

  crystals-13-01352




crystals-13-01352







Crystals 2023, 13(9), 1352; doi:10.3390/cryst13091352




Article



Optimization of Sintering Process Parameters by Taguchi Method for Developing Al-CNT-Reinforced Powder Composites



Navin Kumar 1, Shatrughan Soren 1, Rakesh Prasad 2, Yashvir Singh 3,4, Hemant Nautiyal 5, Abhishek Sharma 6, Sew Sun Tiang 7 and Wei Hong Lim 7,*





1



Department of Fuel Minerals and Metallurgical Engineering, Indian Institute of Technology (Indian Schools of Mines), Dhanbad 826004, India






2



Mechanical Engineering Department, Hindustan College of Science & Technology, Mathura 281122, India






3



Department of Mechanical Engineering, Graphic Era Deemed to be University, Dehradun 248002, India






4



Department of Mechanical Engineering, Graphic Era Hill University, Dehradun 248002, India






5



Department of Mechanical Engineering, Dev Bhoomi Uttarakhand University, Dehradun 248007, India






6



Department of Computer Science and Engineering, Graphic Era Deemed to be University, Dehradun 248002, India






7



Faculty of Engineering, Technology and Built Environment, UCSI University, Kuala Lumpur 56000, Malaysia









*



Correspondence: limwh@ucsiuniversity.edu.my







Citation: Kumar, N.; Soren, S.; Prasad, R.; Singh, Y.; Nautiyal, H.; Sharma, A.; Tiang, S.S.; Lim, W.H. Optimization of Sintering Process Parameters by Taguchi Method for Developing Al-CNT-Reinforced Powder Composites. Crystals 2023, 13, 1352. https://doi.org/10.3390/cryst13091352



Academic Editor: Xiaochun Li



Received: 18 August 2023 / Revised: 30 August 2023 / Accepted: 1 September 2023 / Published: 6 September 2023



Abstract

:

In powder metallurgy, the sintering process is a high-power consuming and critical process for better mechanical properties of composites due to proper diffusion of atoms. In this context, different sintering processes were investigated along with their sintering condition. The present work focused on optimizing conventional sintering process parameters for carbon nanotubes (CNTs) reinforced aluminum composites using Taguchi optimization methods. The Taguchi L9 orthogonal array (OA) experiment was considered for the investigation. CNT’s wt.%, sintering temperature, and time were chosen as process parameters in the sintering process, while macro-hardness and relative density were evaluated as performance evaluation characteristics. The signal-to-noise ratio (S/N) and ANOVA statistical procedures were utilized to evaluate the effect of sintering parameters/levels on the micro-hardness and relative density of the Al/CNTs composite sintered. ANOVA statistical analyses revealed that the CNTs wt.% significantly influences relative density (83.58%), followed by temperature (14.58%), whereas CNTs wt.% significantly influenced micro-hardness (77.75%), followed by temperature (13.64%). The sintering of Al/CNTs composites using these optimum conditions is recommended to reduce power consumption and enhance the quality of the sintered composite.
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1. Introduction


Aluminium metalmatrix composites (AMMC) have found a wide range of applications in the industries among the composites developed in recent yearsdue to their low density [1], excellent toughness, and corrosion-resistance properties [2]. The automotive, military, and aerospace sectors have a lot of applications [3,4]. In AMMC, various reinforcements such as CNTs [5], silicon carbides [6], aluminium oxide [7], boron carbide [8], etc., are employed. CNTs are becoming a more important reinforcement material for composites due to their outstanding physical and thermo-mechanical characteristics (specific strength of 55.55 GPa/(mg/m3) and specific modulus 555.5 GPa/(mg/m3) [9]. According to estimates, CNTs can withstand temperatures of up to 2800 °C in a vacuum and 750 °C in the air. CNTs also have a larger aspect ratio, superior chemical stability, and electrical characteristics. These CNT qualities make them excellent for use in the aviation and automobile industries, where energy conservation is becoming more crucial [10].



Metal matrix composites can be manufactured using traditional casting or powder metallurgy (PM) processes [11]. Casting methods for manufacturing metal matrix composites (MMCs) have major restrictions, such as reinforcement agglomeration and thermal deterioration during processing. PM is the most commonly used production method for MMCs due to its low-temperature processing and remarkable control over microstructure, including size, shape, matrix fraction, and reinforcing material [12,13]. Due to the low-temperature fabrication process, unwanted phases between the matrix and reinforcement were absent [14]. PM process having more control over the microstructure is one of the benefits of casting. In the PM process, the metal matrix and reinforcement powder are uniformly mixed and compacted to get the required shape. Sintering is used after compaction to improve mechanical characteristics [15].



