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Abstract

:

Selective laser sintering (SLS) of copper components manufactured via powder metallurgy is widely studied due to minimal material wastage. However, copper has poor optical absorption when exposed to infrared (IR) lasers, such as in laser-based additive manufacturing or laser surface processing. To address this issue, an innovative approach to enhance the optical absorption of copper powders during infrared laser sintering is presented in this study. Carbon nanotubes (CNTs) have several unique properties, including their high surface area, plasmonic response, excellent conductivity, and optical absorption properties. CNTs were mixed with copper powders at different weight percentages using an acoustic method. The resulting Cu-CNT compositions were fabricated into pellets. The Box-Behnken Design of Experiments methodology was used to optimize the IR laser processing conditions for sintering. Spectroscopic analysis was conducted to evaluate the reflection and thermal absorption of the IR wavelengths by the Cu-CNT composites. Density and hardness measurements were taken for the laser-sintered Cu-CNT pellets. The coating of copper powders with CNTs demonstrated enhanced optical absorption and correspondingly reduced reflection. Due to the enhanced optical absorption, increased control and sensitivity of the laser sintering process was achieved, which enabled improvement in the mechanical properties of strength, hardness, and density, while also enabling control over the composite thermal expansion coefficient. A maximum average hardness of 66.5 HV was observed. Indentation test results of the samples revealed maximum tangential and radial stresses of 0.148 MPa and 0.058 Mpa, respectively.
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1. Introduction


Copper is one of the widely utilized metals providing high thermal and electrical conductivities. The mechanical properties of copper include malleability and ductility, which enable the applicability of copper in a wide range of industrial applications. The most common applications of copper are engine ejectors, variable-geometry convergent-divergent valves, electrical switches, linings for combustion chambers, electronic packages, contact breakers, cooling structures, heat exchangers, spinning neutron targets, and integrated circuits [1,2,3,4,5,6,7]. Powder metallurgy is one of the widely used techniques for manufacturing copper components. In powder metallurgy, copper powder contained in custom-made dies is compacted under high pressure. Compacted components are post-processed using conventional high-temperature furnace sintering.



The laser sintering of metals is a relatively new focus for manufacturing copper parts [8,9]. In addition to defining the overall quality of a part, design considerations such as minimum feature size, support generation, and stress concentrations can increase production time, quality, finishing looks, energy consumption, and cost [10]. It is also possible to create more complex designs with laser sintering in comparison to traditional manufacturing technologies like machining and casting [11]. However, when laser sintering is performed in the infrared region, high laser power is required. The high optical reflectivity of copper and low absorption make the material being processed susceptible to laser damage. To overcome this challenge, nanotechnology is becoming increasingly popular as nanoscale structures offer unique properties. The addition of carbon nanotubes in copper powder for enhancing laser sintering has been recently examined [12,13]. Besides mechanical and electrical properties, the addition of carbon nanotubes in copper can reduce the reflection of the composite over that of pure copper powder. Carbon nanotubes contain high surface-covering properties as well as high thermal and electrical conductivity. This causes the matrix reinforcement to coalesce into a rigid substance [14]. Metal matrix composites (MMCs) have found extensive usage in a variety of areas, including the aerospace, automotive, and structural industries, due to their excellent mechanical, tribological, electrical, and thermal qualities [15,16]. The benefits of MMCs include improved strength-to-density ratios, strong resistance to wear, corrosion, radiation, and fatigue, lower creep rates, coefficients of thermal expansion, no moisture absorption, noninflammability, and increased electrical and thermal conductivities [17,18].



To achieve consistent dispersion of CNTs in the copper powder, various techniques have been reported in the literature, such as surface chemical oxidation [19], shear mixing [20], ultra-sonication [21], and the use of surfactants [22]. Ball milling is a commonly used technique to disperse reinforcements in metal-based nanocomposites and to avoid agglomeration issues. However, this technique frequently includes cold welding, fracture, and re-welding of powder particles, which may result in restricted CNT reinforcement into the metal matrix [23]. It has been reported in the literature that the pre-treatment of CNTs, mill type, milling speed, ball-to-powder ratio, and milling duration are some of the process factors that affect the efficiency of distributing CNTs uniformly in metal-based composites [24]. Several investigations have reported on the effectiveness of grinding on the dispersion of CNTs in metal matrixes. Additionally, the mechanical binding of CNTs into the metal matrix strengthens the connection between the metal and the CNTs [25,26]. Despite all of its benefits, several researchers have suggested that ball milling deteriorates and causes damage to CNTs [26,27,28,29,30]. A relatively new technique known as resonant acoustic powder metallurgy has been developed, and it allows for the efficient mixing of reinforcement within the matrix [31].



In the current studies, CNTs of different weight percentages were mixed in copper powder using the acoustic mixing technique. Cu-CNTs composites were compacted via cold isostatic hydraulic pressing to form pellets. The optical behavior of Cu-CNTs was examined via spectroscopy, and a comparison with pure copper was drawn. Compacted Cu-CNTs pellets were exposed to an infrared laser to investigate the effects of laser sintering on the pellets using a custom-built rig to avoid contamination and oxidation. While previous studies have examined the production of Cu-CNTs, very few have examined the possibility of laser sintering as opposed to furnace sintering. This study, therefore, fills this gap via an examination of the effect of process parameters on the resulting MMC strength, hardness, and density.




