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Abstract

:

This work mainly focuses on increasing the mechanical strength and improving the corrosion resistance of an aluminum alloy hybrid matrix. The composites are prepared by the stir casting procedure. For this work, aluminum alloy 8079 is considered as a base material and titanium nitride and zirconium dioxide are utilized as reinforcement particles. Mechanical tests, such as the ultimate tensile strength, wear, salt spray corrosion test and microhardness test, are conducted effectively in the fabricated AA8079/TiN + ZrO2 composites. L9 OA statistical analysis is executed to optimize the process parameters of the mechanical and corrosion tests. ANOVA analysis defines the contribution and influence of each parameter. In the tensile and wear test, parameters are chosen as % of reinforcement (3%, 6% and 9%), stirring speed (500, 550 and 600 rpm) and stirring time (20, 25 and 30 min). Similarly, in the salt spray test and microhardness test, the selected parameters are: percentage of reinforcement (3%, 6% and 9%), pH value (3, 6 and 9), and hang time (24, 48 and 72 h). The percentage of reinforcement highly influenced the wear and microhardness test, while the stirring time parameter extremely influenced the ultimate tensile strength. From the corrosion test, the hang time influences the corrosion rate. The SEM analysis highly reveals the bonding of each reinforcement particle to the base material.
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1. Introduction


The stir casting process is a reliable process and it is used frequently for ferrous and nonferrous components. The stir casting process provides the homogeny, durability and strength of the mixed composite after it forms the solid shape. The powder is mixed well in the base materials to make up a rigid solid structure after solidification. The stirring parameters, such as stirring speed, stirring time and stirring temperature, are highly involved in altering the strength of the hybrid composites [1].



Additionally, the aluminum alloy 6061 hybrid MMCs (Metal matrix composites) with reinforcement of silicon carbide uses a banana and jute to increase the strength of the composites [2]. The authors conducted the tensile test, hardness test and percentage of elongation.



Using different reinforcement percentages, the banana addition highly enhanced the tensile strength, hardness and percentage elongation. Researchers have reported that, in different layer sequences, excellent wear resistant was offered by a jute–rubber–jute composite for varying wear parameters [3].



Aluminum metal matrix composites are prepared through the stir casting method; authors in [4] used as base material of aluminum with 4.5% copper alloy [4]. In their investigation, bamboo leaf ash is used as the the reinforcement material with different percentage levels, e.g., 2%, 4% and 6%. The obtained results showed that by increasing the bamboo leaf ash percentage, the density of the composite decreased and the porosity increased. Better tensile strength and hardness were found by use of 4% reinforcement, while continually increasing the percentage level of the bamboo leaf ash reduced the tensile strength and hardness of the composites.



Use of the stir casting process was conducted effectively to produce AMCs with reinforcement of titanium diboride [5]. The authors studied the mechanical strength, and fracture influences and microstructure (OM and SEM) analyses of the tensile samples proved that the prepared composites offered excellent bonding between the base material and titanium diboride. Increasing the percentage of titanium diboride reinforced particles improved and increased the tensile strength. It can be observed from the SEM analysis that the growth of nucleation and small voids induced the fractures in the tensile test samples.



A study has suggested and that the reinforcement of boron carbide particles offered good mechanical properties for the aluminum alloy [6]; for their investigation, different percentage levels of boron carbide particles were reinforced into aluminum alloy AA6061 during the stir casting process. The average particle size (25 μm) of the boron carbide induced the highest mechanical strength. Higher boron carbide percentage levels increased the tensile strength and hardness of the aluminum metal matrix composites.



Agitation process (stirring) is one of the predominant factors in the stir casting method to increase the strength of the composites. At the secondary level of the stir casting, the stirring time had a major role in modifying the strength and structure of the composites [7]. Finally, the stir casting temperature was used to increase the melting point of both base materials as well as the reinforced particles.



This parameter acknowledges the uniform mixture obtained in the prepared composites. The stir casting parameters, such as stirring speed, stirring time and stirring temperature, were influenced to amend the strength of the casted samples [8]. Stirring speed highly influenced the obtainment of the homogeneous mixture of the composites, and the stirring time increased the strength of the composites due to the longer duration resulting in the reinforced particles being well settled into the base materials [9].