Sintering is a process of heating the powder to just below its melting point, allowing the particles to bind and form a solid piece. Sintering process parameters like temperature, dwell time, reinforcement concentration, pressures, etc., will depend on the powder type and the desired final product. Higher sintering temperatures cause thermal damage and result in an undesired interfacial reaction between the matrix and reinforcement [16]. Longer sintering time started grain growth and reduced the mechanical properties of composites [17]. Composites with high reinforcement content provide more interfacial reactions that provide a barrier in diffusion reaction. Solid-state diffusion is crucial for developing and propagating inter-particle bonds [18]. Diffusion bonding, therefore, has a significant impact on the mechanical and microstructural characteristics. Also, the temperature and duration of the sintering process affect the diffusion process. Generally, these bonds can be generated by the mutual dissolution or reaction of the matrix metal and the reinforcement particles.



The composites fabricated via the PM process have various properties such as hardness, tensile strength, compressive strength, toughness, and fatigue strength. Variables like the selection of reinforcement, compression pressure during powder compaction, sintering temperature, sintering duration, particle size, and the proportion of reinforcement volume affected these properties. Notably, the sintering temperature and duration are critical factors, significantly influencing hardness and strength [19]. Wang et al. [20] used a powder metallurgical process to fabricate 2% CNT-reinforced aluminium composites. The results revealed that the hardness increased from 62.17 HV to 182.8 HV. This divergence in hardness was due to the proper sintering of uniformly dispersed CNT reinforcement within the Al matrix. Deng et al. [14] fabricate 1wt.% CNTs reinforced aluminium composites by the cold compaction process followed by hot extrusion. The dispersion of CNT restricts grain growth during composite sintering. Due to grain refinement, composite hardness and tensile strength have been enhanced by 30% and 25%, respectively, compared to the base alloy. Choi et al. [21] observed that multi-wall carbon nanotubes form strong interfaces with the aluminium matrix through mechanical interlocking, leading to high yield stress (more than 600 MPa), and using CNTs as reinforcement improved the hardness and strength of the aluminium composite. L. K. Singh et al. [22] examined the sintering temperature and heating rate influence ofAl-0.5 wt.% MWCNT nanocomposites after sintering. Their findings revealed that elevating the sintering temperature from 400 to 600 °C resulted in a 19.1% rise in microhardness and a 20.2% increase in elastic modulus. From this observation, we can say that sintering process parameters play a significant role in enhancing the mechanical properties and microstructures of the composite.



The optimization of sintering process parameters is essential to improve the properties of composite materials. Higher sintering temperature and time are responsible for interfacial reactions that produce undesirable phases in composite materials. L. Liu et al. [23] observed that the interface reaction between CNTs/Al is intensified gradually with the sintering temperature increase from 570 °C to 630 °C. As a result, the formation of an Al4C3 brittle phase occurred, reducing the ductility of the composite. Low sintering temperatures result in insufficient diffusion, leading to low strength and porous structure. Reinforcement content in composite also acts as an important parameter during sintering. The optimum percentage of reinforcement is responsible for a finer microstructure because reinforcement particles behave as a barrier to the grain boundaries [24]. In a previous study, M. A. Awotunde et al. [25] observed that the composites containing a small proportion of CNTs exhibit diminished Al-CNT interfaces and fewer obstacles to Al atom diffusion. It allows for smooth diffusion of Al atoms, effectively filling gaps between neighboring particles during sintering. However, clustered CNTs are a diffusion barrier during sintering, reducing powder sinter ability.



Nowadays, many people employ the DOE technique to overcome the drawbacks of conventional optimization strategies. The commonly used DOE are Taguchi, factorial, and response surface methods [26]. Employing the Taguchi approach to optimize the process variables and shorten experimentation times and expense is a standard practice because it is based on a fractional factorial design [27]. Additionally, by carefully selecting the experimental runs, one should avoid using the whole factorial design. An OA is a matrix with rows and columns filled with all the conceivable combinations of the controllable variables. The S/N and OA are the two critical components of the Taguchi technique. The noise effect lowers the S/N, a ratio of sensitivity to variability, improving the product’s quality.



Regarding the objective function, the S/N that can be classified as large is best, nominal is best, or smaller is best. Taguchi and analysis of variance (ANOVA) approaches are frequently used to perform fewer tests (experiments) and deal with outcomes that are influenced by several variables, using the design of experiment techniques [28]. It is used to find the best combination of variables for a certain result and optimize process variables. This method has been used to determine the parameters influencing the sintering process [29,30,31,32,33].