2. Materials and Methods


2.1. Copper Powder Mixing with CNTs, Fourier Transform Infrared (FTIR) Spectroscopy, and Pellet Production


In this work, commercially available spherical-type copper powders purchased from Sigma-Aldrich Ireland County Wicklow were used to fabricate the sample pellets for enhanced optical absorption investigations. A schematic of the workflow is shown in Figure 1. The purity of the copper powder was 98%, and the particle size was 10–25 μm with a D50 of 12.6 μm and a D90 of 23.2 μm. To enhance the optical absorption of copper powders, single-walled carbon nanotubes (SWCNTs) were added to the copper powder at 0.2, 0.4, and 0.6 wt.%. The SWCNTs had >95 wt.% purity with an outer diameter of >50 nm. Additional technical and physical properties of the copper powders and carbon nanotubes used for sample preparation are listed in Table 1. For the mixing of copper and CNT powders, a Resodyn Lab RAM acoustic mixer was used. The mixing was performed for 3 min at 20 g. Following the powder mixing, a spectroscopic evaluation was conducted on the samples to examine the reflection and absorption of the Cu-CNTs composite. The acoustic mixing was performed by placing powder into a container and applying the acoustic mixing phenomenon.



In this study, an Autotouch 40-ton hydraulic press was used to compact the Cu-CNTs powder to form 2 mm thick and 20 mm diameter pellets. A pressure of 793 MPa was applied to the powder for 9 min following previous studies (see [32]). The optical reflection of the pure copper and Cu-CNTs was analyzed using a Perkin Elmer Spectrum Two FTIR. In this study, a Box-Behnken design was employed to examine the impact of three factors on the porosity of copper-CNTs (carbon nanotube) composites produced by laser sintering. The Box-Behnken design was chosen to permit the investigation of the main effects and two-way interactions of the three factors, as well as to estimate the experimental error. The resulting data were employed to develop a mathematical model to analyze the fabrication process and to analyze the porosity of the composite material. The three factors, namely laser power, CNTs concentration, and laser scan speed, were varied at three levels each using 12 unique runs and 5 repetitions; see Table 2. A total of 17 samples were fabricated using compaction. The levels for the laser power were set at 300 W, 350 W, and 400 W, whilst the CNTs concentration levels mixed with copper powder were 0.2 wt.%, 0.4 wt.%, and 0.6 wt.%. The levels for laser scan speed were set at 1 mm/s, 1.5 mm/s, and 2 mm/s. The response variables were the relative density and hardness, as well as the tangential and radial strengths of the composite material.




2.2. Laser Processing


To perform the laser sintering of Cu-CNTs pellets, a specially designed sintering chamber was used, which is referred to as the laser sintering rig. This rig was equipped with an IPG fiber laser having a wavelength of 1068 nm and 1000 W power. Temperature sensors were installed in the rig to monitor the sintering temperature, and gas connections were provided to maintain an argon gas environment during the sintering process. A schematic of the laser sintering chamber is shown in Figure 2. To monitor the sintering temperature, infrared temperature sensors (Calex PMU21) were mounted on the laser sintering rig. A UVFS Broadband Precision window of 1050 nm with an anti-reflection coating from Thorlabs was used to allow the laser beam to irradiate the sample while keeping the argon gas in the chamber. Two input and output connections for argon gas were provided to prevent contamination and oxidation during the sintering process.



According to the DoE provided in Table 2, for laser sintering, a fixed laser spot size of 5 mm was used, and the laser power varied from 300 W to 400 W. The scan speed was set at 1, 1.5, and 2 mm/s. Overall, the specially designed laser sintering rig provided a controlled environment for the sintering of Cu-CNTs pellets, with precise monitoring of the sintering temperature and the provision of an argon gas environment to prevent contamination and oxidation. These laser sintering parameters ranges were carefully selected after initial trials to ensure that optimum values could be determined for optimal sintering of the Cu-CNTs pellets.




2.3. Density Measurement


The density of the Cu-CNTs sintered sample was measured using the Archimedes principle [33]. The principle involves measuring the mass of an object in air and liquid and then using the resulting values to calculate the density and porosity of the sample. The mathematical equation for density calculations is presented in Equations (1) and (2) and was used to calculate the percent porosity of the sintered samples.


    ρ   s   =   m   a       ρ   l       m   a   −   m   l      



(1)






  ϕ   %   =     ρ   s       ρ   C u C     × 100  



(2)







Here,     ρ   s     and     ρ   l     denote the resulting density of the sample and liquid medium, respectively,     m   a     is the mass of the sample in air, and     m   l     is the mass of samples in the liquid. In Equation (2), ϕ is the percentage porosity, whereas     ρ   C u C     denotes the density of Cu-CNTs. Once the density of the sample was determined, the percentage porosity   ( ϕ   %   )   values were determined for each sample based on three separate measurements.




2.4. Hardness Measurement


The Vickers hardness method was used to evaluate the resilience of samples to mechanical deformation [34]. An indenter with diamond-pyramid-square shapes and enclosed 136° angles between the vertex faces were used for hardness measurements. The indenter was pressed into the samples for 20 s with an indentation force of 9.81 N, and the resulting diagonal lengths were measured. From these lengths, the Vickers Pyramid Number (HV) was calculated using Equation (3):


  H V =   1.854   P     d   2      



(3)







Here, HV donates the Vickers Pyramid number, P represents the load in Newtons, and d is the mean diagonal of the indentation. To obtain hardness values, five separate places on the samples were tested. To remove any ambiguity, three hardness values were measured for each location on the sample, and the results were averaged.



Additionally, the samples were characterized using indentation testing with a 5 mm protrusion indenter and a loading velocity of 1 mm/min using the Zwick Roell, (Z005, T1-FR005TN.A50) UK universal testing equipment. Equations (4) and (5) were used to determine the radial stress (    σ   r   )   and tangential stress (    σ   t    ).


    σ   r   =   3 F   2 π   t   2       1 + ν   l o g   R   x    



(4)






    σ   t   =   3 F   2 π   t   2         1 + ν   l o g   R   x   + ( 1 − ν )    



(5)




where F represents the vertical force at the center point, x donates the indenter diameter, t represents the sample’s thickness, v represents the Poisson ratio, and R represents the radius of the samples.