The stir casting temperature stimulated the high melting point of the composites, taking the minimum time to blend the particles in a good fashion. The ultimate tensile strength is one of the essential tests within the industry to evaluate the material strength and also find the failure of materials [10,11,12,13]. There are several strength analyzing tests involved in industrial applications to maximize the strength of material which is to be used to fabricate components. In general, the tensile strength, compressive strength and shear strength tests are carried out by the way of using a universal testing machine [14,15,16]. Numerous testing procedures have to be followed to conduct the strength analyzing test effectively. From the stir casting process, the tensile strength of the hybrid composites are increased by the influence of process parameters, particularly stir casting time [17].



An increase in the stir casting time increases the tensile strength, as does increasing the percentage of reinforcement in the stir casting process. Hardness is one of the mechanical properties that offers a good material characteristic for the usage of industrial products [18,19,20,21]. Different types of hardness tests are available to find the hardness of the material such as Rockwell hardness, Brinell hardness test and Vickers hardness. Normally, the Brinell hardness test is used for heavy applications, with a 5–10 mm hard steel ball used as the indenter [22,23,24,25]. Accurate hardness measurement is also carried out by use of a microhardness test (Vickers hardness test), with a pyramid square diamond indenter used to measure the hardness of the material.



In all the moving parts, the wear has to occur promptly to reduce the surface structure of the parts and also to encourage the failure of the materials. Normally the wear test is conducted through wet and dry conditions based on the test procedure and the materials [26]. Dry sliding wear of Al8079–TiN/ZrO2 composites have high wear resistance compared to other combination composites. Wear rate can be dependent upon the various parameters, namely load, rpm, sliding distance and the adding of reinforcement. In industry, most machines suffer due to component wear. Use of loads and temperatures highly effect the wear rate of AMCs materials. In the Al8079–TiN/ZrO2 composites, lesser wear rates occurred with the applied load increases. In wear tests carried out on short fiber Saffil filled composites, it was observed that they had increased wear. When increasing the applied load, the wear and cracking resistance also increased. Similarly the wear rate was increased due to increase in the Al8079 temperature.



The corrosion property is one of the important roles in the marine environment and also in space applications. There are vast methods available for finding the corrosion resistance of materials within a short time period [27,28,29]. A few of the corrosion tests are: the electrochemical method, salt spray corrosion test, laboratory immersion corrosion test, etc. The corrosion test is conducted based on the pH values of the corrosion medium, such as an acidic or basic nature. Natural sea water is also a better corrosion medium for conducting corrosion tests at room temperatures and prominent temperature levels [30].



Sodium chloride is the best corrosion medium and provides a good result for the aluminum composite material. The novelty of this study is to fabricate aluminum composite materials such as AA8079 with reinforcement of titanium nitride (TiN) and zirconium oxide (ZrO2) by using the stirring casting route. Execution of the stir casting process with the influence of different parameters offered excellent casted hybrid composites. The stir casted samples were tested by namely the ultimate tensile strength test, wear test, microhardness test and salt spray test. All the test specimens were experimented with by influencing the different process parameters through the Taguchi method. This method provided the optimal parameters for obtaining good mechanical strength and corrosion resistance of the newly prepared hybrid composites [31].



The Al8079–TiN/ZrO2 composites had higher tension and wear properties due to the presence of both reinforced particles. These composites are widely used in aerospace and automotive industries for fabrication of components as well as structures.




2. Materials and Methods


Aluminum alloy 8079 possesses high strength as well as a highly machinable nature; these alloys are normally used in the automobile, aircraft and marine applications.



The chemical elements and their weight percentages present in the aluminum alloy 8079 material are represented in the Table 1. The mechanical strength values such as tensile strength, yield strength and fatigue strength of the base material AA8079 is illustrated in the Table 2.



The stir casting method is the leading process to enhance the properties of the composites with the use of any material in the casting furnace. The stir casting method is used for this research work to increase the mechanical strength as well as the corrosion resistance of the hybrid composites. This process was executed by observing different parameters: namely % of reinforcement, stirring speed and stirring time for the prepared exceptional composites.




