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Abstract 

Utilizing Laser Engineered Net Shaping (LENS), nanocomposites were generated by mechanically combining metal 

powders with various amounts of multi-walled carbon nanotubes (CNTs). To produce free-standing bulk structures and 

coatings, the LM6 (Al-12Si-0.6Fe-0.5Mn-0.3Mg-0.1Ni-0.1Zn) alloy was chosen owing to its exceptional corrosion resistance 

in typical atmospheric and marine environments. The LENS technique was employed to fabricate the coating-substrate 

interface for LM6 coated Al-2024 and MWCNT-LM6 coated Al-2024. The addition of MWCNTs to the Al-Si matrix 

enhanced the tribological properties of LM6. SEM images revealed abrasive wear as the primary wear mechanism. A pin-on-

disc wear tester was utilized to study the friction and wear behavior of the composite under a load of 1 N and a sliding speed 

of 50 mms-1. The addition of MWCNTs resulted in a reduction of the friction coefficient because of the MWCNT’s self-

lubricating characteristic and unique topological structure. Moreover, the volumetric wear rate dropped considerably, and 

thermal properties were significantly enhanced with the inclusion of MWCNTs. A 25% increase in thermal conductivity was 

seen after the addition of 8% vol MWCNTs to LM6 coated Al-2024. 
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1. Introduction 

Metals and alloys are very popular as structural materials. 

Some metals and metal alloys per unit mass have high 

structural strength, making them useful materials for bearing 

large loads or resisting damage to impacts. It is also possible to 

engineer metal alloys to have elevated shear, torque, and 

deformation resistance [1]. The strength of metals and metal 

alloys can be improved by heat treatment to a certain extent. 

The progress in the development of MMC’s has led to more 

studies that further escalated the stiffness and strength of the 

metal. The strength and ductility associated with MMC’s are 

added by the metal matrix and reinforcement that is either high 

rigidity metal or ceramics based on a particular matter or fiber 

offers further improvement in strength and/or stiffness [2]. 

High Thermal Conductivity and low thermal expansion 

coefficient characteristics can be engineered into metal matrix 

composites that can make MMC’s idyllic for a number of 

applications, including electronic packaging [3]. 

The excellent physical properties of multi-walled carbon 

nanotubes (hereafter referred to as MWCNTs, unless indicated) 

make them an attractive candidate for use as reinforcements in 

metal matrix composites [4]. However, there has been little 

progress in this field compared to polymer-based 

nanocomposites which can be credited to the relative ease with 

which polymer-based composites can be processed, which 

often does not require any high processing temperatures. In 

recent years, various research groups have begun to focus on 

the processing of MWCNT reinforced MMCs [5-7]. Because 

of their high specific strength, these composites are intended 

for use in structural applications as well as using materials 

because of their exciting thermal properties. This study focuses 

on the use of Laser Engineered Net Shaping (LENS) for 

MWCNT-MMC manufacturing. Lasers are attractive 

production tools because they deliver a range of unique 

benefits, such as high efficiency, automatic reliability, non-

contact production, finishing operations elimination, reduced 

processing costs, enhanced product quality, increased use of 

material, and minimal heat affected area [8-12]. Laser 

processing technology can be used to deposit metals and alloys 

with fine grain microstructure using appropriate operating 

parameters [13-16]. It can be used to build parts with good 

mechanical properties. The motivation of this study was to 

explore the possibility of using LENS to process MWCNT-

MMCs. The combination of LENS processing with MWCNT 

reinforcements can help in the development of high-

performance engineering materials. In this study, MWCNTs 

were used to reinforce Al-12Si alloys. The microstructure and 
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some physical properties such as thermal and mechanical 

properties of these composites have been studied. 

Laser Engineered Net Shaping is capable of producing parts 

that are near net shape and require little post-processing or 

machining. The LENS (Figure 1 [17]) consists of a laser Nd: 

YAG continuous wave, a controlled atmosphere glovebox, a 

positioning device controlled by the x-y-axis computer, and a 

powder feed unit/unit. Inside the argon-filled glovebox, the 

positioning stage is mounted, functioning at a marginal oxygen 

level of 2-3 parts per million. Through a window mounted on 

the top of the glovebox, the laser beam is brought into the 

glovebox and guided using a plano-convex lens to the 

deposition area. The machine is equipped with a powder feed 

unit or units that supply powders for the materials being 

deposited. The powders are fed into the unit and supplied 

through a multi-nozzle assembly via flowing argon. The nozzle 

assembly is designed to converge the powder stream on the 

laser beam, which is centered on the substrate. The substrate is 

mounted on a positioning device to ensure precise control 

during the deposition process. [17-19]. 

