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Abstract

The corrosion performance of Al/Ni-SiC composites prepared by powder technology using both vacuum and hot compaction techniques for
the sintering process is explored, highlighting the importance of their electrochemical and chemical properties. The research also examines
the corrosive effects on aluminum metal matrix composites (AMMCs) and other solid wastes. Although AMMCs demonstrate strong
mechanical and tribological properties, their corrosion resistance remains a challenge. The CuL2 nanocomplex (green nanocomplex) is
prepared in a simple, rapid, and eco-friendly manner using coriandrum sativum extract in ethanol, which is employed to enhance the corrosion
resistance of Al/Ni-SiC composites. Additionally, the corrosion behavior of Al/Ni-SiC composites with the CuL2 nanocomplex has been
theoretically investigated using density functional theory. The investigation demonstrated that the samples with the lowest corrosion rate (CR)
values were consolidated using hot compaction and vacuum mixing. The CR decreased with increasing concentrations (5%, 10%, and 15%)
of nickel-coated SiC particles by weight. Specifically, the nickel-coated SiC particles in the hot compaction mix and vacuum mix at 15% in
1M HCI exhibited CR values of 1.17 mm/y and 0.39 mm/y, respectively.

Keywords: Al/Ni-SiC Composite, Synergistic CuL2 nanocomplex; Corrosion inhibition; Electrochemical Techniques; Density functional
theory.

1. Introduction

In metal matrix composites (MMCs), one material acts as the matrix while the other serves as the reinforcement. During
the manufacturing process, stress is transferred from the matrix material to the reinforcement materials, thereby providing
mechanical strength in a specific direction to the composite. Ideally, a good MMC exhibits ductility in the matrix and
brittleness in the reinforcement. MMCs excel over monolithic materials in several ways, including being lightweight, having
excellent high-temperature characteristics, possessing a low coefficient of thermal expansion, and offering better abrasion
resistance. Additionally, they display enhanced stiffness and strength compared to monolithic materials [1, 2]. As a result,
MMCs are gradually replacing many traditional alloys in various sectors, including transportation, the marine industry,
outdoor leisure, and military hardware [3].

Because of their low cost, high strength-to-weight ratio, ease of production, and widespread use, aluminum and its alloys
have been the preferred structural materials for the automotive and aerospace industries [4, 5]. Nevertheless, due to their
chemical composition, these alloys are prone to corrosion, which significantly shortens the lifespan of these structures.
Therefore, improving the corrosion resistance of aluminum alloys is essential for their future applications [6, 7]. The
promising future of aluminum-based metal matrix composites (AMMCs) as preferred materials for a wide range of technical
applications has garnered significant interest. They boast exceptional mechanical properties, wear resistance, and corrosion
resistance. Additionally, they are more cost-effective to produce compared to other metal matrix composites [8, 9]. Currently,
AMMCs are reinforced with industrial by-products such as red mud and fly ash, as well as agro-based materials like bagasse
and rice husk ash [10]. Despite their advantages, the presence of the reinforcing phase in AMMCs can make them susceptible
to corrosion in certain situations. Compared to base metal, AMMCs generally exhibit lower corrosion resistance. This is
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because Al alloys are naturally resistant to corrosion and crack development due to the thick oxide layers that may be formed
on their surfaces. However, in aluminum-based metal matrix composites, the reinforcing phase can disrupt this passive
coating, increasing its vulnerability to corrosion.

Corrosion is a common and unavoidable issue that can cause significant damage and financial losses when metal structures
are exposed to it. In various environments, including aquatic systems, one of the most broadly used metals in engineering and
metallurgical structures is particularly affected [11]. Ceramic particles, for example, Al203, SiO2, TiC, and WC exhibit high
hardness and corrosion resistance. When these particles are present in the form of nanocrystals, they enhance the mechanical
and corrosion resistance of the coatings [12, 13]. Silicon carbide nanoparticles are widely employed in coatings by researchers
because of their excellent oxidation resistance, superior wear resistance, and corrosion resistance. Previous studies have
shown that the addition of micro and/or nano SiC particles to the Al alloy metal matrix composite enhances its surface
characteristics [4].

To safeguard metal surfaces from corrosive environments or alleviate their effects, corrosion inhibitors are employed.
These inhibitors can be either natural or synthetic [14]. Industries such as food and pharmaceuticals can derive benefits from
natural inhibitors due to their renewable nature, biodegradability, and safety for human use [15]. Synthetic inhibitors, on the
other hand, are chemically synthesized to offer high effectiveness in specific corrosive conditions. Examples of synthetic
inhibitors include amine salts, phosphates, and nitrites [16]. Synthetic inhibitors excel over their natural counterparts in terms
of effectiveness, versatility, reliability, and storage stability [17]. Synthetic inhibitors facilitate the formation of a protective
coating on metal surfaces, shielding them from corrosive substances. They are particularly effective in harsh and corrosive
environments with high concentrations of contaminants, salts, and other pollutants [18]. Due to the challenges and costs
associated with maintaining offshore platforms, pipelines, and nuclear power plants, these locations are ideal for the
application of synthetic inhibitors. Based on their mechanism of action, synthetic inhibitors are categorized into three main
types: anodic, cathodic, and mixed-type inhibitors. [19].

Schiff bases interact with metals to prevent corrosion in acidic environments, protecting Fe, Cu, Al, and Zn [20, 21, 22].
Our understanding of the fundamental mechanisms underlying molecule interactions with various materials and organic
surfaces has been significantly advanced using density functional theory (DFT) and molecular dynamics (MD) simulations
[23, 24, 25]. Performance can be optimized by designing corrosion inhibitors tailored for specific applications. Extensive
research has focused on using DFT and MD for corrosion inhibition [26, 27, 28]. The electrophilicity index (®) was
introduced by Parr et al. [29], employing thermodynamic parameters to quantify the positive energy shift occurring as a
chemical system approaches electron saturation. The movement of electrons from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) is indicated by this energy shift. The energy gap value
significantly influences the adsorption of inhibitor molecules on metal surfaces. Narrowing this gap enhances both reactivity
and inhibition efficiency [30, 31]. More energy is required to remove an electron from the HOMO, which improves inhibitor
activity [32]. Molecules with high chemical activity but low kinetic stability, characterized by minimal energy gaps (Gap
values), are referred to as "soft" [4]. Organic chemicals reduce corrosion by accepting free electrons and transferring them to
empty orbitals in metal [33, 34, 35].