3. Experimental Procedure


In this work, aluminum alloy (AA8079) with the reinforcement of titanium nitride and zirconium oxide was used for stir casting. Both the reinforced particles were utilized at different percentage levels (3%, 6% and 9%). The process parameters of this study were selected as % of reinforcement (3%, 6% and 9%), stirring time (20, 25 and 30 min) and stirring speed (500, 550 and 600 rpm). Figure 1 illustrates the entire stir casting setup of this investigation, the control panel having individual temperature adjustment regulator and speed control units [32,33,34]. The agitation motor can be controlled electrically for the use of stirring action. The furnace can be closed by the heat resistance cover to prevent the heat transfer to the atmosphere and provide safety for the work.



Figure 2 illustrates the stir casted raw material of aluminum alloy and the reinforcement of titanium nitride and zirconium oxide. The samples are sliced out by use of a wire cut EDM machine with the required dimensions.



Table 3 presents the process parameters of the stir casting process, namely: percentage of reinforcement, stirring time and stirring speed. All three factors are chosen based on the conducting of mechanical tests such as the tensile test and wear test with different levels of process parameters.



Table 4 presents all the equipment and mentions the specifications of this experimental work. Different equipment is used, i.e., casting apparatus, universal testing machine, dry sliding wear test machine, salt spray testing machine and Vickers microhardness tester.



3.1. Ultimate Tensile Strength


All the materials are checked for strength through some testing machine such as the tensile testing machine (universal testing machine). The UTM is generally used to measure the strength of the material such as tensile strength, compressive strength and shear strength, and all the tests are carried out in a single machine. Figure 3 shows the 100 kN capacity of the universal tensile testing machine (Model: ZY 2075–A International Equipments, Mumbai, India). The gripping jaws are operated pneumatically by using control levers and FRL units.




3.2. Wear Test


Hybrid composite specimens wear was analyzed through a dry sliding wear test apparatus, as shown in Figure 4. The specimens were prepared from the raw stir casted hybrid composites. The pins are prepared as per the ASTM G99–05 standard, the dimensions of the specimens are 30 mm height and 12 mm diameter. The rotating disc was made on EN30 steel with hardness value of 60 HRC, the standard test procedure was implemented for this study. The parameters were selected as sliding velocity of 3 m/s, applied load of 30 N and sliding distance of 1500 m. The pins are polished and cleaned well before conducting of wear test. The average value of wear readings are noted from the DUCOM Instruments, Bengaluru, India dry sliding wear test machine for each specimen. The weights of the pins are measured before and after conducting of the wear test.




3.3. Corrosion Test


The corrosion test process factors and their levels are presented in Table 5; the parameters are taken as reinforcement percentage, pH value of the corrosion medium and the hang time of the specimens.



The nine samples are prepared by the dimensions 20 × 15 × 8 mm from the sintered compaction samples and the specimens are cleaned and allowed to dry as shown in Figure 5. Initially, all samples were weighed and their initial weight was noted for estimating the mass loss of the specimens during the salt spray test. All the specimens were fitted by means of being hung in the chamber, with the help of small holes made in the samples. A NaCl solution of 3% was circulated at the maintained temperature of 35 °C for spraying on the specimens with different pH value concentrations [35,36,37]. The time period of the experiment was maintained for 24, 48 and 72 h, then after the time period the specimens were taken out, dried, weighed and finally calculated for the corrosion rate of the specimens [38].




3.4. Microhardness Test


Microhardness of the hybrid composites was conducted by using the Vickers hardness tester. The specimens are prepared as per the ASTM standard (American Society for Testing and Materials.) at 15 mm height and 25 mm diameter using the CNC machine Machine Tools, Chennai, India. The Figure 6 illustrates the microhardness test specimens. Before conducting the microhardness tests, the specimens were cleaned and polished well [39,40]. All the specimens from the salt spray test were utilized to conduct the microhardness tests. The optimization parameters were percentage of reinforcement, pH value and hang time in hours.



All the response values of the test can be checked with the S/N ratio, such as the signal-to-noise ratio. It is demonstrated as the ratio of the power of a signal (meaningful information) and the power of background noise (unwanted signal). The significance of precisely calculating the signal to noise ratio is necessary for the decisive goal of efficient and accurate designs.