The laser power level, powder feed rate, scan speed, and 

hatch/raster spacing are all processing parameters in the LENS 

technique [20-26]. Depending on the material being deposited, 

these process parameters are adjusted. When depositing 

materials with high laser absorptivity, for example, laser power 

is reduced, while materials with low laser absorptivity need a 

higher laser power level. The substrate that is chosen 

influences the bonding between the deposited element and the 

substrate. Powder flowability is critical for LENS 

manufacturing, and good flowability is required. Clogging in 

the powder delivery system can be caused by poor powder 

flowability. Microstructure, surface finish, hardness, and size 

can all be regulated by choosing the right process parameters. 

Since the LENS process requires rapid solidification of molten 

metal, the deposited sections may have a fine-grained 

microstructure. As a result, as expected by Hall-Petch 

strengthening, better mechanical properties can be achieved 

when compared to traditional melting and solidification paths. 

The processing conditions can be changed to choose various 

microstructures and to take advantage of all the advantages of 

metastable microstructures. Since the deposition is done in an 

argon environment, oxidation issues during processing can be 

avoided. LENS' ability to handle compositionally and 

functionally graded materials is a key feature. This method can 

generate metallic structures directly from CAD data, which 

cuts down on processing time and eliminates the risk of human 

error. Finally, LENS can produce complex near-net shape 

structures that does not require surface finishing [27-28]. 

The exceptional physical properties of multiwalled carbon 

nanotubes (MWCNTs) have generated considerable interest. 

Through extensive experiments and simulations, it has been 

demonstrated that MWCNTs possess high stiffness (~1000 

GPa) and yield strength (~100 GPa) in the direction of the tube 

length [29-31]. Their low density also makes them suitable for 

use in lightweight, high-strength applications, including 

aerospace components. Additionally, MWCNTs exhibit high 

thermal conductivity (ranging from 2750 W/m-K to 5890 

W/m-K along the tube axis) and a negligible coefficient of 

thermal expansion (~0x10-6) [32-33], making them highly 

desirable for thermal management applications. Furthermore, 

MWCNTs are thermally stable up to 27500C in a vacuum [34-

36]. To ensure uniform distribution of MWCNTs in aluminum, 

the melt infiltration technique was employed [37]. Melt 

infiltration techniques use a solid porous structure in which 

MWCNTs are dispersed. The molten metal (matrix) is then 

infiltrated into the pores and allowed to solidify. Due to the 

high temperature of the molten metal, the solid perform can 

melt leading to agglomeration of MWCNTs. Also, the time 

required to fill the porous, solid perform and efficiency of the 

processes are other critical factors that decide the final 

properties of the composite in this case. However, improved 

dispersion has been reported for Al-MWCNT [38-43] and Mg- 

MWCNT composites. As compared to powder metallurgy, the 

melting techniques should ideally produce much denser 

composites. The interfacial bonding would depend on the 

wettability of MWCNTs with the matrix. The formation of 

MWCNT clusters and interfacial compound formation should 

be preventable by using rapid solidification techniques. 

Based on the previous work, adding MWCNT with the 

metal matrix composites plays a vital role in many 

applications. The researchers discussed the different 

compositions with base metals to study the behaviour of 

mechanical properties. This study focused on coating of 

MWCNT on LM6 alloys for different composition to study the 

performance of thermal conductivity and wear behaviour. This 

investigation gives a better understanding of thermal 

conductivity for different composites and compares the results 

with wear rate of the developed samples. 

 

Figure 1. [17]: The Arrangement of Laser Engineered Net Shaping (LENS) is depicted: 1. Power Supply; 2. Pneumatic Pulsating System; 3. Visual 

System; 4. IPG Fiber Laser; 5. Mainframe Control; 6. Data Input; 7. Working Cavity; 8. Laser Optical Pathway; 9. Functioning Head with Nozzles 

(Four); 10. Statistically Guided Working Counter (Motion in Plane of X-Y); 11. Antechamber. 
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2. Materials and Methods 

The LM6 (A413 Alloy) powder (99.9% pure, -140+325 

mesh, melting point ~ 6500C, supplied from Fenfee 

Metallurgy’s) and Multi-walled MWCNTs (95% pure, 30-50 

nanometers in outside diameter, and a length ranging from 

approximately 10-20 μm, supplied form Adnano Technologies) 

was used as preliminary materials for preparing MWCNT-Al-

Si composites. The ratio of LM6 powder added in the volume 

percent of 92% (149.2 grams) for the 8% of MWCNT’s (0.80 

grams). Figure 2 (a), (b) and (c)illustrate thepowder form of 

MWCNT with surface morphology of LM6 as the matrix 

material for the fabrication of the composite with EDS analysis 

of the composites.  

