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Abstract: The current work discusses the development and characterization of Al/CNT/h-BN 

hybrid composites using the powder metallurgy technique. This study aims to investigate the 

enhanced mechanical and physical properties of Al-based composites by combining CNTs 

and h-BN. The experimental procedures for producing the hybrid composites involve incor-

porating CNTs and h-BN into the Al matrix at specific concentrations and coating the surfaces 

of the reinforcements with Ag/Ni via electroless deposition to enhance the bonding between 

the matrix and reinforcements. The pure Al sample and its hybrid composites were initially 

produced using the powder metallurgy technique and then applied to the hot-rolling process. 

The results involve the characterization of the produced pure Al sample and its hybrid com-

posites (sintered and hot-rolling samples), including their mechanical and physical properties. 

The main findings are that the hot-rolled Al/CNT/h-BN hybrid composites exhibit improved 

mechanical and physical properties compared to other sintered and hot-rolled samples. The 

results showed that applying the hot-rolling process improved the densification and hardness 

of Al and its hybrid composite of Al/CNTs/h-BN. The relative densities of sintered and hybrid 

composite samples revealed a high densification of over 95%. The hardness improved to ap-

proximately 108%, 38%, and 23% compared to the sintered Al, hot-rolled Al and sintered 

Al/CNTs/h-BN samples. 
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1. Introduction 

The pursuit of innovative materials with exceptional properties has led to the emergence of hybrid composites as promising 

solutions that integrate the advantages of various reinforcement materials within a single matrix [1–3]. Among these, aluminum 

matrix composites (AMCs) have garnered significant interest owing to their remarkable strength-to-weight ratio, thermal con-

ductivity, and corrosion resistance [4]. Despite their potential, traditional AMCs often exhibit limitations in terms of their me-

chanical and thermal capabilities [4]. To address these limitations, AMCs are generally reinforced with various materials, in-

cluding continuous fibers (such as carbon, alumina, or silicon carbide), whiskers (e.g., silicon carbide), and particulates (such as 

alumina, silicon carbide, or boron carbide) [5–9]. These reinforcements are designed to enhance the strength, stiffness, wear 

resistance, and thermal properties of the Al matrix. Researchers have explored the potential of carbon nanotubes (CNTs) as 

reinforcements in Al matrix composites owing to their exceptional mechanical properties, such as high tensile strength and 

modulus [10]. CNTs have been used as reinforcements in many recent studies to improve the mechanical and physical charac-

teristics of Al metal matrix composites (AMMCs) using different production methods. Kwon and Leparoux [11] looked at com-

posites based on hot-extruded aluminum reinforced with 1 wt.% CNTs. The conclusion drawn from the uniform distribution of 

CNTs was that the tensile strength of Al/1 wt.% CNT composites increased by approximately 157% compared to pure Al. 

Comparably, using a planetary mill and a rolling method, Esawi and El Borady [12] manufactured Al-CNT composites with 0.5, 

1, and 2% by weight of CNTs. They discovered that the UTS increased by 10% over than the Al-matrix. Furthermore, Esawi et 

al. [12] demonstrated that extrusion-produced Al/2 wt.% CNT composites had a tensile strength enhancement of about 50%. As 

already shown, CNTs provide appropriate reinforcements for Al/CNT-based hybrid composites. Therefore, many scientists have 

been interested in creating Al/CNT-based composites with various reinforcements such as Al2O3 [13], TiO2 [14], TiC [15,16], 

and graphene [17]. Al/CNT composites with CNT wt.% content from 0.5-1 wt.% have been produced via powder metallurgy 

methods based on earlier research to produce hybrid metal matrix composites (HMMCs). Several approaches have been inves-

tigated to improve the wear resistance of these composites, such as surface treatment with liquids or solid lubricants. [18,19]. 

