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e anti-corrosion characteristics of
surface modification of h-BN and carbon
nanotubes/magnesium composites in simulated
seawater

Victor Sunday Aigbodion, *abc Abdulmajeed Abdullah Alayyafd

and Chinemerem Jerry Ozoudee

In order to address the issues of wettability and scattering between matrix and reinforcement and enhance

corrosion resistance, the effects of incorporating hexagonal boron nitride (h-BN) into magnesium-carbon

nanotubes (Mg-0.5 wt% CNTs) nanocomposites were successfully investigated. An inventive coating with

h-BN using a novel electroless chemical deposition technique and double stir casting were used. The

composites were produced by varying weight percentages of h-BN (0, 2, 4, and 6). The corrosion

testing, microstructural analysis, and physical testing of the samples were carried out. A corrosion

resistance of 75.1% was obtained when the 4 weight percent of h-BN content was compared to Mg-

0.5% wt% CNTs. Even though the relative density increased noticeably, this was due to the uniform

dispersion of h-BN nanoparticles over the entire surface. Researchers have established that adding

4 wt% h-BN to the Mg-0.5 wt% CNT nanocomposite can improve the wettability between Mg and CNTs

and enhance the corrosion resistance properties.
1 Introduction

Hybrid metal matrix nanocomposites (HMMNCs) provide an
exciting and promising breakthrough in the domains of mate-
rials science and engineering.1,2 These materials are created by
combining nanobers or nanoparticles with a metal matrix to
develop a composite material with enhanced properties.
HMMNCs are considered the next generation of metal matrix
nanocomposites (MMNCs) for advanced industrial applications
due to their many advantages.3 The addition of nanoparticles,
such as CNTs, graphene, or ceramic nanoparticles, into a metal
matrix can signicantly enhance the mechanical properties of
HMMNCs. Improved hardness, wear resistance, stiffness,
corrosion, and strength are a few instances of this.4,5 Improved
stability and heat conductivity make HMMNCs suitable for
high-temperature applications, such as components used in
automobiles and aircra. Because HMMNCs reduce material
nment, University of Johannesburg, P. O.

il: victor.aigbodion@unn.edu.ng

Engineering, University of Nigeria, Nsukka

iversity of Nigeria, Nsukka Postal Code

ces, King Saud University, Riyadh 11451,

ering, University of North Texas, Denton,

4164
weight without sacricing strength, they are useful in areas
where weight reduction is essential, such as in the aircra and
automotive industries.6

Applications like electromagnetic shielding or electronic
packaging can benet from HMMNCs' specic electrical and
magnetic properties.7 Certain high-molecular-weight nano-
composite materials (HMMNCs) have the potential to provide
enhanced corrosion resistance in harsh environments, such as
offshore projects.8 Nanoparticles improve the tribological (wear
and friction) and corrosion properties of HMMNCs. This means
that they can be used in places where corrosion is a problem,
like in bearings and other mechanical parts.9 Several industries,
including aerospace, automotive, electronics, energy, andmore,
use HMMNCs.10 They have a lot of potential for usage in highly
performance-demanding, cutting-edge technological applica-
tions. As technology and materials science advance, HMMNCs
are anticipated to play a critical role in supplying materials with
enhanced performance and customisable characteristics that
meet the demands of complex industrial applications.

To fully achieve the promise of these state-of-the-art mate-
rials, scientists and engineers continue to explore new combi-
nations and manufacturing techniques. Several industries,
particularly the automotive and aerospace sectors, are showing
a great deal of interest in magnesium metal matrix composites.
Magnesium metal matrix composites are becoming an indis-
pensable material in industrial applications due to their
exceptional properties that outperform those of conventional
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
materials.11 Mg metal matrix composites combine the benets
of carbon bres and ceramics with the lightweight nature of
magnesium to address the pressing need for high-performance
materials in a range of industrial applications.12 Of these rein-
forcements, carbon nanotubes (CNTs) have garnered the most
attention due to their exceptional properties and capacity to
dramatically improve the performance of magnesium metal
matrix composites.13 The addition of CNTs signicantly
improves the mechanical properties of the Mg metal matrix
composites. Adding CNTs to the Mg matrix makes it stronger
and harder, creating a network of reinforcements that effec-
tively stops dislocation movement.14 In addition to mechanical
improvements, the combination of CNTs with Mg-matrix
produces noticeable benets in terms of thermal and elec-
trical conductivity.15 Consequently, researchers have recently
conducted numerous investigations to enhance the mechan-
ical, corrosion, tribological, and physical properties of magne-
sium metal matrix composites by incorporating carbon
nanotubes (CNTs) as reinforcements using diverse production
techniques.16 For instance, Goh et al.17 used the powder metal-
lurgy technique to create magnesium-CNT composites con-
taining 00.3 wt% CNTs. They found a 25% increase in tensile
strength compared to pure magnesium. Upadhyay et al.18