3. Results


3.1. Spectroscopy of Cu-CNTs Composite


The pure copper and CNTs mixed copper powders were prepared at three distinct weight percentage concentrations of CNTs: 0.2, 0.4, and 0.6 wt.%. Figure 3 depicts the reflectance of the pure copper and Cu-CNTs samples recorded from the FTIR spectroscope from 500 nm to 4000 nm. The spectroscopic analysis of the pure copper powder demonstrated that its reflection was 100% at a wavelength of 1068 nm. The high levels of reflection in copper powder create challenges for laser sintering, even at low laser powers, as the reflected laser beam can cause harm to the laser source. However, the addition of single-walled CNTs to the pure copper powder resulted in a decrease in copper reflection and an improvement in laser absorption. It can be observed from Figure 3 that an increase in the CNTs content led to a reduction in the level of reflection. When 0.6 wt.% of CNTs were added to the pure powder, the copper powder reflection at a 1068 nm wavelength was decreased by 8% compared to that of the pure powder.




3.2. Laser Sintering Optimization of Cu-CNTs Composition


In the laser sintering chamber specifically designed for this purpose, as illustrated in Figure 2, the initial experiment involved the laser sintering of a pure copper pellet in an ambient environment. The purpose of this step was to optimize the laser parameters by testing the effect of varying levels of laser power on the compacted pellet of pure copper powder. It was observed that sintering was not possible at power levels above 450 W, as evidenced by the laser-sintered copper pellets shown in Figure 4a–c, which were produced at 600 W, 500 W, and 450 W of the laser power, respectively. At overly high laser power levels, the pellet was either overly vaporized or burned. Subsequently, to prevent contamination and oxidation, the laser-sintered pure copper pellet shown in Figure 4d was processed in a laser sintering apparatus that maintained an inert atmosphere environment with 400 W laser power to provide a fully dense pellet without any crack. The Cu-CNTs samples were made according to laser processing parameters and CNT concentration according to Box-Behnken DoE, as described in Table 2.




3.3. Optimization of Energy Densities


The laser sintering temperature was recorded using infrared temperature sensors by passing the laser beam in a to-and-fro pattern on each track. The resulting sintering temperature is shown in Table 3. The temperature of the Cu-CNTs composite was found to rise rapidly due to the increased absorption of photonic energy of the MMC. The energy density of the laser sintering was calculated using the following equation [35,36,37].


  E =   P   V × d    



(6)




where E is the energy density in Joules per square meter, P is the laser power in Watts, V is the scanning speed of the laser, and d is the spot-size diameter. The fast heat dissipation rate of Cu, low laser absorption rate in the near-infrared (IR) region, and the low-density components were caused by insufficient laser energy being deposited on powders [38,39]. However, the addition of CNTs increased the absorption of laser energy to the Cu-CNTs composite, which resulted in increased densification of the powder particles.




3.4. Morphological Analysis of Laser-Sintered Pellets


Figure 5a–d displays SEM images of the 0.2 wt.% CNT mixed copper pellets that were processed at S3, S11, S13, and S15 process parameters (see Table 2), demonstrating their structural solidity and stability. Figure 5a shows a Cu-CNTs pellet sintered at a high laser power of 400 W and a scan speed of 1.5 mm/s, resulting in small surface pores. Although the slow sintering laser scan speed left some carbon marks on the surface, a highly dense grain structure and crack-free structure were observed. Figure 5e demonstrates the EDX of run 3, and it is found that the composition of the material is (C) 16.95 wt.%, (O) 0.83 wt.%, and (Cu) 82.22 wt.%. When the laser power was decreased to 350 W and a scan speed of 2 mm/s was applied, the overlapping of copper and CNT powder particles was observed (see Figure 5b). Similar results were obtained when using a scan speed of 1.5 mm/s at 30% laser power (see Figure 5c). In Figure 5d, it is seen that the sample was processed with lower power and speed. It is clear from this sample that it contained a higher degree of porosity. Figure 5e–h show the EDX compositional analysis of the samples in Figure 5a–d.



Figure 6a–d shows the SEM images and EDX spectra of pellets with 0.4% CNT laser-sintered at 300 W, 350 W, 350 W, and 350 W laser power according to the Box-Behnken DoE. It can be observed in Figure 6a that powder particles were consolidated with overlapping at 300 W laser power sintering. To further increase the consolidation of the powder particles, the laser power was increased to 350 W. As shown in Figure 6b–d, powders were more consolidated, although small pores appeared on the surface of the pellets. Nonetheless, no delamination or flaking was observed. Figure 6e–h show the EDX compositional analysis of the samples in Figure 6a–d.



While maintaining the CNTs concentration at 0.4 wt.%, the laser power and scan speed were varied. Figure 7a,b show SEM images and EDX spectra of samples that were sintered at 40% laser power with a scan speed of 2 and 1 mm/s, respectively, whereas Figure 7c shows a sample that was sintered at a low laser power of 30% and a scan speed of 2 mm/s. Figure 7d shows an SEM image of the repeated sample which was sintered at 350 W and 1.5 mm/s of scan speed. Figure 7a,b illustrate that a high laser power results in a high particle density with small pores and carbon. However, the overlapping of the particles was apparent at a low scan speed. At a low laser power and fast scan speed, coarse particles appear on the pellet surface, as demonstrated in Figure 7c. Figure 7e–h show the EDX compositional analysis of the samples in Figure 7a–d.



Figure 8 depicts the SEM images and EDX spectra of the Cu powder with a maximum CNT content of 0.6 wt.%. A higher residual porosity is expected when starting with a low laser power of 30%. Residual microscopic porosity is common and often arises from incomplete infiltration due to the failure of the liquid metal to wet the reinforcement. Residual porosity is also highly challenging to prevent in composites processed using powder metallurgy [40]. As shown in Figure 8b, laser sintering at an increased laser power of 35% resulted in high density and a better consolidation of the powder particles, which led to a few tiny pores on the surface. Figure 8c presents the SEM image of the sintered sample at a high laser power of 40% with a moderate scan speed of 1.5 mm/s. Figure 8e–h show the EDX compositional analysis of the samples in Figure 8a–d.