According to the previous discussions, the sintering properties of composites have been examined using various combinations of reinforcements, matrix, and process parameters. As a result, the current research investigated the sintering properties of aluminium composites reinforced with CNTs. Taguchi and ANOVA analyses were used to determine the importance of sintering parameters for the properties of the created composite in various situations. A scanning electron microscope examined the powder morphology and sintered sample.




2. Materials and Methods


2.1. Materials


The matrix material was aluminium powder (Al; 99% pure), supplied by Sigma Aldrich Chemical Private Limited, Anelak Taluk, Bangalore, India. The size of the Al particle lies in the range of 10–50 µm. Adnano Technologies Private Limited, Machenahalli, Karnataka, India, supplied carbon nanotubes (about 10–30 nm in diameter and 10 µm in length) as reinforcement particles. Polyvinyl Butryal (PVB) Resin (C8H14O2)n and ethanol (C₂H₆O) were used for solution mixing of composites. All the beakers used were properly cleaned with acetone before each experiment.




2.2. Solution Mixing Procedure


Al composites with variable CNT reinforcement (0.0, 0.5, and 1.0 wt.%) were synthesized using a powder metallurgical technique. An optimum Al and CNT powder ratio was blended using a solution mixing approach. Initially, the appropriate wt.% of CNTs (0.0, 0.5, and 1.0) were introduced to 100 mL ethanol and sonicated for 20 min to separate pristine CNT bundles into individual tubes. Meanwhile, the same amount of PVB as CNTs was dissolved in 100 mL ethanol. The PVB–ethanol solution was then mixed with 50 gm Al powder. The surface of the Al particles was ideally coated by a thin layer of PVB after magnetic stirring the Al-PVB-ethanol slurry for 2 h at 400 rpm, which decreased the surface tension of Al and enabled to absorb CNTs on the surface of the Al particles. The 100 mL PVB-coated Al-ethanol slurry was then added to the 100 mL CNTs–ethanol solution for 4 h of magnetic stirring at 500 rpm to distribute CNTs in the Al matrix homogeneously, as shown in Figure 1. The uniformly mixed slurry was dried for 15 h at 100 °C before being shaken for another 10 min to break down any powder lumps into uniform composite powder.




2.3. Compaction and Sintering Procedure


A universal testing machine (Instron 8801, 4th Phase Peenya Industrial Area, Bangalore, Karnataka, India) was used to compact the powder composite before sintering. A 20mmdiameter die (made of H13Die steel) was loaded with the composite powder mixture and compacted using the right punch. A thin layer of graphite spray was applied between the powder sample and the die wall to make it simple to remove the compressed sample after compression. In total, 400 KN of the load was applied to the punch to form green pallets of composite powder. After holding for 3 min at this load, the load on the punch was released, and the sample was taken out from the die. The green pallets were then sintered in a tube furnace (supplied by Ants Innovations Pvt. Ltd., Maharashtra, India) with a heating rate of 1 °C/min and a continuous inert gas supply for proper composite sintering.



Taguchi’s DOE was used in the current work to optimize the sintering process parameter. High micro-hardness and relative density of composite results were used to predict the optimum sintering condition. Thus, statistical analysis was conducted using the higher is better principle. The formula in Equation (1) [34] is used to determine the S/N for larger is best:


   S N  = − 10 log  1 n   (    ∑   i = 1  n   1   y i    2     )   



(1)




where n indicates the number of observations and yi (i = 1, 2,..., n) are the mean data observed. The experiments were carried out applying a standard OA. When the number of degrees of freedom is equal to or greater than the total of the parameters, the orthogonal array is chosen. This work analyzes the three factors: sintering temperature (S. Temp.), sintering time (S. Time), and concentration of CNTs for sintering. Overall, 500 °C, 550 °C, and 600 °C for S. Temp; 30 min, 60 min, 90 min for S. Time; and 0.0 wt.%, 0.5 wt.%, and 1.0 wt.% for CNTs, each exhibiting three levels in the testing. An L9 orthogonal array was employed with nine rows and three columns, as shown in Table 1. Micro-hardness and relative density were the responses that needed to be examined. They were both taken through an ANOVA to find that larger is best.



According to the L9 orthogonal array in Table 1, the pellets were sintered (in nine runs) in an argon atmosphere using a tube furnace at three levels of CNTs ratio, sintering temperature, and time. A thermocouple was inserted into the furnace’s center to measure the sintering temperature during sintering.