However, although liquid lubricants are useless under severe weather conditions, solid lubricant coatings suffer from problems 

such as oxidation, poor adherence, and short lifespans. One alternative approach to minimize wear and friction without relying 

on liquid lubricants is to incorporate solid lubricants within the metal matrix structure. Hexagonal boron nitride (h-BN) has a 

low coefficient of friction and is a self-lubricating reinforcing material for MMCs [20–23]. These features are especially helpful 

when conventional liquid lubricants are not practical, such as in high-temperature or vacuum situations. The incorporation of h-

BN into Al matrices aims to improve the tribological performance of the resulting composites by reducing the friction and wear 

between the sliding surfaces. This makes them ideal for applications in which minimizing friction and wear is crucial, such as 

bearings, gears, and sliding components. However, despite the potential benefits of incorporating CNTs and h-BN into Al ma-

trices, previous studies have not explored the synergistic effects of combining these materials to produce Al/CNT/h-BN hybrid 

composites. This gap in the literature suggests an opportunity to leverage the advantages of CNTs and h-BN as a reinforcement 

to the Al, rendering the resulting composite suitable for a range of applications in the automotive and industrial sectors. Not-

withstanding these potential benefits, the successful integration of CNTs and h-BN into Al matrices poses formidable challenges, 

including uniform dispersion, interfacial bonding, and prevention of agglomeration and degradation during processing. This 

study aims to develop and characterize Al/0.6 wt.% CNT/2 wt.% h-BN composites fabricated through the powder metallurgy 

technique. Notably, the surfaces of the particles for both CNTs and h-BN were modified by applying a Ni coating via electroless 

deposition technique, aiming to improve the wettability between the Al and CNT/h-BN particles. 
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2. Experimental Work 

Figure 1 shows the experimental procedures for producing Al/0.6 wt.% CNTs/2 wt.% hBN hybrid composites using the powder 

metallurgy process. 

 

Figure 1. Schematic representation of the production of Al-based composite reinforced with the Ag/Ni coated CNT/hBN nano 

particles; (a) Materials preparation, (b) Synthesis of Al/CNT/hBN composites using hot pressing process, (c) Hot rolling process. 
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2.1. Initial Materials 

Al powder was selected as the matrix material. According to the supplier (Dop Organic Kimya, Turkey), the Al-matrix had a 

high purity around 99.99% and with size upto 10 µm. Al/CNT/hBN composites were formed by incorporating two ceramic 

powders, CNTs and hBN, into the Al matrix. The CNTs were produced using the electric arc discharge method. The quality of 

the CNTs produced had a purity level of over 90%, featuring diameters measuring between 10-20 nm and lengths spanning from 

5-10 µm. The utilized hBN had a purity level of 99% and an average particles size ranging from 70 to 80 nm, according to the 

supplier. The matrix was supplemented with CNTs and hBN at a constant concentration of 0.6 wt. % and 2 wt.%, respectively, 

to fabricate the Al/CNTs/hBN hybrid composites. 

2.2. Surface Coating of Reinforcements 

An electroless Ni plating technique was applied to the surface particles of CNTs and hBN to enhance the bonding between the 

matrix Al and reinforcements. Prior to the Ni coating, a pretreatment involving an electroless Ag coating on CNTs and hBN was 

conducted. This process involved applying a layer of Ag onto the surfaces of hBN and CNTs using a two-step procedure: sensi-

tization and silver deposition. To prepare the hBN and CNTs for plating, they were first immersed in a solution of 10% sodium 

hydroxide with constant stirring for one hour, followed by immersion in acetone for one hour. The hBN and CNTs were then 

separated and cleansed using distilled water, before being subjected to a drying process at 110 °C in an electric furnace for a 

duration of one hour. The electroless plating Ag on hBN and CNTs was accomplished using a chemical bath containing 3 g/L 

silver nitrate and 300 mL formaldehyde, with a pH adjusted to 12 using ammonia. The reaction was initiated by adding formal-

dehyde and the hBN and CNTs were suspended in the solution by magnetic stirring for 10 minutes at room temperature. The 

electroless deposition process was carried out for 30 minutes. Following this, the solution was filtered and washed with acetone. 