The literature has paid scant attention to the impact of Schiff base corrosion on Al composites produced via various
powder metallurgy techniques. This study addresses corrosion prevention in Al/Ni-SiC composites, fabricated using diverse
powder metallurgy methods, by introducing a novel Schiff base (CuL2 nanocomplex). The composite, reinforced with SiC
and Ni, was processed using vacuum and hot compaction procedures. The corrosion resistance of the Al/Ni-SiC composites in
1M HCI, enhanced by the CuL2 nanocomplex (green inhibitor), was evaluated using gravimetric techniques, potentiodynamic
polarization (PDP), and theoretical DFT methodologies. Additionally, scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX) were employed to assess the morphology and elemental composition of before and after
corrosion of the Al/Ni-SiC composite with different conditions.

2. Experimental work

Aluminum and silicon carbide powders with particle sizes ranging from 5-10 pm and 2-20 pm, respectively, were used,
boasting purity levels of 98.9% and 99.98%. These components were sourced from Organik Kimya San. Co. of Turkey and
Loba Chemie Pvt. Ltd. of India. The SiC particles were coated with 10 wt% nano-Ni through an electroless coating process.

Table 1 outlines the electroless coating procedure and its chemical bath composition. Sodium hypophosphite was used to
reduce NiCl2.6H20 after adjusting the medium pH to 9 and the temperature to approximately 100°C [36, 37]. The nickel-
coated SiC powder was then mixed with Al powder in 5, 10, and 15% weight ratios using a ball mill at a ball-to-powder ratio
of 10:1 for 5 hours [38].

The powder mixtures were solidified using one of three procedures. In the first method, one set of specimens was sintered
in a vacuum oven at 600°C for an hour after being cold compacted at 840 MPa using a uniaxial press. The heating cycle
included two holding phases: one at 250°C to melt away the paraffin wax, and another at 600°C to complete the sintering
process. The second method involved preparing the samples by pressing them at 840 MPa in a die heated to 550°C. After 30
minutes of heating, these samples were hot-pressed into high-density blocks.
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Table 1. Electroless deposition reaction bath concentrations of different compounds

Compositions Concentration g/l
Sodium hypophosphite 100
NiCl2.6H20 100
Potassium sodium tartrate 80
NH4CI 50
pH ~9.2
Temperature ~92

2.1. Composite characterization

The densities of the sintered samples were determined using the Archimedes principle in a water bath, by weighing the
samples both in air and in distilled water. The SEM equipped with EDX, they were used to analyze the microstructure,
employing detection modes for both backscattered and secondary electrons. This technique enabled the examination of the
powder particles' microstructure, size, and shape. The samples were prepared for microstructure observation through a series
of steps: mounting, grinding with SiC grit sheets, and polishing with alumina paste with a particle size of 3 um. The phase
structure was analyzed using the X'pert PRO PANalytical model and X-ray diffraction (XRD) with Cu Ko radiation
(A=0.15406 nm). These experiments aimed to identify any new phases, such as Al, Ni, and SiC, that may have formed during
sintering.

2.2. Green Synthesis of nano complex
As documented in our previous papers, the CuL2 nanocomplex shown in Fig. 1 was synthesized using a medium with an
ethanol/Coriandrum sativum (CS)/EtOH ratio of 1:1 [39, 40, 41].
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Fig. 1. Structure of CuL, nanocomplex inhibitor

2.3. The corrosive substance
To prepare the 1M HCI medium, AR-grade 37% concentrated acid was diluted with bi-distilled water. The experiments
were conducted in a 1M HCI solution, both with and without varying concentrations of CuL2 nanocomplex (100-600 ppm).

2.4, Weight loss (WL) measurements

Initially, a digital scale was used to measure the weight of the samples. Subsequently, the samples were submerged in 100
mL of 1M HCI at 25°C for five days, with and without varying concentrations of the CuL2 nanocomplex (100 ppm). A Model
FA 2104A sensitive analytical balance (210 g capacity, 0.1 mg readability) was used to weigh the samples after they were
dried in a moisture-free desiccator and removed from the test solution following the immersion period. The weight reduction
was determined by the difference in weight before and after immersion. Corrosion rate (CR) values were calculated using Eqg.
(1) [42, 43]:

AW x K

(1

The CR in mm/y was determined. This calculation involved the constant K (8.76x10%), the exposure time (T), the area (A)
in mm?, the weight difference (AW) before and after immersion, and the density (D) in g/cm?® for the Al matrix. The degree of
surface coverage (0) was calculated using Eq. (2):
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Where w; and W, represent the weight losses of the Al matrix in i with/without inhibitors, respectively. The inhibition
efficiency (IE%) was calculated according to Eq. (3) [44]:
IE% =6 x 100 (3)

2.5. Potentiodynamic Polarization

The PDP technique was used to scan the electrode potential at 2 mVs-, varying the potential between -1.2 and +0.5 V. The
resulting PDP curves provided valuable insights into the material's corrosion behavior. The experiments were repeated for
each inhibitor concentration. To ensure consistency, fresh electrolyte was prepared for each experiment, and the Al matrix
was abraded before testing. Electrochemical experiments were conducted using the Electronic Potentio scan Wenking POS
73, and various electrochemical parameters were calculated, including corrosion potential (Ecorr), corrosion current density
(Icorr), CR, anodic Tafel slope (Ba), and cathodic Tafel slope (Bc). The inhibition efficiency, indicating the effectiveness of
the inhibitor, was also determined using Eq. (4).

IE % = [1 - =] x 100 (4)

corr

Where, 12+ and I.o €xpress the corrosion current densities in the absence and presence of an inhibitor, respectively. The
value of [1 — i“’—"] corresponds to the surface coverage, indicating the degree of inhibition provided by the inhibitor.

corr

2.6. Density Functional Theory Calculation
The equilibrium geometry of the complex was studied using DFT calculations at the B3LYP/6-311G+(dp) level of theory,
excluding metal ions, performed with the Gaussian 09 program.