investigated Mg-based composites reinforced with 4 weight
percent CNTs. They concluded that the Mg/0.4 wt% CNTs
composites enhanced their tensile strength. According to Zhang
et al.,19 the Mg/0.5 wt% CNTs produced by the electrophoretic
deposition process exhibited a tensile strength improvement of
around 35%. Yakup et al.20 studied the corrosion properties of
CNTs in Mg and discovered that adding more CNTs below
0.2 wt% made the material more resistant to corrosion. This
was because the CNTs grouped together and spread out. Naing
et al.21 mixed Mg with 0.3 and 1.3 wt% CNTs and tested how fast
it corroded in simulated seawater. They found that the higher
rate of corrosion was caused by microgalvanic action between
the Mg matrix (anodic) and the CNTs (cathodic). Saberi et al.22

and Hiroyuki et al.23 found that the galvanic effect plays a vital
role in the corrosion of carbon nanotubes and the AZ31B
magnesium alloy. The literature above reveals that the
increased corrosion rate of Mg and CNTs stems from the
microgalvanic interaction between the anodic Mg matrix and
the cathodic CNTs, which occurs when the CNTs exceed
0.2 wt%.We endeavored to boost the CNT percentage to 0.5% by
coating the CNTs with h-BN, thereby improving their uniform
distribution within the Mg matrix. Adding h-BN as a reinforcing
ingredient to Mg matrix composites (MMCs) has potential,
because of its low coefficient of friction and ability to lubricate
itself, h-BN is an attractive addition to MMCs. High temperature
settings or vacuum conditions, which restrict the use of tradi-
tional liquid lubricants, greatly benet from the self-lubricating
properties of h-BN.24,25

According to a review of the literature, no one has looked
into what happens when h-BN is added to Mg/CNTs/h-BN
hybrid composites. These composites combine the benets of
h-BN in the Mg matrix25 and CNTs.26,27 This combination makes
the material perfect for usage in both industrial and automotive
applications. The point of this study is to nd out how h-BN and
© 2024 The Author(s). Published by the Royal Society of Chemistry
nano-sized CNTs inuence the microstructure, densication,
and corrosion resistance of Mg/0.5 wt%/(0–6 wt%) h-BN
composites made by double stir casting. The electroless depo-
sition of Ni onto the surfaces of h-BN and CNTs signicantly
improved the wettability between the reinforcements and the
Mg matrix.

2 Materials and method

In this study, Mg-0.5 wt% CNTs was used as a base to make
hybrid composites that were strengthened with h-BN particles
at 0, 2, 4 and 6 wt%. The experimental protocols employed
a two-fold stir casting procedure to yield hybrid composites with
a Mg-0.5 wt% CNT/h-BN.

2.1 Materials

In Lagos State, Nigeria, an electrical rm produced magnesium
ingots with 99.99% purity as a matrix. Rice husks were obtained
in Ebonyi State, Nigeria; the nanoshell h-BN, with an average
particle size of 70–80 nm and a purity of 99%, was obtained in
JoelChem, Nigeria.

2.2 Method

2.2.1 Production of CNTS from rice husks. Researchers
developed carbon nanotubes (CNTs) with a thickness of 15 nm
using rice husk. The solvent self-ignition temperature method
converts rice husk (RH), a paddy residue, into carbon nanotubes
(CNTs). The rice husks (RH) were washed, cleaned with deion-
ized water, and dried for eight hours at 100 °C. Aer being
reduced to a ne powder, the dry RH was sieved to a 65 mm
particle size. Ethanol was used to dissolve the catalyst, ferro-
cene, and the dry RH. The mixture was covered with an
aluminium sheet. The samples were placed in the quartz tube's
core and heated using a Samsung microwave oven model M539
MAN200405W, which has a 700 W power output and operates at
2.55 GHz. The produced carbon nanotubes were sonicated for
two hours in a water bath aer being suspended in 60 millilitres
of concentrated HNO3 and H2SO4 solution in a 3 : 1 ratio. Aer
that, the rened CNTs were rinsed many times with distilled
water and let to dry at 110 °C for 24 hours.28,29