3.5. Density Measurements


The resultant values of density measurements are shown in Table 4. The relative density of all 17 samples was above 94%, which shows that the density of all samples was stable. The relative density measured values of all samples are given in Table 4. The results revealed that the higher concentrations (0.6 wt.%) of the CNTs at high laser power (40%) and the lower scan speed of 1.5 mm/s give the highest relative density of 99.22%. Moreover, at 0.4 wt.% concentration of the CNTs at a lower scan speed of 1 mm/s, 98.38% is achieved. The square root method was employed to configure the first response, relative density. Response surface methodology (RSM) was applied to evaluate the model, and a coefficient of determination (S2) value of over 94% was obtained, indicating that the model is significant. Furthermore, the RSM approach provided the standard deviation of the entire model, the mean values of the responses, and the coefficient of the variant. The 3D surface response plots were generated for relative density at scan speeds of 1 mm/s, 1.5 mm/s, and 2 mm/s, shown in Figure 9a–c, respectively. The results revealed that increasing the laser power led to higher relative density. The 3D surface plots illustrated the response surface of the relative density for various scan speed values. The results demonstrated that the minimum relative density was 94.10%, achieved with a laser power of 30%, a scan speed of 1.5 mm/s, and a CNT concentration of 0.2 wt.%.



An analysis of variance (ANOVA) was conducted for the Box-Behnken design of experiments with 17 runs, as shown in Table 5. The ANOVA results indicated that the model is significant, as evidenced by the model F-value of 10.07. The probability of an F-value of this magnitude occurred due to the noise level recorded at only 0.30%. The model terms with p-values less than 0.05 are considered significant. In the cases of A, B, C, and A2, representing laser power and CNT concentration in samples, they were found to be significant model terms. Model terms with values greater than 0.1000 are considered not significant. If there are numerous insignificant model terms (not counting those required to support hierarchy), model reduction may improve the overall model.



The lack of fit F-value of 1127 implied that the lack of fit is significant compared to the pure error. The probability of an F-value of this magnitude occurring due to noise is 0.01%. This is favorable as there is a significant lack of fit. The statistical analysis of the model yielded a standard deviation value of 0.5650, a mean value of 97.15, a C.V% of 0.5816, and an R2 value of 0.9283. The signal-to-noise ratio was found to be 11.084, indicating that the signal is adequate as it exceeds the minimum value of four.



According to the results in Table 6, the model’s R-squared value was determined to be 0.9283, and this model was able to account for the variability in the experimental data. The estimated and actual experimental values were found to be in respectable agreement, as indicated by the corrected R-squared value of 0.8362. The fact that the R-squared value was near one, the coefficient of variance was low, and the estimated R-squared value was low demonstrated that this model was an effective option for natural observation estimates. Figure 10 shows the relationship between actual and predicted values of relative density.




3.6. Hardness Results


The macroscopic hardness test was significantly influenced by the local porosity, as evidenced by the considerable variation in hardness values measured across the five distinct locations on the specimen’s surface shown in Figure 11, and Table 7 shows the summarized measured hardness value of each location in the sample. Additionally, the SEM images demonstrated that the samples’ porosity was evenly dispersed. The average hardness was investigated using the same Box-Behnken-designed experiments with 17 runs for different experimental conditions of laser power, CNT concentration, and scan speed, and the results are shown in Table 4. The HV values range from 49.3 to 66.5, indicating a considerable variation in the hardness of the samples. Overall, the results indicate that the three factors—laser power, CNT concentration, and scan speed—have a significant impact on the hardness of the samples.



The analysis of the hardness values measured revealed that increasing the laser power from 300 W to 400 W led to increased hardness. For instance, the Study 1 sample showed an increase in HV from 53.82 to 61.6 with an increase in laser power. This trend was also observed in other samples, including Study 4, Study 6, Study 8, and Study 9. On the other hand, increasing the CNT concentration from 0.2 to 0.6 wt.% leads to a decrease in hardness. This trend can be observed in the samples prepared in Study 3, Study 5, Study 12, Study 13, and Study 15. In contrast, increasing the scan speed from 1 to 2 mm/s had a mixed effect on the hardness, as seen in the samples from Study 5, Study 8, and Study 10.




3.7. Results from Indentation Testing of Samples


The grain structures of the material determine its strength, and feeble grain boundaries or grain structures are more likely to fracture, which causes the material to deteriorate [41]. The indentation compression force was applied to the center of all the samples. Samples 3, 4, and 6 showed brittle failure, whereas the rest of the samples exhibited ductile shear failure, as shown in Figure 12, according to the Box-Behnken design of the experiment (i.e., S1–S17). The corresponding radial and tangential pressures for each sample are shown in Figure 13 and Figure 14.



Figure 13 shows the radial stress findings for all 17 samples. According to the findings, the samples experienced random peak stresses with the highest of 0.058 MPa at S5 and the lowest peak stress of 0.017 MPa at S3. The repeated sample run according to DoE (i.e., 7, 16, and 17) showed similar peak stresses of 0.0216 MPa on average, whereas the similar sample of runs (i.e., 4 and 6) had a radial stress of 0.017 MPa. The red bars indicate the repeated experiments in the DoE with same inputs.



Further, the tangential stresses were also calculated on all 17 runs. Figure 14 shows the tangential results of 17 samples. The peak tangential stresses were significantly higher than the radial stresses. The highest peak tangential stresses were found in sample 5 of 0.152 MPa and the minimum stresses were found in sample 3. Similar to radial stress, the repeated samples of the Box-Behnken model (i.e., S7, S16, and S17) have similar tangential stress of an average of 0.057 MPa, whereas the rest of the similar samples (S4 and S6) showed lower tangential stress of an average of 0.045 MPa. The red bars indicate the repeated experiments in the DoE with same inputs.