Afterward, it was dried under vacuum at 110°C for one h. The concentration of Ni deposited onto hBN and CNTs particles was 

30 wt.% via electroless deposition. Numerous steps were required to complete the process. Initially, the necessary quantities of 

nickel chloride, potassium sodium tartrate, ammonium chlorophyte, and sodium hypophosphite were determined to be 100, 80, 

50, and 100 g/L, respectively. The temperature was maintained at around 92°C, and the pH was approximately around 9.2. 

Subsequently, the individual ceramic granules were added to the mixture. 

2.3. Production of Hybrid Composites 

The methodology employed to fabricate the Al-CNT and hBN nanocomposites involved the use of a circular grinding machine 

for ten h at 200 rpm. The machine balls, which were ten times larger than the powder, ranged in size from 10 to 12 mm. Following 

mechanical alloying, the samples were hot-pressed at 600 °C for 30 minutes under 700 Mpa of pressure to form a cylindrical 

shape with 12 mm in diameter. 

2.4. Evaluation of Produced Hybrid Composites 

Scanning electron microscopy (SEM) QUANTAFEG250 coupled with Energy Dispersive X-ray spectroscopy (EDS) was used 

to examine the microstructures of the starting material and the Al-CNT/hBN hybrid composites produced. This method makes 

it feasible to measure the size, shape, and composition of the powder particles. To prepare hybrid composite samples for micro-

structural analysis, they were initially ground with fine sandpaper and subsequently polished with alumina paste. X-ray Diffrac-

tion (XRD) analysis was conducted with Cu K± radiation (λ = 0.15406 nm) to investigate phase analysis of the coated powders. 

The MPIF Standard 42, 1998, and Archimedes principle were applied to determine the densities of the fused hybrid composite 

samples. Prior to determining the densities of the samples, their densities were measured in air and water. The properties of the 

hybrid composites were analyzed via hardness and electrical conductivity. An FM-ARS 9000 Vickers Hardness machine was 

used to gauge the hardness of the finished hybrid composite samples. Five results are randomly selected for each sample. The 

hardness load was 300 g, and the rest time was 15 s. 
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3. Results & Discussion 

3.1. Initial Materials 

 X-ray diffraction and SEM techniques were employed to analyze the diffraction patterns and evaluate the size, and morphology 

of the initial materials utilized. Figure 2 shows the SEM analysis of the pure Al and the reinforcements of hBN, and CNTs. The 

SEM images confirmed the supplier's Al matrix and reinforcements sizes. Al particles, CNTs, and nano-hBN are virtually spher-

ical, agglomerated (micron size), and uneven with sharp edges, as shown in Figure 2. In the case of aluminum, the XRD pattern 

typically shows intense peaks corresponding to the (111) plane at approximately 38.5°, (200) at 44.7°, (220) at 65.1°, and (311) 

at 78.2° two-theta values, which are characteristic of the face-centered cubic (FCC) crystal structure. For CNTs, the XRD pattern 

exhibits peaks related to the (002) plane at approximately 26° and the (100) plane at approximately 42.5° two-theta, with the 

relative intensities and positions of these peaks providing information about the chirality and diameter of the nanotubes. Hexag-

onal boron nitride (h-BN) has a layered structure similar to that of graphite, and its XRD pattern shows intense peaks corre-

sponding to the (002) plane at approximately 26.7° and the (100) plane at approximately 41.6° two-theta values, along with other 

less intense peaks related to the hexagonal crystal system as shown in Figure 3 . 

 
Figure 2. SEM images of the initial powders. 
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Figure 3. XRD results of initial powders. 