2.2.2 Surface modication of h-BN and CNTs. The surface
particles of h-BN and CNTs were coated using the electroless
process to improve the bonding between the matrix and the
reinforcements. The two primary procedures in the electroless
nano-Ag coating technique that were used to deposit nano-Ag
on the surfaces of either h-BN or CNTs were sensitization and
nano-Ag deposition. The h-BN and CNTs are immersed in a 10%
sodium hydroxide solution and vigorously agitated for one
hour, aer which they are immersed in acetone for an addi-
tional hour to enhance their surface sensitivity and effectively
remove any surface contaminants. Following that, distilled
water was used to wash the h-BN and CNTs aer they had been
ltered and dried in electric furnace at 110 °C for an hour.

The bath's solution, which included 300 mL L−1 of formal-
dehyde and 3 g L−1 of silver nitrate, was adjusted to a pH of 12
using ammonia. As soon as formaldehyde was introduced, the
RSC Adv., 2024, 14, 24152–24164 | 24153
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Fig. 1 Variation of density with wt% h-BN content.
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reaction began. Aer 10 minutes of room temperature magnetic
spinning, the solution containing h-BN and CNTs was sus-
pended. The electroless process was successfully nished in less
than half an hour. Aer ltering, acetone was used to clean the
mixture. Aer that, it was vacuum-dried at 110 °C for an hour.27

The electroless chemical deposition technique coats h-BN or
CNTs with 30 percent Ni. To nish this procedure, the predicted
amounts needed are 80 gL−1 potassium sodium tartrate, 100
gL−1 nickel chloride, 50 gL−1 ammonium chloride, and 100
gL−1 sodium hypophosphite. A temperature of around 100
degrees Celsius and a pH of approximately 9.2 are established.
The liquid is then combined with different amounts of ceramic
powder.11

2.2.3 Mg-CNT/h-BN composite nanoparticles
manufacturing. To develop the Mg-CNTs/h-BN hybrid nano-
composite, the double stir casting technique described below
was used. The bottom of the graphite crucible was lled with
0.5 wt% CNTs with varying weight percentages of xh-BN (x = 0,
2, 4, and 6 wt%). The projected weight of the magnesium ingot
was then charged, heated to 750 degrees Celsius, and steeped
for 30 minutes in an argon atmosphere. Once the molten metal
had fully melted, degassing tablets (hexachloroethane) were
used to reduce porosity. To stir the molten metal twice at
a speed of 250 rpm, a stainless steel-coated graphite stirrer was
employed, and it was lowered progressively into the melt. The
material was then put into a mould that had been heated to
500 °C for 30 minutes in order to achieve uniform solidication.
The sample was machined aer casting in order to determine
its mechanical and physical properties.

2.2.4 Characteristics of Mg-CNTs/h-BN hybrid nano
composites. The density of the sintered hybrid composite
samples was calculated using the Archimedes principle in
compliance with MPIF Standard 42, 1998. Both air and distilled
water were used for measurements prior to determining the
samples' densities. The samples' morphological composition
was examined using a scanning electron microscope (SEM). To
prepare the hybrid composite samples for microstructure
examination, they were rst ground using ne-grit paper and
then polished with alumina paste. X-ray diffraction (XRD)
analysis with Cu k radiation (l = 0.15406 nm) was used to look
into the structure of the phases in the samples. The polished
hybrid composite samples in the United States underwent
a Vickers hardness instrument test. For every sample, the mean
of ve readings was selected at random. A dwell time of 15
seconds and an applied load of 300 g of hardness were used.
Electrochemical experiments utilising the model CHI660D
electrochemical (CH Instrument, USA) equipment were used to
determine the corrosion behaviour. A standard three-electrode
electrochemical cell was used for the studies. The surface area
of the specimen, measured in centimeters, served as the
working electrode, while platinum (Pt) served as the counter
electrode and AgCl model C2015B1-5 (China) served as the
reference electrode. The electrodes were immersed in simulated
saltwater in a 250 mL beaker. For 3600 seconds—the amount of
time required for the open circuit potential (OCP) to approach
a quasi-stationary state—the OCP data was determined. A scan
rate of 0.5 mV s−1 was used to assess polarisation. A 10 mV
24154 | RSC Adv., 2024, 14, 24152–24164
small-amplitude AC pulse, ranging in frequency from 0.1 Hz to
0.5 MHz, impressed the EIS. The electrochemical parameters,
such as the corrosion potential (Ecorr), corrosion current density
(icorr), and corrosion rate, were computed using Tafel plots. The
impedance data was then examined using Nyquist plots. Anal-
ysis was done on the parameters derived from the best similar
circuit. Eqn (1) was used to calculate the polarisation
resistance.18