Table 1. Properties of Multi Walled Carbon Nano-Tubes 

Properties Values 

Purity Carbon >99% 

Average Length * Diameter 1-5µm * 10-15 nm 

Strength 10-60 GPa 

Surface Area 370 m2g 

Melting Point 3645-3702 °C 

Density ~2.1 g/ml at 25 °C 

2.1. Wear Test 

Many methods were used to measure the wear [51-60] in 

compliance with ASTM G133, wear testing was conducted on 

the test samples (unreinforced LM6 and 8 vol% MWCNT-

LM6 coatings on Al-2024 substrate) using a tribometer with a 

6 mm diameter chrome steel ball. The wear test was a rotating 

pin-on-disc test carried out at a load of 25 N, a frequency of 5 

Hz, a stroke of 10 mm, and test durations ranging from 40 s to 

16 min. The wear test samples had a diameter of 15 mm and 

were produced using LENS. Standard metallographic 

preparation procedures were followed to obtain a flat surface 

and good surface finish by polishing the samples. Two samples 

were prepared for each composition. The pin used in the test 

had a 6 mm radius end. Two different tests were performed on 

each sample with wear track radii of 2mm and 4mm (full 

rotation represents 12.5mm and 25mm of travel respectively) 

at a speed of 2500 rpm. The total distance travelled by the 

rotating pin for tests with a wear track radius of 2mm was 

1000m and the total time taken was 7 hours. The total distance 

travelled, and time taken was 3000m and 20 hours respectively 

for the wear tests performed with a 4 mm wear track radius. 

Prior to each test, the specimens and the chrome steel ball 

underwent a cleansing process using 100% ethanol to 

guarantee the cleanliness of their surfaces. The wear tests were 

performed under arid conditions at ambient temperature. A 

normal load of 1 N was used for all tests. After performing the 

wear test, the samples were ultra-sonicated for 10 minutes and 

then examined using SEM. A MG-2000 high-speed, high-

temperature pin-on-disc wear machine was put through wear 

testing in an unlubricated sliding environment at standard 

optimum temperature of 21 to 24°C with 50 to 60% relative 

humidity was maintained. An analogous wear method was 

followed by numerous researchers [44-45]. 

2.2. Thermal Conductivity 

The technique of laser or light flash is commonly used to 

measure the thermal diffusivity of various materials. This 

method involves the application of a light pulse on the front 

surface of a plane-parallel sample, causing it to heat up. The 

temperature rise at the back face of the sample is recorded over 

time, and materials with higher thermal diffusivity exhibit a 

faster temperature increase at the back face. Pure LM6 and 

8vol% MWCNT-LM6 samples were polished so that they 

would have the same surface roughness on the coating side as 

well as the substrate side. Thermal diffusivity and specific heat 

were measured b/w 250C-2500C using LFA 447 nano flash 

which uses the flash method as per ASTM–E1461-07. Two 

samples were tested for each composition. Initially, a thermal 

conductivity test was conducted to evaluate the integrated 

structure of the substrate and coating as a single layer. To 

avoid laser light and the generation of plasma on the surface, 

the samples were coated using a carbon spray on the top and 

bottom surfaces. Five tests were conducted on each sample to 

obtain accurate results and the mean value was used for 

calculations. Subsequently, a double layer test was conducted 

to evaluate the thermal conductivity of the coatings and the 

thermal contact resistance at the interface. To determine the 

thermal contact resistance, Proteus LFA analysis software was 

fed with thermal diffusivity and specific heat capacity values 

for pure LM6 and Al-2024. 