4. Discussions


4.1. Morphological Analysis


In this study, the effect of CNTs addition to Cu powder on the sintering behavior resulted in interesting morphological features of the resulting metal matrix composite. This study explored the impact of CNT concentration, laser power, and scan speed on the sintering process of the CNTs/Cu composite. The SEM analysis and Energy Dispersive X-ray (EDX) were conducted to examine the morphological and elemental properties of the sintered composites. The study found that the addition of CNTs to the Cu powder resulted in significant improvements in the sintering behavior of the composite. The three types of strengthening mechanisms for CNTs reinforced metal matrix composites reported in the literature are thermal mismatch, Orowan looping, and shear-lag theory [25]. Zhou et al. [42] suggested that the load transfer mechanism and bridging mechanism of CNTs are primarily responsible for the property enhancement of CNTs/Al composites. The mechanical characteristics of CNTs/Cu composites were that the evenly dispersed CNTs in grain boundaries have a pinning effect on inhibiting grain development, increasing grain boundaries, and refining grains, which simultaneously increase strength and flexibility. As mentioned in the literature as well, the mixing of CNT-metal powders determines how the CNTs are distributed in the matrix [43]. Ball milling is a commonly used technique reported in the literature for the uniform mixing of the powders that affect the sintering process. However, this technique requires 6 to 7 h for uniform powder mixing. Comparatively, the Resodyn Acoustic mixer provides similar results in a few minutes. A higher laser power and lower scan speed increase the temperature of the composite pellet during laser sintering, which affects the consolidation of the powder particles.



The SEM analysis conducted on the samples revealed interesting findings related to the concentration of carbon nanotubes (CNTs) and laser power during the laser sintering process. The results indicated that lower concentrations of CNTs (0.2 wt.%) with higher laser power of 400 W produced residual porosity (as shown in Figure 5a). However, by lowering the laser power, the consolidation of the particles increased [40].



Increasing the concentration of CNTs up to 0.4 wt.% led to different behavior of the sintered samples. The overlapping of particles occurred at a lower scan speed of 1–1.5 mm/s, while sintering at a higher laser power of 400 W formed small pores on the surface. Moreover, at a low laser power of 300 W and a high scan speed of 2 mm/s, coarse particles were created (as shown in Figure 7c). The finest outcome was achieved using a concentration of 0.4 wt.% of CNTs, as evidenced in Figure 6b, with an even distribution of particles.



Further SEM examination of the samples revealed that a high percentage of CNTs in the composite and the slow scan speed of the laser provided better consolidation (as shown in Figure 12) of the particles after laser sintering. However, a slow scan speed also resulted in porosity in the pellets. Energy Dispersive X-ray (EDX) investigation was carried out on the surface of the same composite to confirm the presence of Cu, O, and C. Since copper cannot create carbides, the carbon signal in the EDX provides proof that the sample contains carbon nanotubes [44]. These findings suggest that the concentration of CNTs and laser power are critical parameters in determining the quality of the sintered samples. Higher concentrations of CNTs and slower scan speeds of the laser provide better consolidation of the particles, but they also increase the risk of porosity. On the other hand, lower concentrations of CNTs and higher laser powers can cause residual porosity and small pores on the surface. Therefore, a balance must be achieved between these parameters to obtain the desired outcome. The results obtained from SEM analysis and EDX investigation provide insights into how CNTs behave during the laser sintering process. These findings can be applied to optimize sintering parameters to produce high-quality CNT-based composites.




4.2. Density


The study of Cu-CNTs samples revealed that the concentration of CNTs and laser parameters significantly impact the density of the samples. These findings are consistent with the previous research reported in the literature [7,45]. When the concentration of CNTs was increased to 0.6 wt.% in the copper composite, the relative density of the samples increased to 99.21%. Similar studies in the literature have also reported that the addition of CNTs to metal powder increases the laser absorption rate and leads to an increase in the produced part’s relative density [46,47].



However, it was found that by adjusting the laser parameters such as scan speed and laser power, a relative density of 98.3% could also be achieved with a 0.4 w.t% concentration of CNTs in the sample (S9). This suggests that the optimization of laser parameters can be utilized to enhance the density of CNT-reinforced metal matrix composites, potentially reducing the amount of CNTs required to achieve the desired property levels. Higher CNT concentration could lead to a saturation of reinforcement, and hence could potentially negatively impact the final part properties. It is worth noting that the density of composite material is an important factor that influences its mechanical and physical properties. Higher density generally leads to improved strength, stiffness, and thermal conductivity, making it a desirable property for many applications. Therefore, the ability to control the density of CNT-based composites by adjusting laser parameters and the concentration of CNTs could have a significant impact on the optimization of their properties for various industrial applications.




4.3. Hardness


The results of the hardness tests conducted on the Cu-CNT samples revealed that the laser power, CNT concentration, and scan speed have a significant impact on the hardness of the samples. The observed variation in hardness can be attributed to several factors, such as the formation of defects and the formation of new phases during laser processing. The increase in hardness with increasing laser power is a well-known phenomenon in the field, as higher laser power leads to more energy input into the samples, which promotes the formation of new phases and the elimination of defects. These new phases could include intermetallic compounds or solid solutions that have a higher hardness than the original materials [48]. On the other hand, the decrease in hardness with increasing CNT concentration could be explained by the agglomeration of CNTs. When the concentration of CNTs is high, they tend to agglomerate, which could create defects in the structure of the composite and reduce the effectiveness of the laser processing. This could lead to a reduction in the hardness of the samples [49]. Interestingly, the effect of scan speed on hardness was mixed, suggesting that the optimal scan speed may depend on other factors such as laser power and CNT concentration. This implies that the optimization of laser processing parameters requires a systematic investigation to identify the most effective processing conditions for the specific composite material under consideration.



The findings from this study could help in the development of CNT-based composites with tailored hardness values for specific applications. By carefully selecting the processing parameters, the hardness of the composites could be optimized, leading to improved mechanical properties and potential applications in various industrial sectors.