Rp ¼ babc

2:3icorrðba þ bcÞ
(1)

where; anodic constant = ba, current density = icorr, cathodic
constant = bc
3 Results and discussion
3.1 Al-CNTs/h-BNH hybrid composite density

The density of casted Mg-CNT-based hybrid composites was
calculated using Archimedes' principle, and the theoretical
density was estimated using the role of the mixture. Fig. 1
displays the relative density of the Mg-0.5 wt% CNT hybrid
nanocomposites reinforced with different weight percent h-BN
ratios of 0, 2, 4, and 6. It shows a consistent increase in
density as the h-BN ratio increases. The greater densities of h-
BN and Mg, at 2.1 and 1.78 g cm−3, respectively, may be
attributed. Additionally, the great it's also important that the
CNTs and h-BN are spread out evenly in the magnesiummatrix.
This is possible because the nano-Ag and Ni coatings on surface
keep them almost 99.5% of the castedMgmatrix densied. This
is in consistent with the work of ref. 30.
3.2 Microstructure

Fig. 2 and 3 displays the samples' microstructures at various h-
BN levels. Fig. 2 and 3 show that the Mg granules are unevenly
distributed, specically, when compared to one another, the
grains on the le side of the surface are bigger than the ones on
the right. Furthermore, it is evident that the distribution of
grains varies along the surface. With the addition of h-BN at
a 2% level, the microstructure somewhat improved. This is due
to the h-BN addition, which reduced the particle size relative to
the unreinforced sample and almost uniformized the particle
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The SEM images of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid composites reinforced with the 0, 4 and 6 wt% of nano h-BN.
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distribution. It is notable that the h-BN addition prevented the
grains from becoming larger and helped to coordinate and
organize them. An important nding is the uneven distribution
of Ag and Ni grains among the Mg and h-BN grains which is
visible as white phases in the microstructure. The distribution
of Mg particles at 4% h-BN was more uniform when the particle
size decreased; compared to 2% h-BN. Ag and Ni grains are
emerging in addition to the Mg and CNT nanoparticles.
Notably, despite the absence of pores in the section with 2% h-
BN, a few of them appeared on the surface in a dense way. Fig. 2
shows that as the percentage of h-BN increases to 4%, the size
and distribution of the grains become smaller and more
uniform compared to their previous proportion. Furthermore,
we see that at a percentage of 4% h-BN, the best plastic
formation and dynamic recrystallization are clearly visible. Two
main factors were responsible for this observation: 1. h-BN
reduced the number of microscopic holes by making it easier
for the granules to slide over one another. 2. The addition of Ag
and Ni coatings reduces internal holes and enhances granule
adhesion,30 as the h-BN percentage increases to 4%, Fig. 3
© 2024 The Author(s). Published by the Royal Society of Chemistry
illustrates how plastic formation and dynamic recrystallization
occur, producing small grains and regularity in the particles.
There were even amounts of nickel and silver grains on and
between the carbon nanotube, h-BN, and magnesium, which
made the size and pores smaller. Fig. 2 and 3 show that when
the wt% h-BN goes up to 6, there is less wettability, whichmakes
more porosity or voids by making it harder for particles to pack
together and move around. The reason for this was that the
thickness of themoltenmetal prevented the CNTs and h-BN's in
the Mg matrix from becoming improperly wettable. In the work
of,31,32 the stir casting method yielded similar results.