2.4. Characterizations


Field emission scanning electron microscope (Supra 55, Zeiss, Jena, Germany) and X-ray diffraction (XRD) (Smartlab, Rigaku, Tokyo, Japan) have been used to observe the morphology and phase analysis of Al and CNTs before mixing. An optical microscope (DM2700M, Leica, Tokyo, Japan) was used to analyze the morphology of CNTs-Al composites after sintering. For the microscopic examination, sintered samples were cut for polishing and ground to remove any remaining graphite. The polishing operation used SiC paper with grit sizes of 100, 120, 400, 600, 800, 1000, and 2000. Alumina slurry polishing was done after this step. The samples were submerged in an ethanol solution and ultrasonically cleaned for 15 min using a digital ultrasonic cleaner to remove the fine alumina particles that got attached to the composites during polishing. After polishing, samples were carefully chemically etched using an acid solution containing 25% HNO3, 15% HCl, 10% HF, and 50% H2O in volume.



The density of the sintered Al composite sample was calculated using Archimedes’ principle. The samples were weighed using a digital scale with an accuracy of 0.00001 g. Here, a mean of five density values is calculated. The prepared composites’ theoretical density (TD) was calculated using the rule-of-mixture approach, as shown in Equation (2) [35], whereas the relative density of samples was calculated using Equation (3).


   Theoretical   density   (   ρ  Bulk    )  =    (     %   Al     ρ  Al     +    %   CNTs     ρ  CNTs      )    − 1    



(2)






   Relative   density  =  (    A c t u a l d e n s i t y   T h e o r e t i c a l d e n s i t y   × 100  )  %  



(3)




where    ρ  Bulk    ,    ρ  Al    ,    ρ  CNTs     are density for bulk composite, Al and CNTs, respectively, and %Al and %CNTs are the percentage composition of each powder in compact.



The Vickers hardness (Hv) test was performed on metallographically polished samples using digital micro-Vickers hardness testing equipment (HM220, Mitutoyo, Tochigi, Japan). The specimen’s micro-hardness was determined by calculating the indentation depth and diagonal length of intent on a sample surface. The experiments were performed at an applied load of 200 gf and a dwell time of 15 s. The mean of five readings for Hv values was used as the hardness value of the sample.





3. Results and Discussion


3.1. Macrostructure and Phase Analysis


The shape and structure of the initial Al and CNT powders are shown in Figure 2a,b. Aluminium powders have granular structures that provide a surface for CNT dispersion, in Figure 2a. Pristine CNTs are agglomerated due to their strong Van der Waals force, shown in Figure 2b. Aspect ratios are advantageous for achieving excellent load transmission efficiency of CNT in composites. The XRD micrograph of the Al and CNTs powders as received is shown in Figure 3. Al nano powder contains four sharp crystalline peaks at 2θ of 38,45,65 and 78, respectively, consistent with the previous result [36]. The broad CNT peaks were observed at 2θ of 26, 43, and 77, respectively. The presence of broad peaks confirmed the presence of nano-sized particles. During the particle size reduction process, nanoparticles are extensively strained and distorted. As a result, their peaks were always broadened [37].



Figure 4 demonstrates the morphology of a solution mixed with an Al powder surface coated with CNTs. After the solution-mixing process, the Al powders and CNTs’ morphology does not change. A high-magnification image of the powder surface revealed CNT dispersion. The CNTs were dispersed uniformly and randomly across the Al surface.



In Figure 4a, the concentration of CNTs was 0.5 wt.%, which shows the random dispersion of CNTs without any agglomeration. In contrast, Figure 4b shows the dispersion of 1.0 wt.% CNTs in Al powder. Some dispersed CNTs were observed on the Al powder surface at higher concentrations. So, as the concentration increases, CNTs start agglomerating on the powder surface. A greater proportion of CNT appeared to make CNT dispersion in the aluminium matrix more problematic. Amal et al. [38] reported that more than 1 wt.% CNT levels are utilized. It starts forming clusters in processed composites, reducing strength, stiffness, and ductility.