4.4. Indentation Test


The tensile strength of the samples was evaluated through an indentation test, and the results indicate that the laser sintering parameters have a significant impact on the strength of the samples. An increase in laser power was found to have the greatest effect on the radial and tangential values of the samples’ strength. It is suggested that a higher laser power provides greater energy input, leading to better atomic dispersion and bonding between particles [50]. However, the concentration of CNTs and the scan speed also played a role in determining the strength of the samples. Sample 3, with a higher laser power and a low concentration of CNTs, exhibited the highest brittle failure due to the low mechanical bonding of the particles caused by a fast scan speed of 1.5 mm/s. On the other hand, a slow scan speed is believed to improve the laser absorption of the material, leading to better consolidation of the particles. However, the slow scan speed could also result in higher porosity in the samples [46]. It is essential to find an optimal combination of laser sintering parameters to achieve the desired strength and properties of the samples. Future studies can investigate the effects of other factors, such as the type and size of CNTs, the composition of the base material, and the shape and orientation of the particles, on the tensile strength and other mechanical properties of the composites. Future research in this area should also explore the effect of other processing parameters on the hardness of the composites, such as the size and type of CNTs, and the composition of the base material.





5. Conclusions


The findings of this research work offer valuable insights into the enhancement of copper powder absorption by incorporating varying percentages of carbon nanotubes (CNTs). The goal of this study was to increase the laser power absorption capacity of the copper powder through the inclusion of CNTs, up to a maximum of 0.6 wt.%. The optical properties of the CNTs mixed with copper powder were examined using spectroscopy, which revealed that the IR laser reflectance of the copper powder was reduced by 8%. To mitigate contamination and oxidation during the sintering process, a specially designed laser sintering rig was utilized. The temperature of the pellet during sintering was monitored using a thermal camera, and the laser operating parameters were adjusted to control it. The use of the sintering rig led to the improved consolidation of powder particles as compared to laser sintering in an open atmosphere. Powder metallurgy was employed to produce Cu-CNT composites, and the influence of CNTs on the composites’ characteristics was investigated. The mechanical and morphological features were determined, and the physical properties of the laser-sintered sample, such as density and hardness, were analyzed using the Box-Behnken model for response surface methodology (RSM) where a maximum average hardness of 66.5 HV was observed. Indentation test results of the samples revealed maximum tangential and radial stresses of 0.148 MPa and 0.058 MPa, respectively. The results demonstrated that the addition of CNTs improved the sintering behavior and refined the grain structure, leading to an increase in strength and flexibility. The SEM analysis revealed that lower concentrations of CNTs and higher laser powers could cause residual porosity, while higher CNT concentrations and slower scan speeds led to better particle consolidation. The study also found that adjusting laser parameters could enhance the density of CNT-reinforced composites. Overall, the research work provides valuable insights into optimizing the sintering process for CNT-based composites for various applications. It highlights the importance of carefully selecting the CNT concentration and laser parameters to achieve the desired properties of the composite. This research work has practical implications for various industries that use metal-based composites in their products. The findings of this study can be used to improve the strength, hardness, and density of metal-based composites. Additionally, it can assist in the development of new, innovative materials that incorporate CNTs for a wide range of applications, such as in the electronics, aerospace, and automotive industries. The research work can also be extended to investigate the use of other nanomaterials in metal-based composites to identify alternative composite options.







Author Contributions


Conceptualization, H.A., L.A.K., E.M., I.U.A., K.F. and D.B.; methodology, H.A., L.A.K., E.M., I.U.A., K.F. and D.B.; validation, I.U.A. and D.B.; formal analysis, H.A., I.U.A. and D.B.; investigation, H.A., I.U.A. and D.B.; writing—original draft, H.A.; writing—review and editing, H.A., L.A.K., I.U.A. and D.B.; visualization, E.M.; supervision, K.F. and D.B.; funding acquisition, D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported in part by a research grant from the Science Foundation Ireland (SFI) under Grant Numbers 16/RC/3872, 19/US-C2C/3579, and is co-funded under the European Regional Development Fund.




Data Availability Statement


The data will be available on request.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	CNTs
	Carbon Nanotubes



	Cu
	Copper



	SWCNTs
	Single-walled carbon nanotubes



	W
	Watts



	     ρ   l     
	Liquid Density



	ml
	Mass in liquid



	     ρ   C u C     
	Density of Cu-CNTs



	   H V   
	Vickers pyramid number



	N
	Newton



	F
	Force



	   E   
	Energy



	V
	Scanning speed



	Wt
	Weight



	DoE
	Design of experiment



	IR
	Infrared



	MMCs
	Metal matrix composites



	μm
	Micrometer



	     ρ   s     
	Sample density



	ma
	Mass in air



	ϕ
	Porosity



	D
	Diameter



	     σ   r     
	Radial stress



	     σ   t     
	Tangential stress



	P
	Laser power



	SEM
	Scanning electron microscopy



	3D
	Three-dimensional



	MPa
	Megapascal



	FTIR
	Fourier transform infrared
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Figure 1. Schematic of the experimental sample fabrication procedure and analysis. 
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Figure 2. Schematic of laser sintering setup demonstrating the passage for the laser beam, gas outlet, laser spectrum bandpass filter, and copper pellet in the inert environment. 
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Figure 3. FTIR reflection of pure and Cu-CNTs composite at 0.2, 0.4, and 0.6 wt.%. 
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Figure 4. Laser-sintered pellets: (a) 600 W laser power, (b) 500 W laser power, (c) 450 W laser power, and (d) 400 W laser power. 
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Figure 5. Micrographs of laser-sintered pellets Cu with 0.2 wt.% of CNTs corresponding to the Box-Behnken represented (a,e) S3 (400 W, 1.5 mm/s), (b,f) S11 (350 W, 2 mm/s), (c,g) S13 (300 W, 1.5 mm/s), and (d,h) S15 (300 W, 1 mm/s) with EDX analysis. 
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Figure 6. Micrographs results of laser-sintered pellets Cu with 0.4% of CNTs corresponding to the Box-Behnken represented: (a,e) S2 (300 W, 1 mm/s), (b,f) S4 (350 W, 1.5 mm/s), (c,g) S6 (350 W, 1.5 mm/s), and (d,h) S7 (350 W, 1.5 mm/s) with EDX analysis. 
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Figure 7. Micrographs of laser-sintered pellets Cu with 0.4% of CNTs corresponding to the Box-Behnken represented: (a,e) S8 (400 W, 2 mm/s), (b,f) S9 (400 W, 1 mm/s), (c,g) S10 (300 W, 2 mm/s), and (d,h) S16 (350 W, 1.5 mm/s) with EDX analysis. 