 

Figure 4 features SEM images of the nano-reinforced CNTs and hBN following the Ag-Ni coating process. As illustrated in 

Figures 6 0% and 2%, the as-supplied nano-reinforcements provided in their original dimensions without any alterations  and 

form after the electroless process, even when dispersed Ag/Ni existed in a nano-spherical arrangement. To verify the presence 

of Ni and Ag coatings, XRD was performed. The XRD patterns for both the CNTs and hBN reinforcements, both before and 

after the Ag/Ni coating process, along with the mixed Al/0.6 wt.% CNTs/2% wt.% h-BN, are depicted in Figure 5. No alterations 

to the citation, reference, or in-line citations are allowed. The spelling, specific terms, and phrases in American English must be 

strictly followed. The XRD patterns exclusively exhibit conspicuous peaks of the coated reinforcements (hBN/Ag/Ni and 

CNTs/Ag/Ni) utilized in the Al matrix. This feature guarantees that electroless coating and blending procedures were executed 

without introducing any extraneous substances into the mixture. Notably, their relatively small volume fractions hindered the 

detection of the CNTs, Ag, and Ni peaks. 
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Figure 4. SEM images of Al, CNTs, and h-BN after coating 

 

 
Figure 5. XRD diffraction images of CNTs, and h-BN before and after coating. 
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3.2 Microstructures of produced hybrid composites 

Figure 6 shows the microstructures of the sintered pure Al and Al/CNT/h-BN hybrid composite. Al grains have irregular grain 

sizes, and their distribution displays inconsistency across the surface of the sintered pure Al sample. The microstructure signifi-

cantly changed after adding CNTs and h-BN in the Al. This is because the Al grains became almost evenly distributed, and with 

the addition of CNTs and h-BN, the Al grains got smaller than in the sintered pure Al sample (Figure 6). Adding CNTs and h-

BN helped organize the grains but prevented them from growing. It is noteworthy that Ni grains are irregularly dispersed between 

Al and h-BN grains. Figure 7 shows the microstructure of the hot-rolled pure Al and Al/CNTs/h-BN hybrid composite. These 

microstructures clearly demonstrate the effectiveness of the hot-rolling process in changing the microstructure of the materials 

to produce them without large voids when subjected to compressive stress and the thermomechanical effect during the hot-rolling 

process. The microstructure changes before and after the hot-rolling process are expected to affect the physical and mechanical 

properties of the sintered and hot-rolled samples. 

 
Figure 6. Microstructures of the sintered pure Al and Al/0.6wt.% CNTs/2wt.% h-BN hybrid composites. 

 

 
Figure 7. Microstructures of the hot-rolled pure Al and Al/0.6wt.% CNTs/2wt% h-BN hybrid composites. 

3.3 Physical and Mechanical Properties 

Figure 8 shows the relative densities of the pure Al and Al/0.6 wt.% CNTs/2 wt.% h-BN samples before and after the hot-rolling 

process. It is interesting to mention that the pure Al samples that were sintered and hot-rolled achieved relative densities close 

to full densification, reaching approximately 99%. Nevertheless, the incorporation of CNTs and h-BN into the sintered hybrid 

composites led to a slight decrease in their relative densities. In general, the relative densities of sintered and hybrid composite 

samples of over 95% for the sintered hybrid Al/CNT/h-BN composites can be attributed to the exceptional self-lubricating prop-

erties of h-BN. During the hot-pressing process, h-BN functioned as a solid lubricant, effectively minimizing the interparticle 

friction of powder particles. This allowed for particle rearrangement and effective packing, resulting in improved compaction 



