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Neodymium Magnet Rotating Speed-assisted Cu Electroplating In
Sulfate Solution Over An Al Alloy Substrate To Enhance Corrosion
Resistance, Hardness Characteristics, And Antibacterial Properties
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Copper (Cu) coatings enhance the corrosion resistance, hardness, and antibacterial properties of aluminum
(Al). To further optimize these traits, this study electroplated Cu onto an Al alloy under a rotating neodymium
magnet at various speeds. The resulting pure, face-centered cubic (FCC) Cu films were comprehensively
characterized. Results indicated that increasing the magnetic rotation speed decreased the deposition rate,
current efficiency, and crystallite size, while simultaneously increasing the film’s hardness, grain size, and
corrosion potential. Ultimately, a magnetic rotation of 250 rpm proved optimal, producing a compact Cu film
with maximum hardness, corrosion resistance, and bacterial inhibition.
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1. Introduction

Aluminum (Al) alloy is widely used in hospital equipment
due to the favorable mechanical properties and ease of
forming by the machining process [1, 2]. However, various
Al materials can act as vectors for bacteria transmission,
as pathogens spread through frequently touched hospital
equipment, including push plates, door knobs, tray tables,

railings, and tap handles [3]. This condition can be pre-
vented by coating Al using a material with antimicrobial
property such as copper (Cu).

Compared to Cu, Al does not possess an intrinsic an-
tibacterial activity [4] but plays an indirect role in influ-
encing the physicochemical properties of composite ma-
terials. Al can modify surface charge, enhance material
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stability, and alter ion release kinetics, thereby modulat-
ing the bioavailability and antibacterial efficacy of Cu. A
previous study by Hutasoit et al. stated that Al coated
with Cu would result in Cu ions being released more than
stainless steel (SS) coated using Cu, due to Cu-Al having
a negative galvanic potential [5]. This reaction occurs be-
cause bacterial activity is influenced by Cu released to the
environment.

Among various methods available for coating Al with
Cu, electroplating is one of the most widely used due to low
cost and ease of controlling the parameters [6]. Major pa-
rameters during electroplating include current, electrolyte
temperature, and magnetic field influence [7–9]. Generally,
these parameters control the arrangement of ion movement
to the cathode, which determines the resulting morphology
and crystallographic orientation of the deposited coating
[10].

During Cu electroplating on Al under the influence of
a magnetic field, Cu ions in the solution are affected by
multiple forces such as diffusion, convection, Lorentz, and
magnetic gradient force. These forces have a significant im-
pact on mass transfer and grain nucleation rate [11]. Specif-
ically, decreasing the rotation of the magnet with a south
pole near the cathode will reduce the deposition rate and
current efficiency due to multiple forces [12]. Deposition
rate and current efficiency strongly depend on the move-
ment of Cu ions to the cathode and hydrogen production,
respectively [13–15].

The rate of Cu ion transport to cathode plays a signif-
icant role in determining surface morphology, grain size,
and crystallographic orientation [7, 12, 16]. A dense sur-
face morphology can improve the barrier effect and enable
the protection of the substrate against corrosion attack,
thereby increasing corrosion resistance [17]. In addition
to morphology, crystallographic orientation, particularly
crystallite size, also affects the mechanical properties and
bacterial activity, which influence hardness and area of
inhibition. This is because the lowest crystallite size will
produce the highest hardness and the highest inhibition
area [18, 19]. Moreover, higher hardness corresponds to
the elevated dislocation density, which increases Cu ion
diffusion and microbial killing efficiency [5].

Despite the established relationships, there is still a lim-
ited report on the influence of the rotating magnetic field
during Cu electroplating [12, 20–22], as several studies
have mainly focused on the unrotated magnetic field [7, 9,
23, 24]. According to a previous study, different spinning
rates ( 0,50 , and 100 rpm ) cause variations in corrosion
resistance, hardness characteristics, and antibacterial prop-
erties [12]. Higher rotation of the south-pole magnet near

the cathode has also been reported to enhance antibacterial
activity and corrosion resistance.