3.5. SEM Analysis


In this investigation the ZEISS brand (Model: Sigma, St. Louis, MO, USA) scanning electron microscope (SEM, OXFORD Instruments India Pvt. Ltd., Mumbai, India) was used to examine the wear and corrosion effects of the composite specimens. High magnification can be obtained from this instrument such as 15×~300,000× and the acceleration voltage is 1~30 kV. High resolution is possible for use of this instrument, such as 3.0 nm (at 30 KV, SEM Image). All the samples were tested effectively; before conducting the SEM analysis the specimens were cleaned well, sliced out at the correct size and polished to a high level. The polishing has to be performed via use of a rotating polishing disc.





4. Result and Discussion


4.1. Ultimate Tensile Strength


Table 6 presents the experimental summary of ultimate tensile strength; three factors contributed their influence and produced a different range of ultimate tensile strengths. The maximum ultimate tensile strength was obtained as 205.52 MPa from the sixth experimental runs. It is achieved by the influence of 6% of reinforcement, 30 min of stirring time and 500 rpm of stirring speed. The minimum ultimate tensile strength was observed as 185.67 MPa. The highest S/N ratio and lowest S/N ratio were presented as 46.2571 and 45.3748, respectively.



Table 7 and Table 8 present the response tables for the means and signal to noise ratios of the ultimate tensile strength respectively. From the tables, the stirring time was identified as the most influence factor, followed by stirring speed and percentage of reinforcement. Optimal parameters of the test were found as 3% of reinforcement, 30 min of stirring time and 600 rpm of stirring speed. Figure 7 and Figure 8 illustrate the main effect plots for the mean and S/N ratio of the ultimate tensile strength, respectively. From the three parameters, 3% of reinforcement offered the maximum ultimate tensile strength, and 3% to 6% of reinforcement reduced the ultimate tensile strength. Further increasing from 6% to 9% slightly increased the ultimate tensile strength.



The increase in stirring time proved that the maximum ultimate tensile strength can be increased, such as by increasing the stirring time from 20 to 30 min. The maximum stirring time of 30 min offered excellent ultimate tensile strength. The lowest stirring speed decreases the tensile strength, while an increase in stirring speed from 500 rpm to 600 rpm increased tensile strength moderately. The 600 rpm speed provided the maximum tensile strength.



The four in one plots (Figure 9), such as the residual plot, indicated which parameters are to be highly involved to produce the maximum tensile strength. In a normal probability plot, most of the points are lying on the mean line and few of them close to the mean line; thereby, it is observed that the chosen parameters are excellent and that the ultimate tensile strength was accurate. In the versus fits plot, the nine points are distributed in a normal condition and the distribution values are lying within the limit. The histogram plots versus the order plots provided the accurate results of the ultimate tensile strengths. The points were distributed in a rectangle form and the zigzag motions proved that the selection of parameters highly reflected the response values.



Table 9 presents the analysis of variance for the ultimate tensile strength; this statistical analysis provides the contribution of each parameter in the ultimate tensile strength test. The highest contribution was observed as 24.94% by stirring time, followed by stirring speed (2.71%) and percentage of reinforcement (0.26%). The p-values were obtained in normal range, it also informed the selected parameters are excellent.




4.2. Wear Test


Table 10 illustrates the experimental summary of the wear test; all three process parameters are bequeathing their influence and formulate a various range of wear values. In the fifth experimental run, the minimum wear value was found to be 119.53 µm. This minimum wear value was observed by the influence of 6% of reinforcement, 25 min of stirring time and 600 rpm of stirring speed. Contrarily, the maximum wear was recorded as 147.26 µm. Similarly, the highest S/N ratio and lowest S/N ratio were registered as −43.3617 and −41.5495, respectively. All the nine experimental runs were effectively conducted so that each parameter was shown to contribute its individual influence.



Table 11 and Table 12 presented the response table for means and signal to noise ratios of the wear respectively. From these tables, the reinforcement percentage was observed as the prime factor of the wear test, followed by the stirring speed and finally the stirring time. In the wear test the optimum parameters were concluded to be: 9% of reinforcement, 25 min of stirring time and 550 rpm of stirring speed.