 
Figure 2. (a)  Multi-Walled Carbon Nanotubes Powder (b) EDS micrograph of LM6 Alloy of Specimen (c) EDS spectra of the Specimen 
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3. Results and discussions 

3.1. Surface morphology of the samples 

The morphology of silicon within the eutectic phase is the 

most crucial microstructural attribute in aluminum-silicon 

eutectic alloys. The alteration of the silicon structure in the 

eutectic is an important method to enhance the strength of the 

alloy. Silicon in the eutectic phase can exhibit different 

microstructures, including unmodified (large acicular, rod, 

angular, faceted, flake), partially or completely modified 

(modified angular, fibrous), or over-modified (massive, 

acicular, rod, angular, faceted, flake). The Eutectic Al-Si alloy 

(12.25 percent Si) solidifies at a single temperature. This alloy 

is frequently used in the production of heavy-duty diesel 

pistons, pulleys, sheaves, and other automotive components. 

To understand how unmodified and over-modified silicon 

work, researchers analyzed and compared the composition of 

the eutectic silicon phase in both unmodified and silicon-

modified alloys. 

The research utilized Aluminum Powder to conduct 

SEM/EDS tests, which were analyzed using the automated 

feature analysis (AFA) program as displayed in figure 2. Small 

particles, known as very small particles (VSP), are often 

overlooked in forensic science despite being common in our 

surroundings. Their size varies significantly, even below 

typical trace evidence. The SEM is a scientific instrument that 

utilizes electrons instead of light to generate highly magnified 

images. The microscope consists of an electron gun positioned 

at the top, which produces an electron beam.The microscope is 

maintained under a vacuum, and the electron beam penetrates 

the sample in a vertical direction, resulting in the production of 

an image. 

A pre-existing technique was used, with a combination of 

seldom seen and frequently seen elements. The SEM/EDS or 

the program may not limit the number of elements (among 

those observables by EDS), and the element assortment can be 

modified. The number of elements chosen influences the 

overlap of x-ray lines, but ambiguities are overcome by using 

known associated x-ray emissions for the same elements by the 

x-ray detection program. Carbon nanotubes (CNTs) are 

nanomaterials consisting of carbon atoms. This research 

focuses on multi-walled carbon nanotubes (MWCNTs) as they 

have significant relevance to industry, as illustrated in Figure 

3. MWCNTs are cylindrical structures made of multiple layers 

of graphite that are rolled inward. MWCNTs exhibit 

remarkable properties, including electrical conductivity 

equivalent to copper, exceptional mechanical strength, 

withstanding 15 to 20 times more force than steel despite being 

only 5 times lighter. Furthermore, MWCNTs have high 

thermal conductivity, comparable to copper, and exceeding 

diamond's thermal conductivity by over five times. These 

features make MWCNTs an attractive option for various 

industry applications.  

Carbon nanotubes with multiple walls are formed in a helix 

shape, wrapping around one another. About 80% of the CNTs 

contain a helical configuration. The rest are typical CNTs. The 

majority of the CNTs have an outer diameter of 100-200 nm, 

and the total CNT concentration is greater than 90% by weight. 

A layer of carbon atoms that are linked together in a hexagonal 

(honeycomb) mesh create the structure of a carbon nanotube. 

Graphene is a single-atom thick layer of carbon that is coiled 

into a cylinder shape and joined together to form a carbon 

nanotube.In Fig 4(a), X-ray diffraction (XRD) patterns were 

obtained for the multi-walled carbon nanotubes (MWCNTs). 

The pristine MWCNTs displayed two peaks, one at the 002 

and 001 plane, and the other at the 101 and 200 plane, with an 

interplanar spacing of 3.41 Å and 2.05 Å, respectively. It is 

evident from the Figure that functionalization of the MWCNTs 

did not modify the crystallographic properties of the MWCNTs 

as they still had only two prominent peaks. The LM6, on the 

other hand, exhibited a slightly different pattern, which may be 

due to the high degree of functionalization in this study. 

From the XRD Profile for Multi-Walled Carbon Nanotubes, 

for a position angle (2ϴ = 260), the peak is observed in XRD 

Plot with the number of counts exceeding 4000 in the 

bandwidth of 0 degrees to 90-degree phase shift. This is 

basically attributed to the spiral nature of the multi-walled 

carbon nanotubes and their helical structure. FESEM images of 

as-growth CNTs after the CVD phase at 550°C are shown in 

Figures 5 (a) and (b). Figure 5(a) depicts the as-grown CNTs' 

overall surface morphology, which appeared thick, entangled, 

and noodle-like. The CNTs had a rough tube surface, as shown 

in Figure 4 (b). The presence of open ends tubes in some of the 

CNTs suggests that the CNTs' growth mechanism is a tip-

rising model. The results show that the BWH acted as a pore 

and active site for anchor catalyst particles in the CNT 

synthesizing process. 