Figure 7. Micrographs of laser-sintered pellets Cu with 0.4% of CNTs corresponding to the Box-Behnken represented: (a,e) S8 (400 W, 2 mm/s), (b,f) S9 (400 W, 1 mm/s), (c,g) S10 (300 W, 2 mm/s), and (d,h) S16 (350 W, 1.5 mm/s) with EDX analysis.



[image: Metals 13 01984 g007]







[image: Metals 13 01984 g008] 





Figure 8. Micrographs of laser-sintered pellets Cu with 0.6% of CNTs corresponding to the Box-Behnken represented: (a,e) S1 (300 W, 1.5 mm/s), (b,f) S5 (350 W, 2 mm/s), (c,g) S12 (400 W, 1.5 mm/s), and (d,h) S14 (350 W, 1 mm/s) with EDX analysis. 
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Figure 9. (a) A 3D surface response of relative density at a scan speed of 1 mm/s, (b) 3D surface response of relative density at a scan speed of 1.5 mm/s, and (c) 3D surface response of relative density at a scan speed of 2 mm/s. 
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Figure 10. Predicted vs. actual values of relative density of sintered samples. 
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Figure 11. (a) A 3D surface response of hardness at a scan speed of 1 mm/s, (b) 3D surface response of hardness at a scan speed of 1.5 mm/s, and (c) 3D surface response of hardness at a scan speed of 1 mm/s. 
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Figure 12. Pictures of the samples after indentation testing of the laser-sintered samples. 
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Figure 13. Experimental results for indentation testing of laser-sintered samples (S1–S17) for radial stress. 
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Figure 14. Experimental results for indentation testing of laser-sintered samples (S1–S9) for tangential stress. 
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Table 1. Physical properties of the copper powders and carbon nanotubes used in this study.
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	Product Form
	Powder Size (μm)
	Purity (%)
	Melting/Boiling Point (°C)
	Density (g/cm3)





	Carbon nanotube (single wall)
	10–25   μ m  
	95%
	2000/4027
	1.74



	Copper powder (spheroidal)
	0.5–2.0   μ m  
	98%
	1083/2567
	8.96










 





Table 2. Sample process parameters according to Box-Behnken design of experiments.
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Std

	
Run

	
Factor 1

	
Factor 2

	
Factor 3




	
A: Laser Power

	
B: CNTs Conc.

	
C: Scan Speed




	
(W)

	
(wt.%)

	
(mm/s)






	
3

	
1

	
300

	
0.6

	
1.5




	
5

	
2

	
300

	
0.4

	
1




	
2

	
3

	
400

	
0.2

	
1.5




	
13

	
4

	
350

	
0.4

	
1.5




	
12

	
5

	
350

	
0.6

	
2




	
14

	
6

	
350

	
0.4

	
1.5




	
17

	
7

	
350

	
0.4

	
1.5




	
8

	
8

	
400

	
0.4

	
2




	
6

	
9

	
400

	
0.4

	
1




	
7

	
10

	
300

	
0.4

	
2




	
11

	
11

	
350

	
0.2

	
2




	
4

	
12

	
400

	
0.6

	
1.5




	
1

	
13

	
300

	
0.2

	
1.5




	
10

	
14

	
350

	
0.6

	
1




	
9

	
15

	
350

	
0.2

	
1




	
16

	
16

	
350

	
0.4

	
1.5




	
15

	
17

	
350

	
0.4

	
1.5











 





Table 3. Laser sintering, multiple tracks’ beam parameters, and corresponding energy densities.
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Track Number

	
Laser Power

	
Beam Spot Size

	
Scan Speed

	
Energy Density

	
Temp. with 0.2 wt.% CNTs

	
Temp. with 0.4% CNTs

	
Temp. with 0.6% CNTs




	

	
(W)

	
mm

	
mm/s

	
J/mm2

	
(°C)

	
(°C)

	
(°C)






	
1

	
100

	
5

	
5

	
4

	
37

	
41

	
54




	
3

	
200

	
5

	
2

	
20

	
89

	
98

	
111




	
4

	
250

	
5

	
2

	
25

	
132

	
168

	
172




	
6

	
300

	
5

	
1

	
60

	
203

	
286

	
335




	
8

	
350

	
5

	
1

	
70

	
317

	
385

	
467




	
11

	
400

	
5

	
1

	
80

	
547

	
618

	
657











 





Table 4. Box-Behnken Design of Experiments (DoE) with Response 1 (Relative Density) and Response 2 (Hardness).






Table 4. Box-Behnken Design of Experiments (DoE) with Response 1 (Relative Density) and Response 2 (Hardness).





	
Std

	
Run

	
Factor 1

	
Factor 2

	
Factor 3

	
Response 1

	
Response 2




	
A: Laser Power

	
B: CNTs Conc.