Based on the description above, this study aims to
investigate Cu electroplating on Al alloy under rotating
neodymium magnet conditions (south-pole magnet near
the cathode) at various speeds. The main objective is to
understand the influence of spinning speed exceeding 100
rpm on deposition rate, current efficiency, surface mor-
phology, elements, and crystallographic orientation. The
physical properties are correlated to electrochemical behav-
ior, bacterial activity, and average hardness. The selected
spinning speed of 150, 200, and 250 rpm are adopted based
on a previous study using multiples of 50 rpm [12].

Fig. 1. Rotating magnetic influence apparatus [12].

2. Materials and methods

2.1. Material and Sample Synthesis

Al alloy ( 20 × 20 × 2 mm ) was used as substrate, Cu as
anode ( 50 × 50 × 2 mm ), and the electroplating bath (
0.5MCuSO4 + 20mlH2SO4 ) was prepared following the
procedures reported in a previous study [12]. Electroplat-
ing was performed using a Power Supply (MDB PS-305DM)
at 120 mA for one hour. During electroplating, a spinning
neodymium magnet was used to influence the movement
of Cu ions. Subsequently, three pieces of neodymium mag-
net were stacked, embedded, and arranged on the upper
side of the Teflon (South pole near the plating bath) as
shown in Fig. 1 [12]. Electroplating conditions were varied,
including the speed of the spinning magnet, 150, 200, and
250 rpm for Cu-150, Cu-200, and Cu-250, respectively. Be-
fore and after electroplating, the sample was weighed to
measure the deposition rate and current efficiency [12].



Journal of Applied Science and Engineering 33 (2026) 26033018 3

2.2. Characterizations

The surface morphology and elements were investigated
using a scanning electron microscope equipped with en-
ergy dispersive spectroscopy (SEM-EDS), JEOL (JSM-6510
LA). Moreover, crystallographic orientation was measured
using X-ray diffraction (XRD), Panalytical. The measured
XRD data were refined with the GSAS software [25]. The
average crystallite size was calculated using the Debye-
Scherrer formula, as presented in Equation 1 [26].

D = kλ/β · cos θ (1)

where, D is the average crystal size (nm), k is the shape
constant (k = 0.9), λ is the X-ray radiation wavelength
( Cukα = 0.15406 nm ), β is the full width at half maxi-
mum (FWHM) value (◦), and θ is the crystal plane’s peak
position (◦).

The electrochemical study was conducted using a Poten-
tiostat (Ossila) in 60 ml of 0.9% NaCl at room temperature.
A 1 cm2 Cu layer was exposed in a chloride solution as
the working electrode, Pt as the counter electrode, and
Ag/AgCl as the reference electrode. Before potentiody-
namic polarization (PP) measurement using 5mV/s (be-
tween -1.0 and 0.5 V ), an open circuit potential (OCP) was
applied for 1500 seconds. Moreover, the PP data were ex-
trapolated using the Tafel method, and the corrosion rate
was calculated using a method similar to that used in the
previous study [9].

The hardness was measured with microhardness (LECO-
LM 800 A ) using 100 g for 15 seconds of dwell time. A total
of four repeatable hardness measurements were conducted
at room temperature, and bacteria activity was tested using
Staphylococcus aureus ATCC 25923 (gram-positive bac-
teria). The test was incubated at 35 ± 2◦C for 24 hours,
followed by measuring the kill and inhibition areas using
Image-J software.

3. Results and discussions

3.1. Deposition Rate and Current Efficiency

Fig. 2 shows the variation in deposition rate and current
efficiency during Cu electroplating induced by a spinning
magnet. By increasing the spinning speed, the leading
deposition rate and current efficiency decreased. Based
on observation, a lower deposition rate indicates that poor
ions are placed over the cathode [9, 13], while a decrease
in current efficiency suggests an increase in discharge of
H+ions over the cathode [14]. The deposition rate and
current efficiency vary from 39.62 to 37.95µm/h and 99.81
to 95.59%, respectively.

