content was reduced, the microhardness decreases, with it being the
lowest for the Niyse, coating, with an average hardness of 375 HV. However, the difference
was not very significant.

The reproducibility and stability percentages of the hardness results obtained for
Al,Os-nano-Ni composite coatings, along with the results from the second and third trials,
imply that the electrophoretic deposition method is reliable.

The optical behaviour of the Al;O3-nano-Ni composite coatings with the variation in
the Ni content was studied, and the results showed an improved low reflectance (<0.035).
The Ni nanoparticle content in the coatings was the first cause of selectivity. The presented
results showing improvements in the composite’s adjustable optical properties are promis-
ing for subsequent investigations and make it suitable for selective absorber applications.
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