	
C: Scan Speed

	
Relative Density

	
Hardness




	
W

	
%

	
mm/s

	
%

	
(HV)






	
3

	
1

	
300

	
0.6

	
1.5

	
97.76

	
53.82




	
5

	
2

	
300

	
0.4

	
1

	
96.49

	
55.56




	
2

	
3

	
400

	
0.2

	
1.5

	
97.20

	
54.54




	
13

	
4

	
350

	
0.4

	
1.5

	
97.73

	
53.48




	
12

	
5

	
350

	
0.6

	
2

	
97.87

	
52.86




	
14

	
6

	
350

	
0.4

	
1.5

	
97.70

	
52.98




	
17

	
7

	
350

	
0.4

	
1.5

	
97.68

	
53.14




	
8

	
8

	
400

	
0.4

	
2

	
95.89

	
61.6




	
6

	
9

	
400

	
0.4

	
1

	
98.38

	
58.48




	
7

	
10

	
300

	
0.4

	
2

	
94.18

	
56.48




	
11

	
11

	
350

	
0.2

	
2

	
96.20

	
58.62




	
4

	
12

	
400

	
0.6

	
1.5

	
99.21

	
50.7




	
1

	
13

	
300

	
0.2

	
1.5

	
94.10

	
66.5




	
10

	
14

	
350

	
0.6

	
1

	
98.54

	
49.3




	
9

	
15

	
350

	
0.2

	
1

	
97.10

	
54.48




	
16

	
16

	
350

	
0.4

	
1.5

	
97.73

	
53.08




	
15

	
17

	
350

	
0.4

	
1.5

	
97.67

	
53.24











 





Table 5. ANOVA response for the relative density values.






Table 5. ANOVA response for the relative density values.













	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value





	Model
	28.95
	9
	3.22
	10.07
	0.003



	A-Laser Power
	8.3
	1
	8.3
	25.99
	0.0014



	B-CNTs Conc.
	9.64
	1
	9.64
	30.21
	0.0009



	C-Scan Speed
	5.08
	1
	5.08
	15.9
	0.0053



	AB
	0.6821
	1
	0.6821
	2.14
	0.1872



	AC
	0.008
	1
	0.008
	0.025
	0.8789



	BC
	0.0137
	1
	0.0137
	0.043
	0.8416



	A2
	3.52
	1
	3.52
	11.03
	0.0128



	B2
	0.3364
	1
	0.3364
	1.05
	0.3388



	C2
	1.29
	1
	1.29
	4.05
	0.0839



	Residual
	2.23
	7
	0.3193
	
	



	Lack of Fit
	2.23
	3
	0.744
	1127
	<0.0001



	Pure Error
	0.0026
	4
	0.0007
	
	



	Cor Total
	31.18
	16
	
	
	










 





Table 6. Significant validation parameters result in the optimization process.






Table 6. Significant validation parameters result in the optimization process.





	Verification Parameters
	Obtained Values





	R-Squared
	0.9283



	Adjusted R-Squared
	0.8362



	Predicted R-Squared
	−0.1455



	Adequate Precision
	11.084



	Standard Deviation
	0.565



	Mean
	5.35



	Coefficient of Variation (CV %)
	0.5816










 





Table 7. Vickers hardness results were measured from the surface of the sample pellets at five different locations and the average of Vickers Hardness at F = 9810 mN (100 p).






Table 7. Vickers hardness results were measured from the surface of the sample pellets at five different locations and the average of Vickers Hardness at F = 9810 mN (100 p).





	
Sample No.

	
Mean Diagonal (d) in μm

	
Vickers Hardness Values

	
Average




	
L1

	
L2

	
L3

	
L4

	
L5

	
L1

	
L2

	
L3

	
L4

	
L5






	
1

	
61

	
57

	
55

	
58

	
55

	
54

	
49

	
56

	
56.1

	
54

	
53.82




	
2

	
57

	
55

	
55

	
58

	
57.1

	
54.1

	
56.1

	
56.5

	
54.1

	
57

	
55.56




	
3

	
58.9

	
57.9

	
57

	
57.9

	
60.9

	
53.4

	
55.3

	
56.1

	
57.9

	
50

	
54.54




	
4

	
58

	
61

	
57

	
55

	
58

	
54.1

	
49

	
54.1

	
56.1

	
54.1

	
53.48




	
5

	
60

	
60

	
58

	
60

	
59

	
51.2

	
54.5

	
54.5

	
50.8

	
53.3

	
52.86




	
6

	
62

	
58

	
59

	
56

	
60

	
48.2

	
54.5

	
53.3

	
58.1

	
50.8

	
52.98




	
7

	
59

	
60

	
57

	
60

	
58

	
53.3

	
50.8

	
56.7

	
50.8

	
54.1

	
53.14




	
8

	
50.9

	
56

	
54

	
57

	
56

	
72.1

	
58.1

	
62

	
56.7

	
59.1

	
61.6




	
9

	
60

	
55

	
55

	
58

	
52

	
50.8

	
60.6

	
60.2

	
54.5

	
66.3

	
58.48




	
10

	
60

	
58

	
53

	
58

	
56.5

	
50.8

	
54.5

	
64.5

	
54.5

	
58.1

	
56.48




	
11

	
56

	
57

	
55

	
57

	
53

	
59.1

	
56.7

	
56.1

	
56.7

	
64.5

	
58.62




	
12

	
63

	
60

	
60.5

	
60

	
58

	
46.7

	
50.8

	
50.7

	
50.8

	
54.5

	
50.7




	
13

	
50

	
53

	
53

	
50

	
50

	
72.1

	
58.1

	
58.1

	
72.1

	
72.1

	
66.5




	
14

	
60

	
60

	
61

	
61

	
64

	
51.2

	
51.2

	
49

	
49.8

	
45.3

	
49.3




	
15

	
57

	
59

	
57.9

	
57

	
57.9

	
54

	
53

	
55.3

	
56.1

	
54

	
54.48




	
16

	
59.6

	
58.4

	
59.1

	
59

	
59.5

	
52.2

	
54.4

	
53.1

	
53.3

	
52.4

	
53.08




	
17

	
59.5

	
59

	
59.6

	
57

	
60

	
52.4

	
53.3

	
52.2

	
57.1

	
51.2

	
53.24
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