Eng. Sci., 2025, 33, 1380

Engineered Science
DOI: https://dx.doi.org/10.30919/es1380

The Role of Copper Incorporation in Improving the Electrical
Insulation Properties of Microarc Oxidation Coatings on
Aluminum Alloys

Lina Shehadeh,* Khairudin Mohamed,' Ubeidulla Al-Qawabeha? and Basim Abu-Jdayil®

Abstract

This study explores the effect of varying copper content on the electrical conductivity of microarc oxidation (MAQ) coating
films applied to aluminum alloy substrates. The experimental setup involved preparing (Al-X%Cu) alloys and subjecting them
to MAO treatment. The MAO coatings were analyzed via scanning electron microscopy (SEM) and X-ray diffraction (XRD) to
examine their chemical composition, surface morphologies, and phase structures. Results revealed that increasing Cu content
up to 3 wt.% in Al alloys led to the formation of a-Al,O3 and y-Al,Os phases, which serve as electrical insulators, thereby
reducing the electrical conductivity and enhancing the dielectric properties of the coating layer. Despite this, electrical
conductivity measurements of MAO coatings on (Al-6% Cu) and (Al-9% Cu) alloys yielded values of 4.17 and 5.27 S/m,
respectively, because of the presence of CuO phases, which improved electrical conductivity in these alloys. Thus, the findings
indicated that higher Cu content increases electrical conductivity of coatings and makes it not fully insulated, despite that the

MAO coating films have insulating properties as indicated in previous studies.
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1. Introduction

In the field of electronics and materials, the research and
fabrication of innovative dielectric materials (insulating
materials) for diverse applications has been actively focused
on.*4 Alumina ceramics are commonly employed as
insulators in numerous high-voltage devices due to their
notable attributes, including high dielectric breakdown
strength, minimal electrical losses, elevated hardness, and
excellent thermal stability.>®1 Among various forms of
aluminum oxide, 0-AlO3 or corundum is particularly
important because of its stable thermodynamic properties. o-
alumina is employed in diverse applications as electronic
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components, serving as electrical insulators, light-emitting
displays, cutting tools, lasers, gas sensors, and spark plugs.[*>
12]

Al alloys are extensively used across diverse industries,
including aerospace, automotive, and shipbuilding because of
their exceptional mechanical characteristics, impressive
strength-to-weight ratio, and cost-effective manufacturing
processes.*! Various alloying elements, such as Cu, Zn, Mg,
Si, Mn, and Li, can be incorporated into these alloys, yielding
different series of Al alloys.[*4

Al-Cu is the most common cast Al alloy system. Cu
addition increases the strength and hardness of Al at all
temperatures and during all heat treatment processes, thereby
improving the machinability of alloys. However, Cu tends to
precipitate at grain boundaries, increasing the susceptibility of
Al alloys to various types of corrosion.'>'¢l The surface
properties of Al alloys can be altered by various methods. In
particular, surface modification techniques such as the use of
superhydrophobic surfaces, anodic oxidation, and microarc
oxidation (MAOQO) have been extensively investigated to
improve the corrosion resistance of Al in corrosive
environments. Most coatings are mechanically bonded with
the substrate to improve its corrosion resistance to a certain
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extent. MAO differs in this respect from other methods
because it forms excellent metallurgical bonds between the
substrate and coating.*"181 The MAO process is commonly
employed to enhance electrical barriers in Al, creating a strong
adherent coating by converting the Al substrate into y-A1,03
and a-A1,0;3 alumina.**?2 MAO process transforms a metal
specimen surface into a ceramic coating through a series of
electrical sparks.

Fig. 1 shows the MAO process procedure. As the inside of
a stainless-steel tank is filled with a specific electrolyte, the
metal specimen as anode is zapped with a high voltage supply.
This voltage creates a continuous stream of tiny sparks
between the metal specimen and cathode electrode. After
several minutes to tens of minutes of this sparking, a dense
uniform layer of oxide is formed on the surface of the metal
specimen. This oxide layer has varied porosity and specific
chemical composition depending on the metal specimen and
electrolyte used. 23201