3.3 Phase analysis by XRD

Fig. 4 displays an X-ray diffraction (XRD) study of a magnesium-
0.5 wt% carbon nanotube (CNT) nanocomposite. It was
evidence that at 45 and 61°, in all these samples, this corre-
sponded to a-Mg and CNTs phases. However, there is an
absence of h-BN phases in the XRD spectrum of 0 wt% h-BN.
The presence of h-BN phases was obtained in the composites
of 2, 4, and 6 wt% h-BN at 73 and 80°, respectively. No chemical
RSC Adv., 2024, 14, 24152–24164 | 24155
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Fig. 3 The TEM images of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid composites reinforced with the 0, 4 and 6 wt% of nano h-BN.
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precipitation happened when the Ag and Ni particles were
deposited, which shows proper bonding between the Mg, CNTs,
and h-BN. The recognised peaks for Mg, CNTs, and h-BN, which
show no undesirable new phases, indicate that the casting
conditions were under control. The crystallite size generally
decreases with an increase in coated h-BN weight, with the
exception of 6 wt% h-BN.
3.4 Corrosion behaviour

3.4.1 Open circuit potential. The samples were submerged
in a 3.5% NaCl solution at 25 °C, and their anticorrosion
performance was evaluated using open circuit potential (OCP)
testing. Fig. 5 illustrates the cathodic corrosion shielding effect
of the sample. The production of surface oxides and other
corrosion products was linked to the Mg-CNTs-4% h-BNs
somewhat higher OCP, and hence a higher potential value
was obtained with samples with h-BN addition. The Mg-0.5 wt%
CNTs samples containing h-BN exhibited higher noble poten-
tial values compared to the Mg-0.5 wt% CNTs. This difference
24156 | RSC Adv., 2024, 14, 24152–24164
can be attributed to h-BN acting as a protective mechanism
against corrosion of the Mg-0.5 wt% CNTs. As a result of this
event, OCP values shi, moving towards a nobler state. This is
especially noticeable in the Mg-0.5 wt% CNTs-4% h-BN sample,
which suggests improved protective qualities. Moreover, we
observed the impact of h-BN concentration on the OCP of the
Mg-0.5 wt% CNTs over the 3600 seconds immersion time, and
the OCP remained constant, indicating the achievement of
a steady-state potential. However, we observed OCP variations
in other samples during the 3600 seconds time period, sug-
gesting the potential for stabilisation through further testing.

3.4.2 Tafel curves for potentiodynamic polarisation. Tafel
measurements, or linear potentiodynamic polarisation, were
used to examine the protective qualities of casted Mg-0.5 wt%
CNTs/h-BN nanohybrid composites reinforced with 0, 2, 4, and
6 wt% of nano h-BN in a 3.5% NaCl solution. Fig. 6 and Table 1
display key polarisation characteristics such as the corrosion
potential (Ecorr), the corrosion rate (CR), and the current density
(icorr). Tafel graphs showing the corrosion behaviour of casted
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The XRD analysis of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid composites reinforced with the 0, 2, 4, and 6 wt% of nano h-BN.

Fig. 5 OCP curves of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid
composites reinforced with the 0, 2, 4, and 6 wt% of nano h-BN.

Fig. 6 Tafel curves of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid
composites reinforced with the 0, 2, 4, and 6 wt% of nano h-BN.
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Mg-0.5 wt% CNTs/h-BN nanohybrid composites reinforced with
0, 2, 4, and 6 wt% of nano h-BN composite are shown in Fig. 6.
This method made it easier to evaluate how well various h-BN
lms protected against corrosion. Signicantly, as Fig. 6
shows, the polarisation curves of the with-h-BN and without-h-
BN samples showed clear variances, indicating different corro-
sion behaviours among the materials examined.