 
Figure 3. XRD profile of as received multi-walled carbon nanotubes. 

 
Figure2. (a) & (b) SEM images of LM6 Powder and(c) LM6 Powder 
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Figure 4. FESEM images at various magnifications: (a) low magnification of compact and intertwined as-growth CNTs after CVD at 550°C, and (b) 
high magnification of as-growth CNTs' surface structure. 

To disperse MWCNTs in LM6 powder, ball milling was 

employed. A metallic container was used to hold 149.2g of 

LM6 powder with 8 vol. % of MWCNTs and 100 steel milling 

balls, each with a diameter of 6 mm (initial ball to powder ratio 

of 1:1.5). To prevent cold welding of MWCNTs on steel balls 

and the container, a control agent, Methanol (6 vol %), was 

added. The container was then placed on a ball mill, and its 

contents were mixed for 24 hours at a speed of 60 rpm. Laser 

deposition was performed on an aluminum substrate (Al-2024, 

T-6) at two different power levels: 500W and 250W. A scan 

speed of 35 mm/s and a powder feed rate of 5.25 g/min were 

used. 

Coatings with 12 mm and 15 mm diameter were deposited 

to perform wear test and thermal conductivity test respectively. 

Coating thickness was guided by the number of layers 

deposited on the substrate and, after grinding and polishing, 

0.25 mm thick coatings were obtained.A computerized reading 

of the impedance change serves as a gauge for coating 

thickness. Eddy-current monitoring of coating thickness is a 

commonly used technique for liquid or powder coatings on 

aluminum, non-magnetic stainless steel, and anodized 

aluminum. It is crucial to ensure that thinner measurements 

confirm the removal of the clear coat or the readiness of the 

primer to show through by verifying the impedance. In an 

argon atmosphere, laser deposition was performed to prevent 

MWCNT loss at high temperatures. Samples generated at 250 

W showed severe balling and were not used for analysis. 

Coatings produced at 500W were polished to obtain a smooth 

surface. Using the same parameters, pure LM6 coatings were 

also deposited on an Al-2024 substrate. 

Coating Multi-Walled Carbon Nanotubes (MWCNT) onto 

LM6 involves a step-by-step process to ensure successful 

integration and desired properties. First, begin by dispersing 

MWCNT in a suitable solvent, such as isopropyl alcohol (IPA) 

or a combination of solvents. Then, ultrasonicate the mixture to 

ensure proper dispersion and break up agglomerates, resulting 

in a uniform suspension of MWCNT. Next comes the 

preparation of surface of the LM6 by cleaning the surface of 

LM6 using appropriate cleaning agents to remove 

contaminants, oxides, and oils, ensuring good adhesion of the 

MWCNT coating. Apply a primer or a binding layer onto the 

LM6 surface to enhance adhesion between the substrate and 

the MWCNT coating. This layer can improve the durability of 

the coating. Ensure an even and controlled application to 

prevent excessive build-up and ensure uniform coverage. 

Finally, allow the coated LM6 to air-dry or use controlled 

heating to facilitate solvent evaporation. The coated LM6 to a 

controlled temperature (annealing) process in an inert or 

reducing atmosphere. Annealing helps to enhance adhesion, 

remove residual solvents, and improve the structural integrity 

of the MWCNT coating. 

Scanning electron microscopy and optical microscopy were 

used to examine the microstructure of the coatings. To reveal 

the microstructural features, the polished samples were treated 

with a solution consisting of 2.5 ml of HF (40%), 3.5 ml of 

Hydrochloric Acid (35%), 5.5 ml of Nitric Acid (70%), and 

250 ml of distilled water. The microstructural examination was 

performed on the cross-section of the samples.Direct Laser 

Deposition (DLD) is an additive manufacturing (AM) 

technique that involves selectively depositing powder and 

melting it simultaneously with a laser beam to generate a 

molten pool on the substrate. The product is produced by 

selectively melting a sequence of powder layers using the laser 

beam. If the powder is exposed to radiation and provided with 

enough power, it will melt to create a liquid pool. 