Regardless of whether alternating current (AC) or direct
current (DC) power is used, the basic principles of MAO
coating formation remain the same. As the applied voltage
increases, a permeable insulating layer begins to form,
characterized by a columnar structure and the production of
numerous gas bubbles, as illustrated in Fig. 2. When the
voltage reaches the breakdown point in certain weak spots
within the insulating layer, dielectric breakdown and spark
discharge occur. This leads to the appearance of fine white
sparks evenly distributed on the sample surface. As the
number of sparks decreases, small uniform micropores are
created. During the MAO process, the sparks gradually change
color, starting from white and transitioning to yellow,
eventually becoming orange red. The shift from yellow to
orange-red in the microarc stage is associated with a rapid
coating growth rate. As both the voltage and coating thickness
increase, the number of sparks reduces, but their intensity
grows, resulting in rougher surface morphologies. With further

Anode

increasing the voltage, a porous and loosely structured region
of the MAO coating is formed.[?72

Several factors influence the quality of the MAO layer
coating, including the composition of the substrate,
concentration and temperature of the electrolyte, treatment
process duration, and electrical parameters of the MAO
process.%1 While numerous studies have focused on
improving the properties of MAO coatings by refining the
electrolyte pairings and electrical parameters, the effects of
alloying elements on the dielectric properties of aluminum
have not been thoroughly examined.

To the best of our knowledge, only a few existing articles
discuss the influence of various elements (i.e., Li, Mg, Fe and
Si) on the characteristics of resulting MAO coatings for
commercially available aluminum alloys.*>*4 Furthermore,
limited studies have specifically focused on the effects of
individual alloying elements within the substrate on the
dielectric properties of substrates. For example, Zhu et al.
investigated the effect of Cu concentration on the corrosion
resistance and microstructure of MAO coatings.’ The
findings revealed that Cu in the substrate alloy enhanced the
transformation process and intensity of microdischarges,
leading to the formation of cracks and pores in the MAO
coatings because of oxygen release, which is due to the
dissolution of copper oxide (CuO) and oxidation of O?.
Concurrently, the average porosity of MAO coatings
substantially increased with increasing the copper content, a
critical factor contributing to the reduced corrosion resistance
of MAO films. Dai et al. conducted research involving the
fabrication of MAO coating films on Al-Cu alloys with
varying oxidation durations and observed that the thickness,
surface roughness, cracks, porosity, and a-Al,O3 content of
MAO coatings increased in the Al-4.5%Cu alloy.F

Many previous studies have investigated the effects of
substrate composition on the mechanical properties of the
coatings. However, information on the role of elements in
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Fig. 1: Schematic of the MAO system showing the equipment arrangement.
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Fig. 2: Schematic of the growth mechanism of MAO coating: (a) passivating film before applying high voltage, (b) initial formation
of an oxide film, (c) initiation of microarc discharges, (d) occurrence of more powerful discharges, () deposition of new oxidized
products in the discharge channels, (f) formation of discharge channels as a result of continuous microarc discharges, (g) further
growth of the oxide, and (h) final stage showing a fully developed porous MAO coating.

2. Experimental methods

2.1 Materials and pretreatment

For this investigation, cylindrically shaped Al-X%Cu alloy
specimens with dimensions of 15 mm in diameter and 7 mm
in thickness prepared at Al-Zaytoonah University were
utilized as the base material for MAO experiments. The
chemical composition of the prepared Al alloys is listed in
Table 1. Prior to MAO process, all specimens underwent a
sequential grinding process using abrasive papers with
decreasing grit sizes (from 180 to 1200) to eliminate surface
oxides. Subsequently, the specimens underwent polishing
using a polishing machine to eliminate imperfections. Finally,
all specimens were degreased with acetone, cleaned in ethanol
for 12 min, rinsed with distilled water, and finally dried in
ambient air.

Table 1: Chemical composition of AI-Cu alloys (wt.%).

Code Alloy Al Cu
A Al 99.99 0.0
B Al-1%Cu 98.92 1.07
C Al-3%Cu 96.94 3.05
D Al-6%Cu 93.93 6.06
E Al-9%Cu 90.91 9.08

2.2 MAO coating process setup
MAO coatings were uniformly applied to all specimen
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surfaces using a consistent pulse current density of 1 A/cm? of
coating process for 60 min. The apparatus utilized for the
process was equipped at Al-Zaytoonah University, Amman,
Jordan with a cooling system by circulating cooling water,
which was designed to regulate the electrolyte temperature.
This study utilizes an aluminum alloy specimen as the anode
electrode. The cathode electrode is a stainless-steel
electrolytic bath, as shown in Fig. 3. The MAO coating is
formed in an alkaline-based electrolytic bath containing 2 g/L
potassium hydroxide (KOH) and 12 g/L sodium silicate
(NazSi0O3). The MAO process employs alternating current
(AC) mode throughout most of the procedure, switching to
constant voltage mode once a voltage of 240 V is achieved.
Following the process, the specimens are cleaned with
deionized water and dried.