2.3. Surface Morphology
The corroded samples' surface topography was analyzed using the SEM and EDX analysis

3. Results and discussion
3.1 Characterization of Al before corrosion
3.1.1 Density measurement

Table 2 displays the relative densities of the consolidated samples. Samples subjected to hot-pressing exhibited the highest
densities, while those vacuum-sintered showed the lowest densities [45]. The variation in densities can be attributed to the
high-pressure conditions of the hot compaction process during thermo-mechanical consolidation. This process enhances
particle interaction, promotes welding between adjacent particles at elevated temperatures, and reduces voids, thereby
achieving higher densification [46].

Furthermore, it was observed that increasing the percentage of nickel particles coated with SiC consistently reduced the
density. This phenomenon can be attributed to the increased presence of the hard SiC phase during sintering, which limits
particle interaction and impedes densification. Favorable densification results across different conditions affirm that the
chosen consolidation temperatures were optimal for promoting pressure-induced plastic flow of nickel. Pure Al samples
underwent nearly complete densification during sintering, attributed to the small particle size of the powders. Smaller particles
have higher surface area and improved diffusion, resulting in densities closer to theoretical values [47].

Composite materials typically undergo different compaction and sintering processes compared to monophasic materials.
The possibility of a material decreases when it contains hard, non-deformable particles within a ductile matrix. This effect
diminishes as the volume fraction of the reinforcement phase increases [48]. The aluminum matrix surrounding SiC particles
experiences more significant deformation, leading to increased porosity (number and size of voids) with higher SiC content.
The greater hardness of SiC reduces its compressibility, thereby limiting densification and decreasing the compaction capacity
with increasing SiC concentration.

Additionally, it is notable that the density values of mixed SiC with Ni are lower compared to those coated with nickel.
This observation can be explained by considering how coating SiC with nano-sized nickel particles enhances their wettability,
thereby improving compatibility with the aluminum matrix. Enhanced wettability prevents the formation of gaps between SiC
and aluminum in AI-Ni/SiC composites, promoting better interaction among all components and resulting in excellent
densification without voids. In contrast, samples reinforced with a mixture of these materials exhibit poor wettability between
Al, SiC, and Ni. The heterogeneous distribution of SiC in the Al matrix leads to particle agglomeration and the formation of
pores, thereby reducing the density of these samples.

Another notable observation is the gradual decrease in density for both sets of samples with increasing SiC percentages.
This phenomenon can be attributed to the increased presence of the hard SiC phase during sintering, which acts as a barrier
hindering densification by limiting particle connectivity. Therefore, as the reinforcement component increases, the
densification quality of the metal matrix composite decreases due to enhanced SiC particle agglomeration during sintering.
Densification is further compromised when the proportion of the disordered phase in the blend is minimized [49]. The
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selected consolidation temperature proved optimal for sintering, evident from the generally favorable densification achieved
across all compositions. Moreover, composites exhibit reduced densification when the proportion of the deformable phase is
reduced. Consolidation at the chosen temperatures facilitated the plastic flow of nickel within the Al matrix under pressure,
contributing to successful densification across all compositions. In contrast, pure Al, possessing higher compressibility
compared to composites, achieves nearly complete densification in sintered samples.

Moreover, it is noteworthy that samples consolidated by hot compaction exhibit higher density compared to those
consolidated by vacuum methods. The limited wettability of SiC and Al composites at temperatures below 1000 °C is well-
documented. The presence of residual voids at the interface of the three phases can compromise the characteristics of the
samples. In contrast, hot-compacted samples show well-bound three-phase interfaces with minimal visible pores. This can be
attributed to the manufacturing technique of hot compaction, where aluminum reaches a semi-liquid state at specific
temperatures, facilitating its free flow. Simultaneously, high pressure applied during hot compaction effectively compacts the
material. This allows the semi-molten aluminum to easily infiltrate the spaces between SiC particles. Moreover, the process
ensures uniform mixing of raw powders, enabling aluminum to achieve a semi-solid and semi-liquid state almost
simultaneously, enhancing adhesion to SiC particles. Consequently, hot-compacted samples exhibit a dense microstructure,
facilitated by strong interphase bonding [50]. Constraints in the diffusion process contribute to incomplete densification.
Reduction in particle size enhances diffusion by increasing surface area, thereby approaching the theoretical density more
closely [51].

Table 2. Relative density measurements for Al-(5, 10, and 15%) Ni/SiC for coated and mixed samples.

Samples Hot compaction Hot compaction Vacuum mix Vacuum coat
mix coat
Pure Al 100 100 96.1 98.2
5% 100 99.5 95.6 96.8
10% 98.2 97.5 94.0 95.0
15% 97.0 96.9 91.2 94.2

3.1.2 Hardness Measurements

The impact of plastic deformation on the aluminum composite due to Ni-coated SiC or Ni mixed with SiC was assessed
through hardness testing. Table 3 illustrates two phenomena, the first is that adding nickel-coated SiC particles with 5%, 10%,
and 15% by weight results in increased hardness. As per the law of mixtures, the composite hardness increased with higher
SiC content compared to pure aluminum [52]. Secondly, samples processed by hot pressing exhibit higher hardness values
compared to those processed by vacuum sintering. This phenomenon correlates with superior densification as indicated by
density data. Thermo-mechanical deformation that occurs during hot compaction induces strain hardening, resulting in
dynamically compacted specimens exhibiting higher hardness compared to those produced by traditional or quasi-static
compaction methods of the same density. Enhanced work hardening and stronger inter-particle bonding are likely to
contribute to this observation. The increased presence of nickel-coated SiC phases, promoting strong adhesion between
SiC/Ni and the aluminum phase, likely contributes to the enhanced hardness [53]. The XRD analysis reveals the presence of
intermetallic nickel aluminide, further boosting the composite's corrosion resistance and hardness. Additionally, the
incorporation of nano-nickel reinforcement increases hardness by 12 HV with the addition of 15% SiC, despite a decrease in
density as SiC content rises. This effect is attributed to second-phase hardening [54, 55].