3.2. SEM analysis of MWCNT composites 

Figure 5 (a) and (b) shows the SEM micrographs of the top 

surfaces of the LENS fabricated LM6 and MWCNT-LM6 

composite coatings. MWCNTs are seen in Figure 6 (b), which 

is the SEM image of the MWCNT-Al-Si coating. The 

micrographs mainly show -Al (dark grey phase) and Si (light 

grey phase). During processing “balling” effect was observed 

in the MWCNT-LM6 composites. In LENS, a laser beam scans 

the composite surface line by line, inducing melting along a 

row of powder particles and producing a cylindrical track of 

molten material. When this cylinder breaks apart into a row of 

spheres to minimize the surface area, agglomerates arise. 

Balling led to the formation of porosities in the composite 

coating as seen in Figure 6. Figure 7 shows the optical 

micrographs of the coating-substrate interface for both LM6 

coated Al-2024 and MWCNT-LM6 coated Al-2024. However, 

MWCNT-LM6 composite coatings showed more porosity 

owing to the balling effect.The issue of wetting between 

6liquid metal and solid surfaces is one of the causes of balling. 

That is, if a liquid drop does not spread out after contacting a 

smooth, homogeneous solid surface, a liquid drop will be 

created.  The balling effect can be avoided by reducing the 

thickness of the powder layers, slowing down the scan speed, 

and increasing the process's power input [46]. 
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Figure 5. SEM micrographs of polished surfaces of (a) LM6 coating (b) MWCNT-LM6 composite coating 

 

Figure 6. Optical micrographs of surfaces of (a) LM6 coating (b) MWCNT-LM6 composite coating 

 

Figure 7. Optical Micrographs of coating-substrate interface for (a) LM6/Al (b) MWCNT 

In general, the volumetric wear rate of a material is 

expected to increase first and stabilize after a certain distance is 

travelled by the rotating pin in contact with the surface. 

However, in this case, the wear rate for a total path distance of 

3000 m is greater than the wear rate for a total path distance of 

1000m. This means that the wear rate was still increasing and 

had not reached a steady state yet. The limitations imposed by 

the thickness of the coatings did not allow to determine the 

steady-state wear rate. The coefficient of friction for 

unreinforced LM6 coatings seems to increase in the beginning. 

This is because of the presence of surface porosities which 

increase the surface roughness, hence increasing the coefficient 

of friction. A similar spike can be seen for the 8-vol%-

MWCNT-LM6 coating as well. The coefficient of friction for 

the LM6 coating and MWCNT-LM6 after travel of 1000m was 

0.35 and 0.21 respectively. The coefficient of friction did not 

show appreciable change afterward and after 3000m of travel, 

the values were 0.39 for LM6 coating and 0.22 for MWCNT-

LM6 coating. The average coefficient of friction was 0.19 for 

MWCNT-LM6 coating which was lower than that for LM6 

coating (0.36). It has been reported in the literature that the 

presence of MWCNTs near or on the surface of the MWCNT- 

reinforced MMCs reduces the direct contact between the 

matrix and the steel ball. Due to the self-lubrication of 

MWCNTs, these tubes shaped reinforcements can roll or slide 

between the bodies in contact. The increase in hardness of the 

coating surfaces due to the addition of MWCNTs is an 

additional factor that contributes to the increase in wear 

resistance [47-48]. 
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3.3. Wear surface morphology using SEM analysis. 