2.3 Chemical composition, surface morphology, and phase
structure of MAQO coating films

The surface morphologies and chemical composition of the
MAO-coated film specimens were analyzed using scanning
electron microscopy (SEM) and energy dispersive X-ray
(EDX) analyses (JEOL JSM 6390A). EDX analysis was
performed randomly on the film surface, and the final
composition was derived from an average of seven parallel
point analyses. Furthermore, X-ray diffraction (XRD) was
employed to investigate the phase structure of MAO films.
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Fig. 3: Experimental setup of the MAO process.

2.4 Electrical conductivity of the MAO films
The I-V characteristics of ceramic varistors were assessed by
using a source measurement unit (Keithley 236). Using
simultaneous current measurements, the resistances of these
ceramic varistors were determined by analyzing the I-V slopes
obtained through cyclic potential cycling from —2.0 to +2.0 V
at a sweep rate of 0.01 V/s. The material's resistivity (c) was
calculated by evaluating the physical and resistance
dimensions of the material utilizing equation (1):

o=L/RA @)
where R represents specimen resistance, A denotes surface

area, and L is specimen thickness.

3. Results and discussion

3.1 Chemical composition, surface morphology, and phase
structure of MAO films

Fig. 4 presents five micrographs labeled A through E, which
are the SEM images showing the surface morphology of MAO
coatings applied to five distinct specimens. Each image
highlights a small area marked by a cyan square, within which
the elemental composition is analyzed. This area is subjected
to EDX analysis, providing detailed information on the mass

50.83 45.74 3.87

Al o

4739 46.13 6.48

46.32 4548 8.2

Fig. 4: SEM images of MAO surface coating films with mass percentage composition of elements obtained from EDX analysis of

five specimens (A, B, C, D, and E).
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percentages of Al, O, and Cu in the coatings.

Fig. 4A represents the surface composition of a specimen
with pure Al on the coating, with no copper content detected
in the film. Figs. 4B to 4E show the compositions of Al alloys
with varying amounts of Cu incorporated into the MAO
coating. These figures demonstrate an increase in Cu content
as the alloy composition changes. The analysis reveals that the
percentage of copper in the coating increases progressively
from B to E, with the highest concentration of Cu observed in
specimen E.

The EDX analysis confirms that the incorporation of Cu in
the coating film is primarily in the form of (CuO), as identified
by Gao team,®l the MAO coating films contain Cu primarily
in the form of copper (II) oxide (CuO). This suggests that Cu
in the alloy undergoes oxidation during the MAO process,
contributing to the overall composition of the surface film.

These findings align closely with the XRD results, as
depicted in Fig. 5, which presents the XRD patterns of the
MAO films. The XRD analysis provides additional
confirmation of the elemental compositions detected by EDX,
reinforcing the identification of the phases present in the
coatings. The diffraction peaks reveal that all MAO coatings
consist of both y-Al,O3 (gamma-alumina) and a-Al,O3 (alpha-
alumina), along with distinct peaks attributed to the Al alloy
substrate.

The presence of a-Al,Os is particularly notable due to its
highly stable nature. This phase is characterized by extreme
hardness and a high melting point of around 2050 °C, making
it an ideal protective coating. The stability and toughness of -
Al,Oj contribute to the overall durability of the MAO coatings,
especially in high-temperature or corrosive environments. In
contrast, y-AL,O3 is classified as a metastable phase, which
means that it can convert into a-Al>O;3 over time when exposed
to elevated temperatures, typically between 800 °C and

1200 °C, as reported by Wei et al.*!

The XRD analysis for specimens C, D, and E reveals
distinct peaks corresponding to CuO in addition to the a-Al,O3
and y-Al,Os; phases. These peaks confirm the presence of
copper oxide in the MAO coatings of the samples with higher
copper content. The appearance of CuO is consistent with the
EDX results, reinforcing the conclusion that copper in the
aluminum alloys undergoes oxidation during the MAO
process, forming a copper oxide layer. This finding aligns with
the observations reported by Rokosz et al. (2016), who
documented similar CuO peaks in their study of MAO
coatings on copper-containing alloys.?!