Figure 5 shows the optical micrograph of the sintered sample produced by varying sintering parameters. The fine pores (black area shown by the arrow) were uniformly spread throughout the aluminium matrix. As the CNT concentration increases, large and irregular pores are observed. Manikandan et al. [39] also reported as the CNT content increases, The microstructure becomes less homogeneous and more porous regions are detected. It happened due to the presence of undispersed CNT clusters in the composite. It suggests that micropores are made due to the agglomeration of composite powder, and it is very difficult to eliminate during the sintering process. These pores get completely reduced after performing the metal-forming process (like extrusion, forging, and rolling) on sintered composites to enhance their properties [40]. Figure 5a shows a lower amount of grain growth due to partial sintering. During the sintering process, the slow diffusion of Al particles occurred due to low temperature and short sintering time. Figure 5b shows proper sintering and fine grains when the sintering temperature was 550 °C and the sintering time was 60 min. In Figure 5c, grain growth has been observed due to a large sintering time of 90 min at a high sintering temperature of 600 °C. During the initial state of sintering at low temperatures, the densification of Al started with neck growth and reduced as the sintering time increased. CNT concentration hampered neck formation by restricting atomic diffusion [41]. At high concentrations of CNTs, the sintering of concurrent particles did not occur, which produced a number of interconnected pores. When the sintering temperature was high, the diffusion of Al increased, resulting in the non-uniform distribution along grain boundaries and producing micro-pores. Figure 5d,h show the proper sintering of composites with low porosity defects and grain refinement. Figure 5e,f show grain growth after sintering, whereas Figure 5g,i do not show visible grain growth, which might be due to the high concentration of CNTs. Hou et al. [42], while performing the sintering of Al/CNTs composites, observed that CNTs and their clusters have a pinning effect, which restricts grain growth. CNTs in Al powders hinder the Al particles’ sintering process, resulting in a less dense structure.




3.2. Influence of Input Parameters on Micro-Hardness


The hardness of Al-CNT-reinforced composites was as high as pure Al. Three main reasons are considered for the increase in the hardness of Al CNTs composites. The first reason is the higher dislocation motion produced by CNTs due to an increase in the CNTs phase [43]. Second, the matrix of Al-CNTs MMCs has a higher dislocation density due to dislocation generation caused by differences in the thermal expansion coefficients of aluminium and CNT, which causes thermal mismatch (or Orowan looping) stresses, resulting in increased dislocation density and increasing Al-CNTs MMCs micro-hardness [44]. Due to restrictions in dislocation motion, fine grains are produced responsibly to increase the hardness of composites. The third reason is the nature of the interface between the CNTs phase and the aluminium ductile matrix [45]. This strongly influences the mechanical properties of Al-CNTs composites, as this interface controls the efficiency of load transfer from the Al matrix to the CNTs.



Table 2 shows the L9 OA for micro-hardness calculated from the Vickers hardness test and their S/N value. Figure 6 shows the effect of process parameters on macro-hardness. The hardness values in Figure 6 were calculated by taking the mean of all the sintering processes performed at the parameter mentioned on the x-axis. It was observed that the hardness of the composite started increasing with an increase in CNT concentration, but at above 0.5 wt.% of CNTs, the increasing rate gets reduced. The low content of CNTs indicates less Al-CNTs interface and more diffusion of Al atoms. At higher CNT concentrations, the cluster of CNTs along the grain boundaries acts as a diffusion barrier during sintering [46]. When we observed the effect of sintering temperature on micro-hardness, it increased with an increase in temperature up to 550 °C, whereas between 550 to 600 °C, the micro-hardness shows a small change, and as the sintering temperature was raised, the micro-hardness value significantly declined, eventually reaching a minimum of 42.3 Hv. The increased grain growth at elevated heat can be ascribed to this result. The Hall–Petch relationship applies as the micro-hardness reduces with grain size increases [46]. As a result, there were fewer grains per grain border, which increased grain size.



Moreover, the micro-hardness of Al-CNTs is slightly influenced by the sintering period and increases with longer heating times. After sintering for 90 min, the highest value of 43.1 HV was attained; however, micro-hardness slightly decreased with increased sintering duration. This outcome can result from excessive grain growth due to prolonged exposure to high temperatures. Ninety minutes of sintering time ensures minimum or no reaction between CNTs and Al metal matrix.




3.3. Influence of Input Parameters on Density


Relative density determined using Equations (2) and (3), along with the S/N value obtained from Taguchi DOE, is shown in Table 2. Figure 7 shows the average density main effect plots. As shown, the density decreases as CNTs wt.% increases. Due to the lightweight and hollow structures of CNTs, the overall density of the composite decreased. The presence of CNTs hampered neck formation by restricting atomic diffusion during sintering [47]. Due to that, the sintering of concurrent particles does not occur and produces a number of interconnected pores. This typical response for the Al-CNTs composite at 600 °C can be attributed to melting solid particles and improved diffusion that minimizes porosity. When the sintering temperature rose to 600 °C, the produced composite’s volume expanded, and its density eventually increased.