When compared to the Mg-0.5 wt% CNTs/0% h-BN, the
corrosion resistance of the samples h-BN signicantly
improved, as shown by a shi in corrosion potential (Ecorr)
towards a more noble positive potential and a decrease in
corrosion current (icorr). This enhancement is usually ascribed
to the protective function of the h-BN, which shields the sample
© 2024 The Author(s). Published by the Royal Society of Chemistry
surface and encourages a positive shi in Ecorr and icorr. This
protective mechanism in composite coatings is linked to barrier
and passivation effects. The correlation between corrosion
resistance and potential underscores the importance of corro-
sion current density in determining the corrosion rate. Inter-
estingly, the sample with 4% h-BN showed increased resistance
to corrosion. The Mg-0.5 wt% CNTs/0 wt% h-BN sample showed
the greatest values for corrosion rate (CR), corrosion current
density (icorr), and low polarisation resistance (Rp),
RSC Adv., 2024, 14, 24152–24164 | 24157
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Table 1 Tafel and EIS results of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid composites reinforced with the 0, 2, 4, and 6 wt% of nano h-BN

h-BN
(wt%)

icorr
(A cm−2)

Ecorr
(V)

Polarisation
resistance (U)

Corrosion rate
(MPY)

Rct
(U cm2)

Cpdl

(mF cm−2) × 10−4
CPE ×

10−4 U−1 sn cm−2 X2 × 10−4

0 3.57 × 10−3 −0.37 35 17.07 8.24 1000.13 5.6 3
2 1.94 × 10−3 −0.29 101 9.68 9.46 701.38 3.4 2
4 3.10 × 10−4 −0.19 145 3.35 11.00 473.45 2.1 1
6 1.71 × 10−3 −0.27 108 8.71 9.80 688.65 3.2 2
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demonstrating its lower corrosion resistance in the corrosive
medium (3.5% NaCl) (Table 1).

The Mg-0.5 wt% CNTs with h-BN, on the other hand, greatly
increased Rp while decreasing CR and icorr. This shows that the
h-BN particles are effectively blocking the entry of chloride ions.
Reductions in CR and icorr readings indicate that the 4% h-BN
sample performed better than the 0% h-BN. This better
performance is believed to be due to increased adhesive
strength, potentially preventing gaps or holes from forming in
the sample. In addition, it's possible that the inclusion of 4% h-
BN in the matrix minimised their sizes and boundaries and
stopped micro-voids in samples, all of which improved corro-
sion resistance. On the other hand, a higher concentration of
6% h-BN would encourage the development of bigger grain
boundaries, providing more channels for the penetration of
chloride ions and raising the values of CR and icorr. Further-
more, compared to ndings obtained without h-BN, the inclu-
sion of h-BN lowers passivation current and oxide monomer
current density, suggesting the production of a less conductive
composite with enhanced protective qualities.19

Lower corrosion current and higher maximum polarisation
resistance are the results of adding h-BN, which suggests
improved protective qualities.27 It is well known that barrier
effects and electrochemical protection are the two main
components that enhance corrosion resistance in composites.
Electrochemical protection mechanisms, stated differently,
justify the establishment of a passive layer on the sample
surface and the increase in corrosion potential. This results in
a reduction of the corrosion current density and, therefore,
a percentage drop in the composite's corrosion rate.

Fig. 6 illustrates how the Mg-0.5 wt% CNTs/0% h-BN
composite's corrosion potential shied towards the anodic
region in contrast to the addition of h-BN. It was evidence that
the dispersion degree of CNTs in the matrix, the cathodic
properties of CNTs, and the galvanic couplings between the Mg
and CNTs are the factors that affect the corrosion resistance of
Mg/0.5 wt% CNTs composites. The addition of h-BN formed
during the creation of magnesium matrix composites rein-
forced with carbon nanotubes (CNTs) and potential variations
are signicant factors inuencing the corrosion resistance of
these materials. Combining h-BN with magnesium hydroxide in
a a-phase composite undergoing corrosion results in the
production of a passive layer with a sizable surface area. This
characteristic stops chloride ions from piercing sample
surfaces, slowing down the pace of corrosion. However, the
oxide layer that turned into metal chloride is broken down by
24158 | RSC Adv., 2024, 14, 24152–24164
the presence of chlorine ions. This causes magnesium (OH)2 to
convert into magnesium chloride, which accelerates in the Mg-
0.5 wt% CNTs/0% h-BN composites.33–35