Fig. 2. Deposition rate and current efficiency during
electroplating were induced by various spin rates of a

neodymium magnet.

Generally, the magnetic field inducing the electrochem-
ical process can affect a larger amount of hydrogen pro-
duced [27, 28]. Enhancing the magnetic field intensity can
also decrease the deposition rate and current efficiency due
to more hydrogen being produced over the cathode [9]. Ac-
cording to Fig. 2, both deposition rate and current efficiency
decreased with increasing speed of magnetic rotation. This
is due to high production of hydrogen during electroplat-
ing, thereby hydrogen bubbles disrupt the movement of
Cu ions. A previous study by Guo et al. stated that the
rise in magnetic rotation caused a significant increase in
hydrogen production [15]. Moreover, hydrogen could also
influence the kinetic layer growth by acting as an obstacle
to Cu ion movement [29].

3.2. SEM-EDS

SEM of various samples presented in Fig. 3 shows a non-
uniform surface morphology structure [30]. This indicates
that increasing magnet spinning did not make the surface
morphology uniform. However, dense surface morphology
was observed in Cu-250, which was influenced by the high-
est spinning speed during electroplating. EDS was also
conducted, as shown in Fig. 3, where Cu element was iden-
tified in various samples, and other impurities were not
presented. However, some previous studies reported the
presence of carbon (C), oxygen (O), or sulfur (S) elements
[31, 32]. Although other impurities were not found, Cu was
identified as an element on the sample surface, indicating
successful plating onto the Al alloy surface.

According to the SEM image, grain distribution using
Image-J followed by Origin software was conducted, with
results shown in Fig. 3. Based on observation, increasing
spinning speed caused a shift to wider grain sizes. A sig-
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Fig. 3. SEM-EDS and Grain distribution of electroplated samples (a) Cu-150, (b) Cu-200, and (c) Cu-250.

nificant increase occurred when the rotating speed rose
from 150 to 200 rpm, with grain size from 8.89 to 12.39µm.
Increasing the rotating speed to 250 rpm caused a change
of approximately 0.28µm. The formation of larger grain
sizes was found to be influenced by nucleation rate, as a
lower rate led to broader grain size [7, 16]. Moreover, a
decrease in grain size could raise many grain boundaries,
acting as a barrier to dislocation motion [33].

Fig. 4. Diffraction pattern of Cu electroplating induced by
a spinning magnet with various rotation rates.

3.3. X-ray Diffraction

Fig. 4 shows the calculated diffraction patterns of electro-
plated Cu samples with varying magnetic rotation, which
are fitted with the observed results. The FCC Cu phase,
corresponding with ICDD PDF-5 number #004-0836, was
found by X-ray reflections on crystal planes (111), (200),
(220), (311), and (222). This phase has peaks that are com-
parable to the values reported by Phul et al. [34]. Quali-
tatively, the speed of magnetic rotation did not affect the
formation of other phases. Based on the lattice constant -a
value of 0.3615 nm for the cubic Cu phase, Rietveld method
calculations showed that the three samples had no lattice
distortion.

In line with the analysis, enhancing the rotation speed
caused the average crystallite size to be refined from 93 to
87 nm. These results are consistent with a previous study,
where increasing the magnetic spinning speed leads to a
reduced crystallite size [12]. Moreover, the crystallographic
data of Cu samples electroplated with variations in mag-
netic rotation are shown in Table 1.

3.4. Electrochemical behavior

Electrochemical behavior was tested in a 0.9 % NaCl solu-
tion at room temperature. Specifically, NaCl was selected
because eccrine sweat and saline-infused solutions con-
tained 0.9 % NaCl [20]. In the medical equipment, expo-
sure to these two materials can cause corrosion. Prior to
PP, the OCP was monitored for 1500 seconds. Based on
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Fig. 5. Electrochemical behavior of electroplated samples (a) OCP and (b) PP.