Table 3. Hardness measurements for Al-(5, 10, and 15%) Ni/SiC for coated and mixed samples.

Samples Hot compaction Hot compaction Vacuum mix Vacuum Coat
mix coat
Pure Al 33.1 33.1 25.8 25.7
5% 43.3 35.5 33.7 32.9
10% 43.9 39.9 38.5 41.3
15% 46.0 44.7 41.1 43.0

3.1.3 Phase identification

Figures 2 and 3 display the X-ray diffraction patterns of Al/Ni-SiC composites fabricated through hot pressing and vacuum
sintering, respectively. Upon analysis, the composite predominantly comprises aluminum as the primary phase, accompanied
by hexagonal SiC and peaks indicating the intermetallic compound AlsNi. The presence of nickel and aluminum coating on
SiC particles suggests chemical diffusion occurred. During sintering, the phase diagrams of Al and Ni reveal sharp peaks
attributable to the Al matrix and AlsNi intermetallic, formed between Al and the Ni layer coating SiC particles. Ni effectively
encapsulated the SiC particles, as evidenced by the minimal discernibility of SiC peaks. The weak intensity of the SiC peak
suggests a substantial incorporation of nickel within the SiC powder. Notably, the consumption of Ni during the synthesis
process prevents the observation of Ni peaks.

Figure 2 illustrates peaks corresponding to the primary phase Al and traces of hexagonal SiC detected in the nickel-coated
SiC composite samples. Additionally, there are peaks attributable to the Ni3Al intermetallic, indicating chemical diffusion
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between aluminum and nickel ions as per the compound's phase diagram as shown in Fig. 3 [56]. Mixed samples exhibit four
phases in their XRD patterns as existed in Fig. 3. Aluminium is the dominant phase, hexagonal SiC with noticeable peaks,
significant peaks of AlsNi and AINisSi2. Coating SiC with nickel explains the subdued peaks due to SiC particles being
enveloped in nano-nickel. In contrast, significant peaks are observed in mixed samples where there is no bonding between Al,
SiC, and Ni particles. Consequently, intermetallic compounds like AlsNi and AlNisSi2 can form through direct reactions
involving Al, Ni, and SiC during sintering, corroborated by the phase diagram [56]. It's noteworthy that the AlINisSi2 phase
did not form in the hot-pressed samples due to the short processing time, whereas adequate time during vacuum synthesis
allowed for its formation.
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Fig. 2. The XRD analysis for vacuum mixed, (a) pure Al, b) Al/5%Ni-SiC, c) Al/10 %Ni-SiC, d) Al/15%Ni-SiC ) and vacuum coated Al-
Ni/SiC samples, (e) Al/5%Ni-SiC, f) Al/10 %Ni-SiC, g) Al/15%Ni-SiC ) for different conditions.
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Fig. 3. The XRD analysis for hot compacted mixed (a) pure Al, b) Al/5%Ni-SiC, c) Al/10 %Ni-SiC, d) Al/15%Ni-SiC) and hot compacted
coated Al-Ni/SiC (e) Al/5%Ni-SiC, f) Al/10%Ni-SiC, g) Al/15%Ni-SiC ) samples for different conditions.
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3.1.4. Microstructure investigation

Figures 4 and 5 display SEM micrographs of hot compacted and vacuum-sintered samples prepared through both mixed
and coated samples. The images were captured at high magnification and analyzed using EDX for both the hot-pressed and
vacuum-sintered samples. In both techniques, the Ni-coated SiC particles are uniformly distributed throughout the aluminum
matrix in the coated samples. This uniform distribution likely results from the process of coating SiC with Ni, which enhances
the wettability between SiC and aluminum, facilitating effective coating. The micrographs reveal four distinct phases: the
grey Al matrix, white spots representing dispersed Ni phases, dark grey SiC particles, and black spots indicating pores, which
increase with higher Ni/SiC fractions. The complete coating of SiC with Ni improves the wettability between Al and SiC,
enhancing contact and promoting the complete densification of all samples. Consequently, the presence of pores is
minimized.

Furthermore, samples consolidated using different methods display noticeable differences in the microstructure. In
vacuum-sintered samples, there is minimal grain development for Ni or SiC particles, and all Ni-coated SiC is uniformly
dispersed throughout the Al matrix. Grain boundaries are distinctly visible, likely due to the slow cooling rate during vacuum
sintering, facilitating Ni diffusion within the Al matrix and hindering excessive grain growth. Conversely, in hot-pressed
samples, grain boundaries are less apparent, and agglomerates of SiC particles are visible. This is attributed to the rapid
sintering process and limited control over the heating cycle during hot pressing, which promotes SiC particle clustering rather
than uniform dispersion.

The composites coated with Ni display a more even distribution of Ni/SiC particles across the Al matrix, in contrast to the
mixed Ni/SiC samples, which exhibit agglomerations and non-uniform distributions. This variation is due to the Ni-coating
technique, which encases SiC particles in a nickel film, enhancing their wettability with aluminum. As a result, the Ni-coated
SiC particles integrate more closely with the Al matrix compared to the mixed particles. Additionally, including phosphorus
(Ni-P) during electroless deposition further improves wettability by reducing the coating thickness. This enhancement leads
to variations in particle width and contact area across different composite compositions. The addition of phosphorus to Al
matrix composites lowers the contact angle, thereby improving their wetting characteristics [57].

In mixed samples, as the ratio of Ni/SiC particles increased, clustering tendencies among the particles were observed. This
clustering led to the formation of voids due to gaps between SiC and Al particles, a characteristic of ceramics like SiC [58]. In
contrast, the microstructure of the AI-Ni/SiC composite with Ni-coated SiC particles exhibited better characteristics than that
of mixed particles. The Al matrix is represented by the grey phase, scattered Ni particles by the white phase, and SiC particles
by the dark grey phase. The presence of dark patches in the mixed samples indicated an increased presence of pores, which
became more prevalent with higher Ni/SiC ratios. Overall, the dispersion appears uniform across the entire aluminum matrix
[59]. The figures also, illustrate that Ni/SiC particles are uniformly distributed throughout the Al matrix, likely due to the
effective mixing of SiC and Ni for an appropriate duration, which improved the wettability between SiC and aluminum.