With a minor abrupt change, the effect of the sintering duration mostly on the RD of Al-CNTs is comparable to that of the sintering temperature. Due to inadequate diffusion and inter-particle voids, the density was initially lower, and the porosity was larger. However, at a sintering period of 90 min, the diffusion was enough to fill the pre-existing pores and raise the RD either unchanged or with minimal volume changes. The composite material was exposed to high temperatures for longer after extending the sintering duration to 90 min. Temperature and time during sintering were insignificant variables. However, the sintering duration was the least significant factor determining the change in the RD. The sintering temperature was the most significant of the insignificant variables impacting the composite experimental density, with a max–min value of 0.06.




3.4. Selection of Optimum Sintering Condition


The mean S/N responses obtained for hardness are shown in Table 3. The mean S/N graph formed in the Minitab software tool is shown in Figure 6. A higher S/N value indicates a smaller variance gap between the desired and measured output [48]. The means and S/N ratios were calculated in the response tables (Table 3 and Table 4). The calculated delta (the difference between the maximum and minimum value) for CNTs%, temperature, and time is 2.38, 0.38, and 0.22 in Table 3 for the means of hardness. The largest delta (∆) for CNT% suggests that it has the most impact on sintering. Table 4 bolded the corresponding level values for easy interpretation from the response table. The mean S/N responses obtained for relative density are shown in Table 4. The mean S/N for relative density is shown in the graph depicted in Figure 7. The calculated delta for CNTs%, temperature, and time is 0.15, 0.06, and 0.02 in Table 4 for means of RD. The largest delta (∆) for CNTs% suggests it has the most impact on sintering.




3.5. ANOVA for Hardness and Relative Density


ANOVA identified the process parameters that have the most significance over performance-defining sintering properties [49]. The ANOVA results for hardness and relative density are reported in Table 5 and Table 6, respectively. Table 5 and Table 6 show that the hardness and density of sintered composites are influenced by CNTs wt.%, temperature and time. The percentage contribution of CNTs, temperature and time on hardness was 77.5%, 13.64%, and 5.11%, respectively, shown in Table 5. Similarly, the percentage contribution of sintering parameters CNTs, temperature and time on relative density was 83.58%, 14.58%, and 1.63%, respectively, as shown in Table 6. ANOVA analysis confirmed that the CNTs wt.% has the most significant influence on hardness and relative density during the sintering process.



The derived values of S, R-sq., R-sq.(adj), and R-sq.(pred) also support the findings. The parameter ‘S’ represents the dispersion extent of data points from the fitted values. A smaller ‘S’ value indicates enhanced performance. In this instance, the ‘S’ value of 1.2250 (as shown in Table 5) suggests that the model effectively portrays the response. R-sq. reflects the proportion of variance in the response variable captured by the model—a higher R-sq. percentage corresponds to a better model fit. With a calculated R-sq. value of = 98.7%, the model effectively explains the variation in micro-hardness. Moreover, the R-sq.(adj) value of 94.7% suggests that even when additional variables are incorporated, the model maintains its strength in elucidating hardness variability. The R-sq.(pred) value of 85.23% underscores the utility of the regression model in predicting outcomes for new observations. Similarly, the obtained results are further validated for RD by evaluating the metrics S, R-sq., R-sq.(adj), and R-sq.(pred). The value of ‘S’ 0.07337 underscores the strength of the model and its satisfactory ability to account for the response. The R-sq. score of 99.8% highlights the model’s significant contribution to explaining the variation in RD. The R-sq.(adj) value obtained indicates the enduring effectiveness of the model in explaining variation, even in the presence of additional variables. It is worth noting that the R-sq.(pred) value of 89.09%underscores the regression model’s aptitude in predicting responses for new observations.




3.6. Modeling


The Minitab 17.0 software was used in the current work to create predictive mathematical models for the dependent variables of relative density and micro-hardness as a function of CNTs wt.%, sintering time, and temperature. Equations (4) and (5) are the regression-derived prediction equations for micro-hardness and relative density, respectively.