Table 1. Diffraction refinement results of Cu electroplating induced by a spinning magnet with various rotation rates

Source Cu-150 Cu-200 Cu-250

Crystallography
Name: Cu
System crystal: cubic
Space group: fm-3m (225)

Lattice constant -a (nm) 0.3615 0.3615 0.3615
FWHM (111) (◦) 0.072 0.077 0.075
FWHM (200) ( ◦ ) 0.087 0.090 0.091
FWHM (220) ( ◦ ) 0.124 0.128 0.136
FWHM (311) ( ◦ ) 0.159 0.161 0.174

Average crystallite size (nm) 93 89 87

observation, Al substrate tends to shift both the EOCP and
corrosion potential of Cu films towards more negative val-
ues. Sadawy et al. reported a corrosion potential of Cu
in 3.5 NaCl is -0.240 (V) vs Ag/AgCl [35], while Samura
et al. conducted an electrochemical study of Cu in 0.9 %
NaCl and found that EOCP at 1200 seconds measurement
-0.014(V) vs Ag/AgCl, and corrosion potential was -0.241
(V) vs Ag/AgCl [36]. When compared with previous re-
ports, this study has a more negative EOCP and corrosion
potential.

As presented in Fig. 5 (a), the OCP measurement
showed that Cu -150 and Cu -200 samples shifted toward
more negative values until 1500 seconds, while Cu − 250
showed a movement to more positive values by increasing
time consumption. Moreover, Cu-150 samples produced
a more negative EOCP tendency than other samples at the
end of the measurement. A more positive value of the EOCP

indicates a higher driving force for reduction, suggesting
a significant increase in line with the rising magnetic spin-
ning rate [37]. The complete EOCP values are summarized
in Table 2.

The trend of OCP curve shows surface film behavior. A

Fig. 6. Average microhardness of various Cu films.

shift toward more positive value indicates the formation
of an oxide film on the surface, while a negative value
suggests dissolution of the oxide film and the formation
of CuCl film [38, 39]. This suggests that Cu 250 sample
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has a continuous form of Cu oxide until 1500 seconds of
measurement. In comparison, Cu -150 and Cu -200 samples
show the occurrence of dissolution of the Cu oxide in the
0.9%NaCl solution.

Fig. 5 (b) shows PP measurement in the 0.9%NaCl solu-
tion. In this study, the Tafel extrapolation method was used
to determine corrosion potential ( Ecorr ) and corrosion
current ( icorr ), with results shown in Table 2. Corrosion
rate was calculated using a method similar to the strategy
used in a previous study [12].

As shown in Table 2, more rotation of the magnetic field
was observed to cause a reduction in corrosion rate. This
behavior is associated with the quality and characteristics
of the deposited Cu film. According to Kim et al., OCP is an
indicator of corrosion potential that can identify corrosion
behavior [39]. When compared with the OCP results, the
Cu-250 sample showed a continuous shift toward a more
positive direction, indicating oxide formation. This oxide
layer acts as a protective barrier against aggressive species
such as Cl. In addition to oxide formation, the Cu-250 sam-
ple also has a dense morphology that can improve the bar-
rier effect and enable the protection of the substrate against
corrosion attack [17]. The combined influence of a stable
oxide layer and compact morphology results in superior
corrosion resistance for the Cu-250 coating. Furthermore,
Cu-250 film has a corrosion current of 0.443 µA/cm2 in
0.9%NaCl, which is lower than Cu1.95µA/cm2 [38].