It is important to note that in the XRD patterns of pure
aluminum (specimen A) and alloys with a low Cu content—
Al-1%Cu (specimen B) and Al-3%Cu (specimen C), the CuO
peaks are notably absent. This absence is due to the relatively
low percentage of Cu in these substrates. In alloys with
minimal Cu content, the formation of significant amounts of
CuO during the MAO process is limited, which explains why
no CuO peaks are detected in the XRD patterns of these
samples. The limited Cu content in these specimens likely
leads to a lower degree of oxidation and incorporation of CuO
into the MAO coating.

The presence of CuO peaks in the XRD patterns for
specimens with a higher Cu content (D and E) also suggests
that the concentration of Cu in the alloy directly influences the
phase composition of the MAO coatings. As the Cu percentage
increases, the probability of Cu oxidation and CuO formation
also increases, resulting in stronger CuO peaks in the XRD
analysis. This correlation between copper content and oxide
formation is crucial for understanding the electrical and
corrosion-resistant properties of  the coatings,
as CuO plays a significant role in enhancing these
characteristics.
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Fig. 5: XRD patterns of MAO coatings analyzed on experiment’s specimens.
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Fig. 6: I-V characteristics curves for specimens A, B, and C.

3.2 Electrical conductivity

Fig. 6 presents the current-voltage (I-V) curves for specimens
A, B, and C, which highlight their electrical insulating
properties. These curves demonstrate that the materials exhibit
minimal or no current leakage under low applied voltages,
indicating a strong insulation behavior. This is especially
evident at the lower end of the voltage range, where the current
remains close to zero, a characteristic typically expected in
materials with a high electrical resistivity.

0.15

0.1

0.05

-2.5

Current (pA)

-0.15

The insulating properties observed in the I-V curves are
primarily attributed to the MAO coating formed on the Al. The
formed coating is a ceramic oxide layer that consists
predominantly of a-Al,O3 and y-Al,O3 phases. Both alumina
phases are known for their excellent insulating characteristics,
which stem from their ceramic nature.

These alumina phases are effective electrical insulators due
to their high bandgap, which means that the material lacks free
electrons or mobile charge carriers necessary for conducting

— Al-6%Cu

Al-9%Cu

0.5 1.5 25

Voltage(V)

Fig. 7: I-V characteristics curves of specimens D and E.
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current. The absence of such charge carriers in these ceramic
materials explains the minimal current flow observed in the -
V curves at low voltages.

Fig. 7 shows an evident linear response of I-V
characteristics curve for Al 6%Cu and Al 9%Cu alloys. The
gradient of the curve provides the conductance value, which is
used to calculate the electrical conductivity of the specimens.
The electrical conductivity of Al-6%Cu and Al-9%Cu are 4.17
and 5.27 S/m, respectively. Notably, a higher electrical
conductivity value is observed at an elevated Cu content,
indicating the influence of CuO electrons on the electrical
conductivity of alloys. This is attributed to the presence of
metallic Cu inclusions within CuO, positively contributing to
conductivity.* The existing mobile charge carriers (electrons
or ions) can move without restrictions within the material and
determine the conductivity of the material.*!! In the case of
pure a-Al,Os3, free charge carriers are not available, hence, its
conductivity is zero. However, when CuO is combined with a-
Al,O3, Cu?* is introduced into the material, and acts as charge
carriers, thereby enhancing the conductivity of the
material.*2%31 Table 2 shows the summary of the electrical
conductivity results.

Table 2: Summary of the electrical conductivity results.
Copper content Electrical conductivity

Specimen code

(%) (S/m)
A 0 Insulating
B 1 Insulating
C 3 Insulating
D 6 4.17
E 9 5.27

4. Conclusion

This study demonstrated the influence of varying Cu content
in Al alloys on the electrical insulation and conductivity
properties of MAO coatings. The results indicate that
increasing Cu content in Al-Cu alloys contributes to a higher
presence of copper oxide (CuO) within the MAO coating layer.
While MAO coatings generally enhance electrical insulation
due to alumina phases (i.e., a-Al:Os and y-AlOs), higher
copper concentrations lead to increased conductivity, as
observed with Al-6%Cu and Al-9%Cu alloys. These findings
underscore the dual effect of copper incorporation: improving
certain conductive properties while potentially limiting the
insulating capability of the MAO coating, which could be
optimized based on the intended application. Future work
could further investigate the balance between conductivity and
insulation in Al-Cu alloys to develop coatings with tailored
electrical properties for specific engineering applications.
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