Industrial Technology Journal, 2024, Vol 2, Issue 1, page 50 -67. 9 of 17 
 

 

and reduced voids or porosity. In addition, the lubricating properties of h-BN prevent grain growth and agglomeration, helping 

maintain the integrity of the particle boundaries [24,25]. The incorporation of h-BN nanoparticles boosts particle packing, solid-

state diffusion, and interparticle bonding, ultimately resulting in a significant improvement in densification. In contrast, the hot-

rolling process is a thermomechanical treatment that involves subjecting the porous rolled material to elevated temperatures and 

compressive forces, resulting in rearrangement and deformation of the metallic particles [4,26]. After the hot-rolling process was 

applied to the Al and hybrid composite samples, the densification properties improved for both samples. For the hot-rolled pure 

Al sample, the application of heat and pressure during hot rolling facilitated the plastic deformation of the Al particles, leading 

to their closer packing and elimination of residual porosity [27,28]. Consequently, the hot-rolled Al samples exhibited enhanced 

densification, characterized by higher relative densities and reduced porosity levels, compared to their as-sintered counterparts. 

This densification process is accompanied by microstructural changes (Figures 6 and 7), such as grain refinement, which can 

further affect the mechanical properties and performance of the produced Al and Al/CNT/h-BN hybrid composite samples. When 

the hot-rolling process is in the Al/CNTs/h-BN, the hot-rolling process exerts an effect on the densification properties of the 

sintered Al/CNT/h-BN hybrid composite sample. In this composite system, Al is reinforced with CNTs and h-BN. When hot 

rolling is performed, the simultaneous effects of increased temperatures and compressive forces enable the reorganization and 

deformation of the Al matrix, resulting in a more compact arrangement of the metallic particles. Simultaneously, the CNTs and 

h-BN underwent dispersion and alignment within the Al matrix, contributing to the densification process. The hot-rolling process 

effectively reduced the porosity levels and improved the interfacial bonding between the Al matrix and reinforcements, resulting 

in enhanced densification and consolidation of the hybrid composite. In addition, the dense structure-produced samples demon-

strate the success of the production processes, including coating, mixing, hot-pressing, and hot-rolling. These high densities are 

expected to have a significant impact on the mechanical and wear properties of sintered composites. 

 
Figure 8. Relative density of sintered and hot-rolled pure Al samples 

The results in Figure 9 show the hardness values of the sintered samples compared to those of the hot-rolled samples of pure Al 

and its hybrid composites. The microhardness of sintered pure Al (59 HV) increased to the101.6 HV after adding the 0.6 wt.% 

CNTs and 2 w.% h-BN as a reinforcement to the Al-matrix. The incorporation of CNTs into the Al matrix leads to an 
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improvement in the mechanical characteristics, including hardness, owing to the interface between the metal and CNTs and the 

chemical and structural stability of the CNTs. [29]. This enhancement in hardness was attributed to the strengthening factors 

provided by the addition of CNTs. In contrast, a study by Vorozhtsov et al. [30] indicated that while the hardness of composites 

increased with isothermal holding time during hot pressing, it decreased with increasing CNTs content over 1 wt. % within the 

material. This suggests that there may be an optimal CNTs content for maximizing the hardness, beyond which the properties 

may deteriorate. However, the relationship between CNTs content and hardness is not linear, and excessive CNTs may lead to a 

decrease in hardness [30]. However, the addition of h-BN to different matrices tends to influence the mechanical properties, 

including hardness. For instance, in SS316L/h-BN composites, the hardness decreases with an increase in h-BN content but it 

can be enhanced by raising the sintering temperature. [31]. In the case of PA66/h-BN composites, the Rockwell hardness was 

improved by the addition of h-BN [30]. Similarly, Al 6061-based composites reinforced with BN showed an increase in hardness 

[32], as did Al7050 reinforced with h-BN, which also exhibited an increased hardness [33]. These findings suggest that h-BN 

can enhance the hardness of MMCs. Although the specific effect of h-BN on Al/CNT composites has not been explicitly dis-

cussed, the layered structure of h-BN facilitates easy sliding of dislocations, potentially reducing hardness. Nevertheless, the 

incorporation of h-BN can promote grain refinement in the Al matrix during processing, leading to an increase in the grain 

boundary area and dislocation density, thereby contributing to hardness enhancement. The overall effect of h-BN on the hardness 