    H a r d n e s s =   − 33.0 − 32.6 × C N T s + 0.0900 × t e m p e r a t u r e + 11.25 × t i m e       + 0.1160 × C N T s × t e m p e r a t u r e − 1.846   C N T s × t i m e       − 0.01634 × t e m p e r a t u r e × t i m e    



(4)






  R e l a t i v e   D e n s i t y = 89.651 − 1.620 × C N T s + 0.00663 × t e m p r a t u r e + 0.0230 × t i m e    



(5)







The competence of the developed models was tested using the R2 coefficient of determination. The coefficient of determination can range between 0 and 1. If it is close to 1, it indicates that the independent and dependent variables are well-matched. If R2 = 95%, the new observations were estimated with a 95% variability. This study’s proposed regression models for hardness and relative density had high R2 values of 98.7% and 99.79%, respectively. The residual plot was used to assess the importance of the predicted model’s coefficients. If the residual plot appears straight, it suggests that the model’s residual errors have normal distributions and that its coefficients are now significant [50]. The residual plots for micro-hardness and relative density are shown in Figure 8 and Figure 9, respectively. The residuals in Figure 8 and Figure 9 are close to a straight line for micro-hardness and relative density, implying that the produced coefficient model is significant.



The contour and 3D surface plot representations of the micro-hardness and relative density are depicted in Figure 10 and Figure 11. The surface plots in Figure 10b showcase a curvilinear shape consistent with the fitted quadratic model. As illustrated in Figure 10a, it becomes apparent that the maximum hardness is observed when the sintering temperature is 550 °C, and the CNT concentration is maximum, whereas in the case of relative density, in Figure 11b, the surface plot shows a flat face. It indicates a slight variation in RD due to sintering. Figure 11a shows the maximum relative density at low CNT concentration and high sintering temperature. This optimization leads to hardness and RD values of 48.5 Hv and 93.27%, respectively.





4. Conclusions


A conventional sintering process was effectively used in this study to sinter Al/CNTs composite with desirable properties suitable for automotive and aerospace sectors. In the investigation and evaluation process of the ideal process parameters levels involving CNTs wt.%, sintering temperature, and dwell time on the relative density and micro-hardness of Al/CNTs composite sintered, the Taguchi L9 orthogonal array, S/N, and ANOVA statistical techniques were applied. The previous discussion leads to the following conclusions:




	
The conventionally sintered composite had high CNT agglomerations across grain boundaries, which act as obstacles to effective heat transmission during sintering and produce pre-existing crack sites, enhancing porosity and preventing effective load transfers between the matrix and matrix reinforcements, resulting in material failure at low-stress levels.



	
When the temperature was raised from 550 °C to 600 °C, the relative densification and micro-hardness increased, and when the CNTs concentration increased, the relative density decreased and micro-hardness increased. The S/N results, on the other hand, demonstrated that the CNT concentration, followed by the temperature, has the most critical influence on the optimal quality attributes of micro-hardness and relative density obtained.



	
The statistical studies based on ANOVA revealed that CNT concentration significantly influences relative density with an 83.58% percentage contribution, followed by temperature with a 14.58% percentage contribution. In the case of micro-hardness, CNT contributed the most (77.75%), followed by the temperature (14.58%) percentage contribution. The effect of noise factor on hardness and relative density contributed from the error source was 3.48% and 0.2%,which is very low.



	
According to the created mathematical models for micro-hardness and relative density, the projected response results and experimental data were in close agreement. As a result, the generated models might be used for optimal sintering condition selection to enhance the product quality without requiring trial tests on Al/CNTs materials.
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Figure 1. Schematic diagram of the solution mixing process. 






Figure 1. Schematic diagram of the solution mixing process.



[image: Crystals 13 01352 g001]







[image: Crystals 13 01352 g002] 





Figure 2. FESEM morphologies of as-received powders: (a). Al and (b). CNTs. 
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Figure 3. XRD diffractograms of the as-received Al and CNTs powders. 
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Figure 4. SEM morphologies of Al/CNTs powders: (a). Al-0.5 wt.% CNTs and (b).Al-1.0 wt.% CNTs. 
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Figure 5. Optical micrographs of the sintered Al and Al/CNTs composite at various sintering conditions (a) Al at 500°C for 30 min, (b) Al at 550°C for 60 min, (c) Al at 600°C for 90 min, (d) Al-0.5 wt.% CNTs at 500°C for 60 min, (e) Al-0.5 wt.% CNTs at 550°C for 90 min, (f) Al-0.5 wt.% CNTs at 600°C for 30 min, (g) Al-1.0 wt.% CNTs at 500°C for 90 min, (h) Al-1.0 wt.% CNTs at 550°C for 30 min, and (i) Al-1.0 wt.% CNTs at 600°C for 60 min. 
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Figure 6. Response graph for macro-hardness means. 
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Figure 7. Response graph for relative density means. 
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Figure 8. Normal probability plot of the residuals for micro-hardness. 