The pores observed in the distribution of combined Ni/SiC particles throughout the Al matrix can be attributed to their
tendency to separate more easily from the matrix. As the proportion of Ni/SiC increased [60], clustering was evident,
resulting in voids caused by gaps between SiC and Al particles. Generally, significant variations were found in the
microstructure of composites consolidated by two different methods. In hot-pressed samples of Al/Ni-SiC mixes with varying
weight percentages, particle sizes remained consistent, which was attributed to optimal conditions for grain growth. Vacuum
sintering resulted in well-distributed Ni-SiC in the Al matrix across all samples, with noticeable increases in grain size as the
weight percentage increased. It's important to note that reducing the size of SiC particles increased the porosity of the
composites. This occurs because during sintering, the diffusion of Al into the matrix and filling of gaps are more challenging
with fine SiC particles compared to coarse ones, due to smaller inter-particle gaps. Pores are imperfections that adversely
affect mechanical properties, relative density, thermal conductivity, and other composite characteristics. As pore density
increases, relative density decreases [61, 62].
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Fig. 4. SEM micrograph for hot compacted samples for mixed samples (a,c, e, g) and coated samples (b, d, f, h).

Egypt. J. Chem. 68, No. 6 (2025)



COMPREHENSIVE CORROSION EVALUATION OF SINTERED AL/NI-SIC COMPOSITE BY CUL2 NANOCOMPLEX .... ..297

Fig. 5. SEM micrograph for vacuum mixed samples (a, ¢, €, g) and vacuum coated samples (b, d, f, h).

3.2 Corrosion Behavior

The corrosion resistance of AMMCs presents a significant challenge that limits their widespread adoption. This resistance
is heavily influenced by inherent heterogeneities within the composites. Corrosion issues in AMMCs arise from several
factors, including galvanic coupling between dissimilar materials, micro-fissures, porosity, voids, and reactive interfacial
phases. Despite the potential benefits of AMMCs, research attention on their corrosion behavior has been relatively limited
compared to other aspects of composite materials. To investigate the corrosion behavior of AMMCs, researchers employ
various testing methods such as PDP experiments and immersion studies. However, to advance their practical applications,
further research into the underlying mechanisms of AMMC corrosion is essential.

3.2.1. Weight loss (WL) measurements
3.2.1.2 Effect of Treatment Time

In Fig. 6, the corrosion behavior of Al/Ni-SiC composites under various sintering conditions in 1M HCI is illustrated.
With increasing immersion time, more corrosion products accumulated on the composites, yet fewer detached corrosion
products indicated a slowed CR. The combination of sealing with anodic oxidation notably enhanced surface resistance,
evidenced by the lowest loss observed. The CR values, measured by WL after 120 h of immersion, are summarized in Table
4. The CR decreased with increasing concentrations (5%, 10%, and 15%) of nickel-coated SiC particles by weight. The CR
values of 15% nickel-coated SiC particles were 1.17 mm/y for hot compaction and 0.39 mm/y for vacuum mixing in 1M HCI.

Another study investigated the corrosion behavior of Al2024-TiC-MMC in a 3.5% NaCl solution, revealing that higher
anodic current densities reduced the size and number of pits due to increased hydrogen diffusion rates. Stress corrosion
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cracking (SCC) characteristics were assessed using a double cantilever specimen immersed in artificial seawater, where
higher annealing temperatures led to lower dislocation density and stable propagation rates, alongside an increased threshold
stress intensity factor influencing SCC propagation rates significantly. Additionally, the PDP method was employed at 25°C
in a de-aerated neutral 3.5% NaCl solution to investigate the corrosion behavior of Al 2009/SiCp composites [63]. Another
extensive study focused on a powder-processed Al-Si-Mg-SiCp composite with low scandium content, highlighting increased
pitting behavior in the presence of a 3% NaCl solution compared to a 0.1% NaCl solution [64]. Corrosive attack in Al/SiCp
composite materials is typically initiated at the interfacial layers of matrix/SiCp and matrix/intermetallic phases, as observed
in studies examining the pitting phenomenon in AMMCs [65].
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Fig. 6. The WL-time curves for Al/Ni-SiC composites in 1M HCI at a temperature of 25 °C.

Table 4. The WL and CR values of Al/Ni-SiC composites in 1M HCI for 120 h at a temperature of 25 °C by the WL method.

Hot compaction coat Hot compaction mix Vacuum coat Vacuum mix
Samples WL CR WL CR WL CR WL CR
g mm/y g mm/y g mm/y g mm/y
Pure Al 0.062 4.04 0.062 4.04 0.101 6.58 0.101 6.58
5% 0.034 2.22 0.038 2.48 0.044 2.83 0.097 6.32
10 % 0.039 2.54 0.032 2.08 0.038 2.48 0.091 5.93
15 % 0.040 2.61 0.018 1.17 0.033 2.15 0.006 0.39
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3.2.2. PDP measurements
3.2.2.1. Effect of corrosive media on Al/Ni-SiC composite

In Fig. 7, the PDP curves of the Al/Ni-SiC composite in 1M HCI are depicted. Tables 5, 6, 7, and 8 summarize corrosion
metrics including Ecorr, Ba, Bc, Icorr, and CR. The vacuum-mixed composite shows a CR of 0.77 mm/y, while the hot-
compacted composite with a 15% AIl/Ni-SiC coating exhibits a rate of 2.76 mm/y. Corrosion in aluminum-based composites
primarily involves pitting that initiates at the interface of the MMC. Samples coated with 5%, 10%, or 15% AIl/Ni-SiC and
consolidated by hot compaction or vacuum sintering displayed higher potential values compared to the base alloy. The matrix
structure of Al2024-SiC composites or the base alloy, however, remained unaffected [66]. Comparisons between Al6061-SiC
composites and SiC-reinforced AI6061-T6 indicate better corrosion resistance in the latter [67]. Pitting initiation was also
observed to be higher in Al6061 MMCs reinforced with SiC whiskers compared to the base alloy, with increased cathodic
currents attributed to the interfacial layer [68].