Figure 8 displays the SEM micrographs [61 – 66] of the 

wear tracks on LM6 and MWCNT-LM6 coatings. In Figure 8 

(a) and (b), the wear debris accumulated on the wear track can 

be observed. Figure 8 (c) reveals the presence of cracks, 

indicating the occurrence of adhesive wear. The presence of 

grooves on all the wear tracks shows that wear was due to two-

body abrasions, while the deformed surfaces in Figure 8(c) and 

Figure 9 (d) show that there was wear due to three-body 

abrasions. Wear due to third body abrasion could have been 

caused by the micro-debris produced by adhesion wear or large 

debris from fatigue cracking. These cracks grow up and are 

separated from the surface and therefore become wear debris 

[49-50]. The presence of micro debris from adhesion wear is 

seen in Figure 8 (c) and Figure 9 (c). Two-body abrasion is 

generally more than three-body abrasion. From the SEM 

images, it appears that abrasive wear is the main wear 

mechanism involved in the wear of these coatings. Load 

transfer is complete from matrix to evenly distributed CNTs in 

MWCNT-Al nanocomposites. Figure 10 depicts the dispersion 

of MWCNTs on worn surfaces (a). To reduce wear, the CNT 

and matrix should be bonded together. CNTs in the matrix 

form a strong interfacial bond with the matrix shown in Fig. 9 

(b). As shown in Fig. 9 (c) and (d), MWCNTs at the granule 

boundaries act as a wear barrier by preventing crack growth 

and bridging grain boundaries. Delamination is exacerbated if 

the applied load is excessive. The greater the applied load, the 

wider the wear scratches become. At low and high loads, the 

worn surface is rough and soft. Compared to other materials, 

these composites had a softly worn surface. Due to the solid 

lubricant coating growing on the specimen's worn surface, it 

has a low-friction wear track. The MWCNT in the 

nanocomposites helped to maintain the hardness and strength 

of the nanocomposites at higher temperatures. Due to their 

high thermal conductivity, MWCNTs were able to help 

dissipate the heat generated during dry sliding conditions. 

 

Figure 8. SEM Micrographs of Wear Tracks on Al-Si Coatings 

 
Figure 9. SEM micrographs of wear 9tracks on MWCNT-Al-Si composite coating 
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3.4. Results of Thermal conductivity  

At room temperature, the thermal conductivity of LM6 

coated Al-2024 was found to be slightly better than that of 

uncoated Al-2024, with a 2.1% increase. The thermal 

conductivity of Al-2024 was determined to be 127±3.1 W/m-

K, which is close to the reported value of 121 W/m-K. The 

experimental measurement of thermal conductivity for the Al-

Si test block at room temperature was 138.27±1.8 W/m-K. 

Therefore, the increase in thermal conductivity for LM6 coated 

Al-2024 can be attributed to the higher thermal conductivity of 

the coating. However, with increasing temperature, the thermal 

conductivity of uncoated Al-2024 improved, whereas the 

improvement in thermal conductivity of LM6 coated Al-2024 

substrate was negligible. This can be explained by the fact that 

the thermal conductivity of the Al-Si test block also did not 

show significant improvement with increasing temperature. On 

the other hand, for the Al-2024 substrate coated with MWCNT 

reinforced Al-Si composite, there was a drastic improvement in 

thermal conductivity. Compared to LM6 coated Al-2024 and 

uncoated Al-2024, the thermal conductivity of the MWCNT-

LM6 coating increased by 25% and 27% respectively. Figure 

10 illustrates the thermal conductivities of the samples. 

 

Figure 10. The thermal conductivity of MWCNT-LM6/Al and 

LM6/Al as a function of temperature 

The thermal contact resistance at the MWCNT-LM6 

coating and Al-2024 substrate could not be determined since 

free-standing MWCNT-Al-Si bulk structure could not be 

made. However, the thermal resistance at this interface should 

be lower due to the presence of MWCNTs at the interface, 

which is reflected by the improvement in thermal conductivity. 

Calculating thermal conductivity involves considering thermal 

diffusivity, specific heat capacity, and density. Thus, any 

enhancement in thermal conductivity can be attributed to an 

improvement in one or more of these factors or their 

combination. It was observed that due to the addition of 

MWCNTs, the thermal diffusivity of the Al-Si coated samples 

showed negligible improvement, whereas the density 

decreased. 

4. CONCLUSION 

Metal matrix composites (MMCs) incorporating carbon 

nanotubes (MWCNTs) as reinforcements have been 

successfully developed using the LENS (laser engineered net 

shaping) technique, which has led to enhanced properties of the 

composites. 

 The addition of MWCNT to LM6 improved its wear 

resistance and led to a reduction in the coefficient of 

friction. Due to the addition of MWCNTs to LM6, its 

volumetric wear rate dropped by more than 90%. The 

coefficient of friction decreased by almost 45%. This means 

that the MWCNTs can be added to metal matrices to 

improve their tribological properties.  

 Coating Al-2024 substrate with LM6 led to a small 

improvement in its thermal conductivity. However, coating 

the substrate with the MWCNT- LM6 composite caused 

significant improvement in the thermal conductivity. This 

indicates higher thermal conductivity of the MWCNT- 

LM6 composite coatings. The high thermal conductivity of 

the MWCNT- LM6 is attributed to the improvement in 

specific heat caused by the addition of MWCNTs. 

 The interface between the coating and the substrate 

exhibited very low thermal resistance due to the absence of 

a distinct boundary. 
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