3.4.3 Electrochemical impedance spectroscopy (EIS). EIS
was used to conrm how well the composites under investiga-
tion prevented corrosion when immersed in a 3.5% NaCl solu-
tion. The EIS spectra of the Nyquist and Bode plots of the cast
Mg-0.5 wt% CNTs/h-BN nanohybrid composites that were
strengthened with 0, 2, 4, and 6% wt% nano h-BN samples can
be seen in Fig. 7. The corrosion process's charge transfer is
explained by the single capacitive loop shown in the Nyquist
plots. The diameter of the loops grows as the wt% h-BN rises 4.
The diameter of the circle increases much more with the
addition of h-BN, suggesting that the increased electrode
surface covering by h-BN is the cause of the composite
increased resistance.36 This suggests that the impedance of the
composite rises. It was observed that the semicircle diameter of
the sample with h-BN is larger than the sample without h-BN.
Higher corrosion resistance is oen indicated by a sample
with a bigger semicircle diameter or more impressive persis-
tence of charge transfer.13 The decrease in corrosion rate seen
when charge transfer resistance increases are thought to be
caused by the corrosion products generated at the sample
surface.24,34

As the percentage of h-BN increased to 4, the overall
impedance arc diameter increased signicantly in the sample.
The sample with 4% h-BN had the largest capacitive arc width,
which meant it was the best at protecting against corrosion.
Comparing the sample without h-BN addition makes this clear.
The corrosion enhancement of the h-BN was attributed to the
formation of a barrier between the corrosive electrolyte and the
sample surface; the resultant oxide layer passively increased the
materials' resistance to corrosion.

There is an obvious semi-circle loop showing the formation
of an oxide layer; a bigger radius of the semi-circle indicates
a more powerful protection efficacy of the passive layer that is
created. Likewise, peel-off in the passive layer may be inferred
by the inductance loop. Fig. 8 illustrates how the impedance
plots are tted using an analogous circuit with a single time
constant.

Solution resistance (Rs) and double layer capacitance (Cdl),
which are connected in parallel to the charge transfer resistance
(Rct), are components of the analogous circuit. Since the metal/
solution contact does not equate to an ideal capacitor, CPE is
swapped by double layer capacitance, Cdl, to get a more accurate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Equivalent circuit model used to fit the impedance data.

Fig. 7 (a) Nyquist plots (b) Bode impedance plots (c) Bode phase angle plots of the casted Mg-0.5 wt% CNTs/h-BN nanohybrid composites
reinforced with the 0, 2, 4, and 6 wt% of nano h-BN.
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semicircle t. A CPE's impedance may be found in the following
expression (eqn (2)):

ZCPE ¼ 1

Z0ðjwÞn (2)

The CPE magnitude is represented by Z0, the imaginary
number j is equal to the square root of −1, the angular
frequency is represented by w in rad s−1, and the phase shi,
which is associated with the double layer's inhomogeneities, is
represented by n. The formula where wmax is the maximum
frequency at which the imaginary component of the impedance
has a maximum may be used to get the Cdl for a circuit that
includes CPE (eqn (3)).

Cdl = Z0(wmax)
n−1 (3)

Table 1 provides the EIS parameters. Rct and Cdl are the
primary parameters derived from EIS data. In general, a drop in
Cdl values accompanied by a rise in Rct values indicates that the
enhanced surface coverage and corrosion prevention perfor-
mance in the solution. The resulting Bode diagrams conrm the
enhanced h-BN effect as visualised by Nyquist plots. While the
Bode phase angle diagram shows a more negative value of the
phase angle at high frequency with increasing wt% h-BN, the
Bode modulus diagram shows an increase in the impedance
modulus over the whole frequency range. The resistance to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
transfer of charge (Rct) value, also known as the barrier that the
passive layer offers for the transport of charge, may be used to
assess the efficacy of the passive layer in this situation.37,38

Greater Rct values suggest that more excellent corrosion resis-
tance is attained by decreased ion movement in the passive
layer during the deterioration operation. As shown in Fig. 8a,
the 0% h-BN composite has smaller semi-conductive loops than
the h-BN samples, which may indicate that the h-BN has better
passive layer-created obstacle efficiency. The chi-square (x2)
values were used to verify that the equivalent circuit tted to the
specication. An optimal t is oen indicated by values of x2