Al hybrid composites hardness depends on the delicate interplay between its solid lubricating effect and grain refinement ability, 

as well as on the optimal loading and dispersion of h-BN within the Al. Furthermore, the solid lubricating nature of h-BN may 

enhance the dispersion and distribution of 0.6wt.%CNTs in the Al, enhancing the load transfer efficiency and contributing to 

hardness enhancement. After applying the hot-rolling process, the sintered Al pure increased from 59.5 HV to 101.6 HV, and 

the Al/CNTs/h-BN hybrid composite sample increased from 89.8 HV to 124.3 HV (Figure 9). These improvements in both 

samples can be attributed to the elevated temperatures and compressive forces during hot rolling, which promote the recovery 

and recrystallization processes within the Al microstructure. This resulted in the formation of a finer and more homogeneous 

grain structure, leading to an increase in the grain boundary area and dislocation density. The higher dislocation density and 

increased grain boundary area act as barriers to dislocation motion, thereby increasing the resistance of the material to plastic 

deformation and enhancing its hardness [34–36]. In addition, elevated temperatures and compressive forces during hot rolling 

allowed particle rearrangement and effective packing, resulting in improved densification of hot-rolled samples and reduced 

voids or porosity, subsequently improving the hardness. It can be concluded that after applying the hot-rolling process, a higher 

microhardness was obtained for the hot-rolled Al/0.6 % CNTs/2% h-BN samples, with improvements of around 108%, 38%, 

and 23% compared to the sintered Al, hot-rolled Al, and sintered Al/CNTs/h-BN samples, respectively, as shown in Figure 9. 
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Figure 9. Microhardness of sintered and hot-rolled pure Al samples. 
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Figure 10 (a, b) illustrate the wear rate of the sintered samples, both before and after the hot rolling process, respectively. 

 

The results presented in Figure 10a depict the variations in wear rates observed in both the aluminum matrix and the aluminum-

carbon nanotubes/hexagonal boron nitride (Al-CNTs/h-BN) nanocomposites when subjected to dry sliding wear conditions at 

varying loads while keeping other parameters constant. The findings of the study consistently demonstrate an increase in wear 

rates as the applied load increases across all the samples examined. This suggests a direct correlation between the depth of wear 

penetration in the consolidated specimens and the magnitude of the applied loads during the wear tests. With an increase in load, 

the indenter penetrates deeper into the material, consequently leading to a higher rate of wear [37,38,39]. While Figure 10 (b) 

shows a noticeable decrease in the wear rate compared to Figure 10 (a), due to the increase in the h-BN content to 2%wt, in 

addition to the effect of the hot rolling process. Hot rolling process enhances the surface hardness, wear resistance, and impact 

wear behavior of Al-CNTs/h-BN samples. addition the lower finishing rolling temperature refines the microstructure, increases 

grain boundary and dislocation densities, and promotes precipitation strengthening, all of which improve wear performance. 

Surface rolling can improve the rolling contact fatigue behavior and failure mechanism of PM Al-CNTs/h-BN samples compared 

to unrolled samples.in finally the combination of increased h-BN content and the application of the hot rolling process has 

resulted in a significant reduction in the wear rate of the Al-CNTs/h-BN nanocomposite samples. The hot rolling process plays 

a crucial role in refining the microstructure and improving the surface properties, ultimately enhancing the overall wear resistance 

of the PM-produced nanocomposite materials.[40] 
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Figure 11 depicts the conductivities of the pure aluminum and hybrid composite samples before and after hot rolling. It is evident 

that the conductivity of both pure Al samples decreased after the addition of 0.6wt.%CNTs and2wt.% h-BN as reinforcements 

to create the Al/06wt.%CNT/2wt.%h-BN hybrid composite. This decrease in conductivity can be attributed to the poor conduc-