Figure 8. Normal probability plot of the residuals for micro-hardness.



[image: Crystals 13 01352 g008]







[image: Crystals 13 01352 g009] 





Figure 9. Normal probability plot of the residuals for relative density. 
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Figure 10. Micro-hardness for (a) contours and (b) surface plot in temperature–CNTs concentration at sintering time of 90 min. 
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Figure 11. Relative density for (a) contours and (b) surface plot in temperature–CNTs concentration at sintering time of 90 min. 
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Table 1. Taguchi orthogonal array generated for the experiment.
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	L9

Test Sample
	CNTs

(wt.%)
	Sintering Temperature

(°C)
	Sintering Time

(Minute)





	1
	0.0
	500
	30



	2
	0.0
	550
	60



	3
	0.0
	600
	90



	4
	0.5
	500
	60



	5
	0.5
	550
	90



	6
	0.5
	600
	30



	7
	1.0
	500
	90



	8
	1.0
	550
	30



	9
	1.0
	600
	60










 





Table 2. Details of the relative density and macro-hardness measurement.
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Test No.

	
Relative density (%)

	
Micro-Hardness (Hv)

	
S/N Ratios of Results




	
Relative Density

	
Macro-Hardness






	
1

	
92.453

	
34.3

	
39.3184

	
30.7059




	
2

	
92.831

	
36.4

	
39.3539

	
31.2220




	
3

	
93.427

	
36.7

	
39.4094

	
31.2933




	
4

	
91.642

	
45.2

	
39.2419

	
33.1028




	
5

	
91.832

	
46.3

	
39.2599

	
33.3116




	
6

	
92.148

	
43.8

	
39.2897

	
32.8295




	
7

	
91.125

	
46.3

	
39.1928

	
33.3116




	
8

	
91.092

	
48.5

	
39.1896

	
33.7148




	
9

	
91.633

	
46.4

	
39.2410

	
33.3304











 





Table 3. The obtained S/N response table for hardness.
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Process Parameters

	
Mean S/N Hardness




	
Level 1

	
Level 2

	
Level 3

	
Max–Min (∆)

	
Rank






	
CNTs (wt.%)

	
31.07

	
33.08

	
33.45

	
2.38

	
1




	
Sintering temperature (°C)

	
32.37

	
32.75

	
32.48

	
0.38

	
2




	
Sintering time (Minutes)

	
32.42

	
32.55

	
32.64

	
0.22

	
3











 





Table 4. The obtained S/N response table for relative density.
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Process Parameters

	
Mean S/N Density




	
Level 1

	
Level 2

	
Level 3

	
Max–Min (∆)

	
Rank






	
CNTs (wt.%)

	
39.36

	
39.26

	
39.21

	
0.15

	
1




	
Sintering temperature (°C)

	
39.25

	
39.27

	
39.31

	
0.06

	
2




	
Sintering time (Minutes)

	
39.27

	
39.28

	
39.29

	
0.02

	
3











 





Table 5. ANOVA results in relation to macro-hardness.
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Control Factors

	
Dof

	
Sum of Squares

	
Mean Squares

	
p-Value

	
% Contribution






	
CNTs (wt.%)

	
2

	
2.5540

	
1.27699

	
0.013

	
77.75




	
Sintering temperature (°C)

	
2

	
0.4481

	
0.22406

	
0.362

	
13.64




	
Sintering time (Minutes)

	
2

	
0.1680

	
0.08401

	
0.628

	
5.11




	
Error

	
2

	
0.1146

	
0.05732

	

	
3.48




	
Total

	
8

	
3.2848

	

	

	
100




	
S = 1.225; R-sq. = 98.7%; R-sq.(adj) = 94.7%; R-sq,(pred) = 85.23%











 





Table 6. ANOVA results in relation to relative density.
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Control Factors

	
Dof

	
Sum of Squares

	
Mean Squares

	
p-Value

	
% Contribution






	
CNTs (wt.%)

	
2

	
0.035841

	
0.017920

	
0.002

	
83.58




	
Sintering temperature (°C)

	
2

	
0.006253

	
0.003127

	
0.014

	
14.58




	
Sintering time (Minutes)

	
2

	
0.000700

	
0.000350

	
0.110

	
1.63




	
Error

	
2

	
0.000086

	
0.000043

	

	
0.2




	
Total

	
8

	
0.042881

	

	

	
100




	
S = 0.07337; R-sq. = 99.8%; R-sq.(adj) = 99.1%; R-sq,(pred) = 89.09%
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