Figure 10 and Figure 11 show the main effect plots for the mean and S/N ratio of the wear test, respectively. Among the three parameters, 6% of reinforcement offered the minimum wear values, whereas 6% to 9% of reinforcement increases the wear values such that the wear resistance of the composites were reduced. Three percent of reinforcement produced a moderate wear condition. The minimum range of the stirring time (20 min) offered the high wear resistance compared to other stirring times. Increase in the stirring time demonstrated that the maximum wear occurred. The moderate stirring time of 25 min produced poor wear resistance. The highest stirring speed increased the wear resistance; increasing the stirring speed from 500 to 600 rpm led to an increase in the wear resistance. The 600 rpm speed provided the maximum wear resistance of the composites. The minimum stirring speed offered the maximum wear.



The four in one plot in Figure 12 specified the parameters that had extreme effect in forming the minimum wear values of the composites. In the regular probability plot the majority of the points are lying on the mean line, few of them are incredibly near to the mean line, therefore it can be seen that the preferred parameters are outstanding and exactly obtained the minimum wear values. In the versus fits plot, the nine points are scattered in a regular condition and the scattered values are lying inside the limit. The histogram and versus order plots offer the precise results of the minimum wear values. From these plots, the points are dispersed in a rectangle appearance and zigzag motion, confirming that the preferred parameters exceedingly replicate the response values.



Table 13 illustrates the analysis of variance for the wear test; this numerical analysis provides the involvement of each parameter in the minimum wear test. The maximum contribution was observed as: 29.14% stirring speed, followed by percentage of reinforcement (9.10%) and stirring time (7.11%). Probability values such as the p-values were gained in the minimum range, and it was also observed that the selected parameters were exceptional.



Figure 13 illustrates the 3D profilometric image of the first specimen; the wear has highly occurred in the surface of the specimen; it can be denoted in the pink colour with below 0.4 microns level. Figure 14 shows the minimum wear, as proven by the maximum surfaces resistance to wear by the way of the greenish blue color. The wear can be maintained at the level of 0.4 to 0.8 microns. Figure 15 and Figure 16 illustrate the highly affected wear surface of the specimens, where the maximum wear was obtained in the surfaces via the influence of minimum stirring speed and minimum stirring time. Figure 17 presents the high quality of wear resistance surface of the specimen; this shows that a small amount of wear can be obtained. Figure 18 shows the high wear rate that occurred in a partial area of the specimen, as the middle portion of the specimen surface offered resistance to wear.



Figure 19 illustrates the extreme wear occurrence on the surface of the specimen due to the varying stirring speed. Figure 20 presents the microns level of wear taking place on the specimen surface, showing that the specimen has high resistance to wear even at low stirring time. Figure 21 represents that moderate wear can take place on the specimen, with only a small surface area affected by the wear and with the remaining area unaffected.




4.3. Salt Spray Corrosion Test


The corrosion test input factors (percentage of reinforcement, pH value and Hang time), output measurement of corrosion rate and the signal to noise ratio values (hours) are presented in Table 14.



The hanging time is the first influencing factor of this study, astabulated in Table 15 and Table 16. The pH value is the second rank of this study and the percentage of reinforcement is the third order of the research. The optimal values found from this analysis were: the first level of reinforcement—percentage (6%), second level—pH value (3) and third level—hang time (24 h).



The lowest percentage level of reinforcement produced the minimum corrosion rate, the middle level of the pH value reduced the corrosion rate, increased the operation time (hang time) also decreased the corrosion rate, as shown in Figure 22 and Figure 23. The 6% of reinforcement offered the minimum corrosion, while with further increasing 6% to 9% the corrosion rate also increased. The lowest pH value produced the minimum corrosion, i.e., the 3 pH value offered minimum corrosion, while with further increase of the 3 pH value to 9 pH the corrosion rate also increased. The maximum corrosion rate was found to be using the 9 pH value; similarly, the minimum hang time period offered the least corrosion level. By continually increasing the hang time period from 24 h to 72 h, the maximum corrosion occurred at the 72 h time period.



The normal probability of the corrosion rate analysis for all selected factors are placed closer to the mean line and few of them deviated, as shown in the Figure 24. It proves that all nine process parameters of this study are exceptional ones.