3.5. Microhardness

The Vickers microhardness test was used to determine the
hardness of the samples, with four repeated measurements
conducted on top of the Cu layer. The average hardness
values presented in Fig. 6 ranged from 92.67 to 113.48 HV. A
previous study conducted by Ibrahim and Bakdash found
Cu film hardness between 96-97 HV when electroplated
Cu at various temperatures ( 20 − 40◦C ) [40]. Moreover, at
static conditions, presenting a magnetic field promotes an
increase in the hardness [41].

As shown in Fig. 6, increasing the magnetic rotation
speed further improves the hardness of the Cu layer due to
changes in crystallite size. According to Wagih and Shaat,
crystallite size is the main factor influencing the mechani-
cal properties, including the hardness of the material [42].
This is because the lowest crystallite size will produce the
highest hardness [18]. Compared to the XRD refinement,
increasing the spinning rate leads to a reduction in crystal-
lite size, which contributes to the observed improvement
in hardness.

3.6. Antibacterial Test

Fig. 7 (a) shows the kill and inhibition areas of various
samples subjected to Staphylococcus aureus ATCC 25923
bacteria. The area of inhibition is shown between the red
and blue lines in Fig. 7 (b), while the kill area is inside the
red line. The higher areas are presented in the Cu-250 sam-
ple, while the lowest is observed in Cu-200. In comparison,
the difference observed between 150 and 200 rpm samples
suggests that lower spinning rates have only a limited ef-
fect on antibacterial performance, which can be attributed
to similarities in the resulting surface morphology [43].
Attributed to the release of Cu ions to the environment,
more ions released could more effectively inhibit bacterial
growth [32]. As shown in Fig. 3, the Cu-250 has a denser
surface morphology than the other sample.

Several studies have found that antibacterial efficiency
is influenced by coating hardness [44–46]. Hutasoit et al.
have found that higher hardness corresponded to a greater
dislocation density, causing an increase in Cu ion diffusion
and microbial killing efficiency [5]. According to Figure 6,
higher hardness was observed in Cu-250 sample, which
enhanced the kill and inhibition areas. Cu-250 also has the
lowest crystallite size, which produces the highest inhibi-
tion area [19]. Syamsuir et al. also found that a smaller
crystallite size of the Cu film would lead to a larger area of
inhibition [20]. This behavior is due to the lowest crystallite
size, causing a larger surface area [47], with high release of
Cu ions and a greater inhibition area.

4. Conclusions

In conclusion, this study successfully synthesizes Cu elec-
troplating under various spinning rates of magnetic influ-
ence. The results show that the magnetic spinning rates
influence deposition rate, current efficiency, surface mor-
phology, grain size, crystallite size, corrosion resistance,
hardness, and area of inhibition. An increase in magnetic
rotating rate lead to poor placement of Cu ions on the cath-
ode and high discharge of H+ions, thereby reducing the
deposition rate and current efficiency. In comparison, a
decrease in deposition rate leads to low nucleation rate,
causing an increase in grain size and denser surface mor-
phology, which contributes to a higher corrosion resistance
of Cu film. Moreover, a rise in magnetic spinning rate
promotes a decrease in crystallite size, which increase the
hardness of Cu films. Higher hardness, associated with in-
creased dislocation density and enhanced Cu ion diffusion,
leads to improved microbial killing efficiency and a larger
inhibition area. Moreover, future studies are recommended
to optimize Cu electroplating induced by speed rotation
exceeding 250 rpm , with varying neodymium magnets of
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Table 2. Electrochemical behavior result

Samples Ecorr (V) vs Ag/AgCl icorr (µA/cm2) Corrosion rate (mm/y) Eocp (V) vs Ag/AgCl
Cu-150 -0.462 4.857 5.63 × 10−2 -0.556
Cu-200 -0.397 3.814 4.42 × 10−2 -0.421
Cu-250 -0.237 0.443 5.14 × 10−3 -0.113

Fig. 7. Antibacterial test result of electroplated samples (a) Kill area and area of inhibition, and (b) Cu-250 sample kill area
and area of inhibition visualization.

more than three pieces.
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