between 10−3 and 10−5.39,40 The suggested equivalent circuit
yielded relatively modest (<1 × 10−3) x2 values (Table 1), indi-
cating that the obtained impedance spectra suited the sug-
gested equivalent circuit well.
RSC Adv., 2024, 14, 24152–24164 | 24159
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3.4.4 Evaluation of the samples corroded. A SEM was used
to analyze the corroded surfaces of the composite covering (see
Fig. 9). It was shown that the Mg-0.5 wt% CNTs/0% h-BN
samples exhibited a higher tendency to pit than the h-BN
samples. There were several pits encircled, indicating that pit
formation continued throughout the exposure time and accu-
mulated on the surface (Fig. 9a). The Mg-0.5 wt% CNT sample
produced the greatest number of corrosion sites, which may be
attributed to microgalvanic activity between the cathodic CNTs
and the anodic Mg matrix. The h-BN material's degraded
surface showed that the h-BN ingredients had successfully
stuck to the surface to fend against corrosion attack. The
samples were encased in h-BN, which formed a passive
corrosion barrier. The h-BN composite samples' hard phases
provided protection against corrosive action by reducing the
amount and kind of surface damage. The Mg-0.5 wt% CNTs/
4% h-BN specimens, in particular, showed very little overall
Fig. 9 SEM Corroded surface of casted Mg-0.5 wt% CNTs/h-BN nanohy
nano h-BN.

24160 | RSC Adv., 2024, 14, 24152–24164
damage, highlighting the function of h-BN in preventing
sample degradation. Furthermore, the efficient dispersion of
h-BN hindered the corrosion process. This helped to close the
pores and limit the paths that electrolytes and corrosive ions
might take.

Atomic force microscopy (AFM) in contact mode was used to
further assess the corrosion surface roughness. Fig. 10 displays
typical AFM pictures of the corroded surface, the ndings
demonstrated that the sample of 4 wt% h-BN had higher
average surface roughness values, which suggests the existence
of passive lms and corrosion product. For example, mean
roughness values of 1.7, 2.4, 5.2 and 3.5 nm were obtained at 0,
2, 4 and 6 wt% h-BN, respectively. The ndings support earlier
research of,40–43 which showed that surface roughness rose with
the formation of passive lms. The reason why 4 wt% h-BN
sample with a greater level of roughness is considered supe-
rior for corrosion resistance of the samples.
brid composites reinforced with the (a) 0, (b) 2, (c) 4, and (d) 6 wt% of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a): AFM Corroded surface of casted Mg-0.5 wt% CNTs/0 wt% h-BN nanohybrid composites. (b): AFM Corroded surface of casted Mg-
0.5 wt% CNTs/2 wt% h-BN nanohybrid composites. (c): AFM Corroded surface of casted Mg-0.5 wt% CNTs/4 wt% h-BN nanohybrid composites.
(d): AFM Corroded surface of casted Mg-0.5 wt% CNTs/6 wt% h-BN nanohybrid composites.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24152–24164 | 24161
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4 Conclusions

The rst attempt to cover magnesium-carbon nanotubes (Mg-
0.5 weight percent CNTs) with hexagonal boron nitride (h-BN)
was investigated. This was done using a new electroless chem-
ical deposition method that mixed silver (Ag) and nickel (Ni). To
improve the wettability and dispersion between the reinforce-
ment and matrix, it must overcome a number of obstacles, such
as: (i) rising temperatures; (ii) high pressure; and (iii) corrosion
rates. Consequently, we use the double stir casting process to
mix different quantities of BN (2, 4, and 6 weight percent).
Numerous microstructure, physical, and corrosion studies were
conducted to look into the innovative features and attributes.
The conclusions drawn from the observations and information
gathered in this research may be summed up as follows:

(1) Coated h-BN nanoparticles were successfully and
uniformly distributed throughout the magnesium matrix, up to
a 4 weight percent concentration. However, upon increasing the
h-BN level to 6 weight percent, observable particle agglomera-
tion occurred.

(2) The effective dispersion of h-BN and CNTs throughout
the matrix may lead to synergistic processes that improve
corrosion resistance.

(3) At a 4 weight percent h-BN concentration, we found
corrosion protection of 75.1%. A well-balanced dispersion of h-
BN inside the Mg matrix cultivates improved interfacial
connections and structural resilience, resulting in optimal
corrosion. This concentration signicantly reduces the poten-
tial negative impacts of excessive h-BN agglomeration and
porosity, which leads to the highest corrosion resistance.

(4) The Mg-0.5 wt% CNTs/4 wt% h-BN nanocomposite had
amazing and unique properties that showed how well this new
method improved the material's resistance to corrosion and
lowered the microgalvanic effect of the Mg and CNTs.
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