Another study investigating the polarization behavior of Al1050 reinforced with SiCp particles of 3um and 30um found
that the composites were more susceptible to pitting attacks than the base alloys due to gaps at the reinforcement-matrix
interface. However, the polarization behavior was unaffected by residual stresses between reinforcements and the matrix.
Localized corrosion was more prevalent in SiCp with a size of 20pm compared to those with 60pum, as noted in previous
studies [69, 70].

In a study examining localized corrosion effects, researchers found that Al2024-SiCp MMCs with SiCp particles sized at
14 pm and varying volume fractions exhibited inferior corrosion resistance compared to the unreinforced base alloy. The
study noted an increase in active sites on the composite surface and a decrease in pitting potential as the volume fraction of
SiCp in the MMC increased [71]. Additionally, the research indicated that the inclusion of SiCp accelerated the CR of the
composites [72, 73].

Table 5. Corrosion parameters of Al/Ni-SiC hot compaction coat in 1M HCI at a temperature of 25 °C.

Hot Ecorr Leorr ﬁa ﬁc CR
compaction mV mA/cm? mV/dec mV/dec mm/y
coat
Pure Al -710.8 0.4380 101.5 -303.5 5.12
5% -661.6 0.1606 116.0 -301.2 1.88
10 % -662.2 0.3408 147.5 -307.5 3.99
15% -694.9 0.3863 141.3 -273.9 4.52

Table 6. Corrosion parameters of Al/Ni-SiC hot compaction mix in 1M HCI at a temperature of 25 °C.

COHlIl:)I:(t: tion E corr 1 corr ﬁa ﬁc CR
mix mV mA/cm? mV/dec mV/dec mm/y
Pure Al -710.8 0.4380 101.5 -303.5 5.12
5% -688.6 0.3322 132.3 -265.5 3.89

10 % -668.0 0.2447 142.5 -262.6 2.86
15% -639.8 0.2360 142.5 -262.2 2.76

Table 7. Corrosion parameters of Al/Ni-SiC vacuum coat in 1M HCI at a temperature of 25 °C.

Vacuum coat Ecor Leorr Pa pe CR
mV mA/cm? mV/dec mV/dec mm/y

Pure Al -719.4 0.43760 82.7 -312.0 5.12

5 % -646.9 0.18208 130.7 -164.9 2.13

10 % -622.1 0.12828 108.9 -256.0 1.50

15 % -558.1 0.11654 184.3 -304.7 0.94

Table 8. Corrosion parameters of Al/Ni-SiC vacuum mix in 1M HCI at a temperature of 25 °C.

Vacuum Ecorr Leorr P e CR
mix mV mA/cm? mV/dec mV/dec mm/y
Pure Al -719.4 0.43760 82.7 -312.0 5.12
5 % -651.0 0.23360 142.4 -283.6 2.73
10 % -634.9 0.20392 160.5 -213.2 2.39
15 % -630.8 0.15110 162.1 -175.7 0.77
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Fig.7. The PDP curves of Al/Ni-SiC composites in 1M HCI at a temperature of 25 °C

3.3. Corrosion Inhibitors

Extending the longevity of AI/Ni-SiC composites hinges significantly on thwarting corrosion. Researchers have
investigated diverse strategies such as anodizing and applying different coatings to bolster these composites' resistance to
corrosion. To mitigate pitting corrosion, studies have also examined the efficacy of corrosion inhibitors in Al/Ni-SiC
composites. Implementing corrosion inhibitors can effectively enhance the composite's durability by fortifying its resistance
against corrosive threats [74].

3.3.1 Effect of Treatment Time on Inhibition of AI/Ni-SiC

The corrosion performance of Al/Ni-SiC composites subjected to various sintering processes in 1M HCI containing 100
ppm Cul2 nanocomplex at 25°C was examined concerning immersion time as represented in Fig. 8 and Table 9. At 72 hours,
there was a slight improvement in the protection efficiency when the immersion period was increased. As a protective film
gradually forms on the surface of the Al/Ni-SiC composite electrodes, the protection efficiency values start to rise. A more
efficient and long-lasting protective layer is formed as the immersion period increases through the interaction of the corrosion
inhibitor (CuL2 nanocomplex) with the composite material. The composite's corrosion resistance is improved over time by this
protective film's barrier effect, which hinders the corrosive attack. The nickel-coated SiC particles’ CR values in the hot
compaction mix fell from 1.17 mm/y to 1.11 mm/y and in the vacuum mix at 15% in 1M HCI from 0.39 mm/y to 0.33 mm/y,
respectively, when the CulL2 nanocomplex was not present.
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Fig. 8. The WL-time curves for Al/Ni-SiC composites in 1M HCI in the absence and presence of CuL, nanocomplex at a temperature of 25°C.

Table 9. The CR values and inhibition efficiency for Al/Ni-SiC composite in 1M HCI with 100 ppm CuL, nanocomplex for 120 h at a

temperature of 25 °C by WL method.

Hot compaction coat Hot compaction mix Vacuum coat Vacuum mix
Samples WL CR WL CR WL CR WL CR
g mm/y g mm/y g mm/y g mm/y
Pure Al 0.039 2.54 0.039 2.54 0.015 0.98 0.015 0.98
5% 0.026 1.69 0.034 2.22 0.014 0.91 0.013 0.85
10 % 0.025 1.63 0.028 1.82 0.008 0.52 0.013 0.82
15% 0.019 1.24 0.017 1.11 0.007 0.46 0.005 0.33

3.3.2. Effect of Inhibitor Concentration on Al/Ni-SiC Composite

The weight reduction procedure results for different concentrations of CuL2 nanocomplex are summarized in Table 10 and
Fig. 9, detailing CR and percentage inhibition efficiency (IE%) at 25°C. Notably, the highest corrosion protection efficacy for
AI/Ni-SiC was observed at a concentration of 600 ppm Cul2 nanocomplex. This effect is attributed to the formation of a
protective film on the electrode surface facilitated by the presence of CuLz nanocomplex. This protective film acts as a barrier
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at the interface between the composite material and the corrosive environment, effectively reducing the rate of electron
transfer and thereby enhancing protection efficiency against corrosion, leading to a significant decrease in CR.