tivity of 2wt.% h-BN, which acts as an insulating barrier and disrupts the continuous conductive network of pure Al [41]. Addi-

tionally, the presence of these reinforcements introduces interfaces and grain boundaries within the composite, which act as 

electron scattering sites, thereby increasing the overall electrical resistivity. Although h-BN is an electrical insulator, it can 

enhance certain properties when added to the composites. For example, it has been shown to increase the threshold voltage 

between the ohmic and space-charge-limited current (SCLC) regions in epoxy composites, indicating a modification of the 

electrical conductivity within certain field ranges [42]. However, this does not contradict the observed decrease in electrical 

conductivity in the aluminum matrix, as the mechanisms of electrical conduction in the epoxy and aluminum composites differ. 

The addition of h-BN to Al results in decreased electrical conductivity owing to its insulating nature, which interrupts the con-

ductive pathways within Al [41]. Despite its ability to modify the electrical properties of other composite systems [42], the 

fundamental insulating characteristics of h-BN dominate when mixed with conductive matrices, such as Al. On the other hand, 

after applying the hot-rolling process to both samples of sintered pure Al and its hybrid composite, it was observed that the 

electrical conductivities of both samples increased (Figure 11). This can be attributed to several factors. During the hot-rolling 

process, the composite undergoes plastic deformation, which leads to the alignment and orientation of the CNTs and h-BN along 

the rolling direction. This alignment creates preferential conductive pathways within the composite, allowing more efficient 

electron transport [43,44]. Additionally, the hot rolling process promotes interfacial bonding between the Al matrix and rein-

forcements, reducing the interfacial resistance and facilitating better electron transfer across the interfaces [43]. Furthermore, the 

hot-rolling process can help reduce the agglomeration of CNTs and h-BN, resulting in a more uniform dispersion within the Al 

matrix [43]. This improved dispersion further enhances the electrical conductivity by minimizing the formation of resistive 

regions [42,45]. Consequently, the electrical conductivity of the material was enhanced during the hot rolling process. This is 

attributed to various microstructural changes, such as the improved alignment of the reinforcements, enhanced interfacial bond-

ing, and better dispersion. These factors collectively contribute to the observed increase in the electrical conductivity after hot 

rolling. It can be concluded that higher (41.2 IACS) and lower (17.1 IACS) conductivities of the produced samples were observed 

in the hot-rolled pure Al sample and sintered Al/CNTs/h-BN hybrid composite sample, as shown in Figure11. 
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Figure 11. Electrical conductivity of sintered and hot-rolled Aure Al samples 

 

 

 

5. Conclusions 

 

The study focused on investigative the microstructures, mechanical properties, and physical properties of the 

Al/CNT/hBN hybrid composites, which were fabricated through hot compaction and hot rolling. The investiga-

tion resulted in the following conclusions: 

1. The main findings are that the hot-rolled Al/CNT/hBN hybrid composites exhibit improved mechanical 

and physical properties compared to other sintered and hot-rolled samples.  

2. The results showed that applying the hot-rolling process improved the densification and hardness of Al 

and its hybrid composite of Al/CNTs/h-BN. The relative densities of sintered and hybrid composite sam-

ples revealed a high densification of over 95%.  

3. The hardness improved to approximately 108%, 38%, and 23% compared to the sintered Al, hot-rolled 

Al and sintered Al/CNTs/h-BN samples. 

4. The electrical conductivity of pure Al decreased after the addition 0.6wt.%CNTs and 2wt.% h-BN. This 

reduction in electrical conductivity can be considered as the main factor contributing to  lower conduc-

tivity of h-BN. The results showed that the hot-rolled pure aluminum sample had a higher conductivity 

of 41.2 IACS, while the sintered Al/CNTs/h-BN hybrid composite sample had a lower conductivity of 

17.1 IACS. 
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