The study demonstrates effective inhibition of Al/Ni-SiC corrosion in 1M HCI across CulL2 nanocomplex concentrations
ranging from 100 to 600 ppm. As depicted in Fig. 9, the CR (mm/y) steadily declines with increasing inhibitor concentration.
Passivation is achieved after 72 h, where the WL of AI/Ni-SiC reaches its minimum due to the acidic solution initially
dissolving the material and subsequently forming a protective oxide layer on its surface. The CulLz nanocomplex further
enhances passivation, maintaining the protective oxide layer for an extended period, effectively shielding AI/Ni-SiC from
further corrosion. These findings underscore the potential of CuL2 nanocomplex as a robust inhibitor against acidic corrosion
in Al/Ni-SiC composites.
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Fig. 9. The WL curves via different concentrations of Al/Ni-SiC composite in 1M HCI with CuL, nanocomplex at a temperature of 25 °C.

3.3.3. PDP of CuL2 nanocomplex on Al/Ni-SiC Composite

Figure 10 depicts the PDP curves of the Al/Ni-SiC composite in 1M HCI, comparing conditions with and without CuL>
nanocomplex. Tables 10, 11, 12, and 13 provide detailed corrosion characteristics such as Ecorr, Ba, B¢, Icorr, and CR values.
Research investigating synergistic inhibitors on AI/Ni-SiC composites in 1M HCI solutions demonstrates that CuL:
nanocomplex -coated Al/Ni-SiC composites exhibit enhanced corrosion protection compared to their uncoated counterparts.
This enhanced protection is attributed to the presence of SiC particles within the Al/Ni-SiC composite [74]. Similarly, studies
exploring various coatings—K2Cr207, Sodium molybdate, and Cerium chloride—on Al6013/SiCp composites in 3.5% NaCl
solutions found that cerium chloride treatment provides the highest corrosion resistance among the coatings examined.
Additionally, micro-arc oxidation (MAQO)-produced anti-corrosion layers on Al2024/SiCp composites demonstrated effective
suppression of corrosion in 3.5% NaCl solutions [75].
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The data also indicate that the incorporation of 5%, 10%, and 15% CuL2 nanocomplex -coated Al/Ni-SiC samples results
in decreased Icorr values, which further decrease with the addition of CuL2 nanocomplex. This reduction in Icorr is attributed
to the adsorption of inhibitor molecules onto the Al/Ni-SiC composite, which blocks active sites on the surface and hinders
both anodic and cathodic processes. The shift in Ecorr towards more positive values, though less than 85 mV, suggests that
the effects of Al/Ni-SiC coating and CuL2 nanocomplex are of a mixed nature. Moreover, the CR values of nickel-coated SiC
particles in hot compaction and vacuum mixes at 15% in 1M HCI decreased from 2.76 mm/y to 2.26 mm/y and from 0.77
mm/y to 0.26 mm/y, respectively, in the presence versus absence of CuL2 nanocomplex.

Table 10. Corrosion parameters of Al/Ni-SiC in 1M HCI in the presence of CuL, nanocomplex manufactured by hot compaction coat at a

temperature of 25 °C.

Hot Ec()rr Icorr /Ba :BC CR 9
compaction mV mA/cm? mV/dec mV/dec mm/y

coat inh

Pure Al -768.6 0.18307 186.5 -187.0 2.14 58.2
5% -635.6 0.27950 129.9 -183.9 3.27 15.9
10 % -628.4 0.18707 134.5 -188.8 2.19 23.5
15% -605.3 0.19288 154.9 -230.5 2.26 18.3

Table 11. Corrosion parameters of Al/Ni-SiC in 1M HCI in the presence of CuL2 nanocomplex manufactured by hot compaction mix at a

temperature of 25 °C.

COmIF_)I;)CttiOn EL‘OF}’ ICOI”I‘ ﬂa )BC CR ®
e mV mA/cm? mV/dec mV/dec mm/y
mix inh
Pure Al -768.6 0.18307 186.5 -187.0 2.14 58.2
5% -607.5 0.08830 115.5 -216.5 1.03 45.0
10 % -668.5 0.12028 154.7 -150.7 1.41 64.7
15 % -571.4 0.11071 125.5 -201.3 1.39 69.2

Table 12. Corrosion parameters of Al/Ni-SiC in 1M HCI in the presence of CuL, nanocomplex manufactured by vacuum coat at a

temperature of 25 °C.

Vacuum coat Ecorr Leorr ,Ba :BC CR C)
inh mV mA/cm? mV/dec mV/dec mm/y

Pure Al -714.2 0.27870 106.3 -299.0 3.26 36.3
5 % -609.4 0.09063 124.9 -209.6 1.06 50.2
10 % -627.0 0.09716 116.0 -120.2 1.14 24.3
15 % -655.1 0.06695 157.7 -195.4 0.78 16.3

Table 13. Corrosion parameters of Al/Ni-SiC in 1M HCI in the presence of CuL, nanocomplex manufactured by vacuum mix at a

temperature of 25 °C.

Vacuum mix Eon Lo Pa e CR 0
inh mV mA/cm? mV/dec mV/dec mm/y

Pure Al -714.2 0.2787 106.3 -299.0 3.26 36.3
5% -638.3 0.2248 143.7 -188.5 2.63 3.8
10 % -616.9 0.1299 157.8 -166.1 1.52 36.3
15% -642.1 0.0220 109.6 -180.2 0.26 66.4
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Fig. 10. The PDP curves of Al/Ni-SiC in 1M HCI in the absence and presence of CuL, nanocomplex at a temperature of 25 °C.

The CR values for the coated samples prepared by hot compaction and vacuum sintered samples are lower than those for
the mixed samples prepared by the same techniques, respectively. This may be due to the high appearance of ceramic SiC
particles in the mixed samples compared to the coated ones, which have high corrosion resistance compared to Al and Ni
metals. The complete capsulation for SiC with Al and Ni elements is subjected to the corrosive medium, in contrast to the
mixed sample, where SiC is subjected also to the same condition. Additionally, both the vacuum coat and vacuum mix exhibit
lower CR values compared to the hot compaction coat and hot compaction mix, despite having lower density. This can be
explained by the vacuum technique producing a new phase, AlNisSiz, which may be causing the decrease in CR.

3.3 Surface Morphology

Figures 11 and 12 display SEM images and EDX results of the corroded samples without inhibitors. Figures 13 and 14
present SEM images and EDX analyses of the samples treated with inhibitors. Specifically, Figures 11(a) and (b) show the
protective layers of the hot compaction and vacuum mixed samples, respectively, while Figures 11(c) and (d) provide detailed
views of these protective layers. The CR values reported in Tables 5-8 align with these observations. Comparatively, Figures
12(a) and (b) indicate higher oxygen percentages than Figures 12(c) and (d), these are related to hot compaction-coated
samples and vacuum coated without inhibitor additions, respectively.

Figures 13 and 14 demonstrate that the addition of the inhibitor exhibits a similar trend to the conditions without it.
However, the values are generally lower with the inhibitor, which correlates with the CR values reported in Tables 10-14.
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SEM images in Figures 13(a), (b), and (d) reveal some cracks, which correspond to the increased oxygen percentages
observed in Figures 14(a), (b), and (d), these are related to hot compaction coat, vacuum coat, vacuum mix with inhibitor
additions. This could indicate the initial formation of new protective layers.
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Fig. 14. The EDX patterns of corroded samples with inhibitor.

3.4. DFT parameters and inhibitor efficiency relationship

Theoretical analysis, often through DFT, is a common method for inferring corrosion mitigation mechanisms. Figure 15
presents the result of a theoretical investigation using DFT to assess the efficacy of a synthesized CulLz nanocomplex as a
green inhibitor. The molecular structure of an inhibitor plays a crucial role in its effectiveness. The frontier orbital model is

Egypt. J. Chem. 68, No. 6 (2025)



COMPREHENSIVE CORROSION EVALUATION OF SINTERED AL/NI-SIC COMPOSITE BY CUL2 NANOCOMPLEX .... ..307

employed to predict where additive compounds attract to adsorption centers. Effective inhibitors are those capable of both
donating electrons to and accepting electrons from Al/Ni-SiC composites [77, 78]. The mitigation mechanism is inferred by
analyzing the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the
synthesized nano complex. Compounds with a high HOMO energy level can donate electrons to empty acceptor orbitals,
while ELumo represents the ability to accept electrons [79]. Figure 16 and Table 14 depict geometric structures and the
locations of LUMO and HOMO. Two mechanisms are involved in the adsorption of inhibitor molecules onto the Al/Ni-SiC
composite interface: coordinate bonding, where the inhibitor's electrons fill empty d-orbitals of the metal surfaces; and back-
bonding, where the inhibitor accepts electrons from atoms on the surface.

Previous studies have shown that inhibitors with lower energy gaps (AE) between EHomo and ELumo tend to exhibit higher
protection efficiencies due to easier electron transfer. Based on Exomo, ELumo, and AE findings, the Cul2 nanocomplex
demonstrates moderate corrosion inhibition effectiveness [78]. Table 15 further explores the interaction between inhibitor
molecules and metal surfaces, discussing parameters such as global hardness (1), global softness (o), electronegativity (X),
chemical potential (u), global electrophilicity (®), and energy of back-donation (Ev-d). The methodologies employed in these
calculations are detailed in previously published works [39, 80], where the relationships utilized are also described [40, 81].

An inhibitor is deemed highly effective and chemically reactive if it exhibits a high softness value and low global hardness
[81]. Furthermore, the stability of nanocomplexes is indicated by their negative chemical potential values, as shown in Table
1. With a higher softness (s) value and lower global hardness (1), the CuL2 nanocomplex is more likely to adsorb onto metal
substrates. The negative value of E»-a Suggests that the inhibitor benefits energetically from back-donation by the metal. Both
back donation and acceptance mechanisms enhance the adsorption of inhibitors onto metal surfaces, contributing to their
effectiveness in laboratory settings. Fig. 17 illustrates how the distribution of charges and the reactivity of inhibitor
compounds can be predicted using the molecules' electrostatic potential [82]. In this representation, the blue regions of the
CuL2 nanocomplex indicate areas where electrons are likely to be found, while the red regions signify sites prone to
nucleophilic attack.
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Fig. 15. The inhibitor's optimized structure, dipole moment vector, and natural charges on CuL, nanocomplex active centers [41].

Table 14. Inhibitor of CuL, nanocomplex derived from quantum chemical calculations.

Parameters Cul2nanocomplex
Total energy, (Hartree) —3657.610
Dipole moment, (Debye) 4.8415
Chemical potential u ,( eV) —4.6881
electronegativity X,( eV) 4.6881
Enowmo,( eV) —5.6720
Erumo,( eV) —3.7041
AE,(eV) 1.9679
n,(eV) 0.9840
o,(eV?h 1.016

Q 11.168
Ep-a (eV) -0.246
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Fig. 17. Copper nanocomplex inhibitor molecular electrostatic potential (MEP) surface.

4. Conclusions
The corrosion performance of Al/Ni-SiC composites prepared by powder metallurgy techniques is discussed, emphasizing
the significance of their electrochemical and chemical properties. It was concluded the following:

1.

Electrochemical studies, including potentiodynamic polarization curves, revealed that the addition of CulL:
nanocomplex as an inhibitor led to a reduction in the CR and an increase in the corrosion resistance of the
composites.

The presence of CuL2 nanocomplex resulted in the formation of a protective film on the surface of the Al/Ni-SiC
composites, which inhibited the electrochemical reactions responsible for corrosion.

The corrosion rate decreased with increasing concentrations (5%, 10%, and 15%) of nickel-coated SiC particles by
weight. The nickel-coated SiC particles in the hot compaction mix and vacuum mix at 15% in 1M HCI exhibited CR
values of 1.17 mm/y and 0.39 mm/y, respectively.

Chemical analyses, such as SEM and EDX, provided insights into the morphology and elemental composition of the
corroded samples. Comparisons between samples with and without inhibitors highlighted the effectiveness of CulL2
nanocomplex in mitigating corrosion.

Overall, the combination of electrochemical and chemical analyses elucidated the corrosion behavior of Al/Ni-SiC composites
and demonstrated the potential of CuL2 nanocomplex as a corrosion inhibitor for these materials.
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