Table 17 presents the factors contribution percentages clearly, and the hang time contributed a higher percentage level (57.96%) compared to the other factors. The parameter of the pH value contributed 29.68%, the reinforcement percentage contribution was 12.36%, and the higher value of Fisher ratio (3.53) obtained for the hang time is also illustrated in the table. The probability values of all parameters were in minimum in range.



Figure 25 shows the surface plot of the corrosion rate vs. percentage of reinforcement and pH value visibly; from this plot the low percentage of reinforcement and the minimum pH value produces the minimum corrosion rate. Figure 26 shows the surface plot of corrosion rate vs. pH value and hang time clearly; in this plot it is indicated that the maximum hang time and minimum pH value offered the minimum corrosion rate. The minimum pH value and the minimum hang time also give less corrosion rate.



The minimum percentage of reinforcement and the slightly increasing hang time gives the lowest corrosion rate, as shown in the surface plot Figure 27. The moderate level of the reinforcement and the lowest level of the hang time present the lowest corrosion rate.



Microstructure Analysis


The SEM image of the corrosion test specimens were changed into the 2D and 3D profilometry images, as shown in Figure 28, Figure 29 and Figure 30. Figure 28 shows the minimum corrosion rate that occurred; the blue and green colors indicate the minimum corrosion takes place on the surface of the specimen. The colour bar indicates that the 0.6 to 1.0 microns corrosion resistant level can be maintained. The small amount of corrosion that takes place in the specimen is illustrated in the 2D view in the form of the color red. Figure 29 shows that moderate corrosion can take place on the specimen due to the increasing hang time in the corrosion test. The 2D image evidently illustrates the fairly corroded area of the specimen with the indication of the color red. Most of the area can be corroded severely, as reflected in Figure 30, and a high PH value of the corrosion medium can directly produce a high corrosion. The maximum area can be seen at the 0.2 to 0.4 levels of corrosion, confirming the corrosion influence in the experimental work. The 2D image reveals the high corrosion rate in the specimen by the way of showing maximum of the color red.





4.4. Microhardness Test


Table 18 presents the experimental summary of the microhardness test, using the three process parameters influencing the different ranges of microhardness values. From the analysis, the maximum microhardness value was obtained as 155 HV from the fifth experimental runs. It is accomplished by the influence of 6% of reinforcement, pH value of 6 and 72 h of hang time. The minimum microhardness value was observed as 134 HV. The highest S/N ratio and lowest S/N ratio were presented as 43.8066 and 42.5421, respectively.



Table 19 and Table 20 present the response table for means and signal to noise ratios of the corrosion test respectively. From the tables, the percentage of reinforcement was identified as the most significant influence parameter, followed by the pH value parameter and hang time. The optimal parameters of the microhardness test were registered as: 6% of reinforcement, pH value of 6 and 48 h of hang time.



Figure 31 and Figure 32 present the main effect plots for mean and S/N ratio of the microhardness test, respectively. From three parameters, 6% of reinforcement offered the maximum microhardness value, whereas 6% to 9% of reinforcement reduced the microhardness value. Minimum microhardness was observed at 3% of reinforcement. A moderate pH value (6) offered excellent microhardness values, whereas further increase in the pH value from 6 to 9 reduced the microhardness value. A low pH value (3) offered a minimum hardness value. A hang time of 48 h offered an exceptional microhardness value. With an increase in hang time from 48 h to 72 h, the microhardness value decreased. The hang time of 72 h offered the lowest microhardness value.



The residual plots indicated which parameters were most effective at forming the maximum microhardness. In the normal probability plot, nearly every one of the points e lie on the mean line and only a small number of points are extremely near to the mean line; thus, the elected parameters are extraordinary and accurately obtain the microhardness. In the versus fits plot, the nine points are scattered in a standard condition and the distributed values are lying inside the limit. In Figure 33, The histogram and versus order plots present the precise result of the microhardness; the points are spread in a rectangle figure and zig-zag motion, confirming that the choice of parameters reflected the response values well.



Table 21 illustrates the analysis of variance for the microhardness test; this statistical analysis gives the contribution of each parameter in the microhardness test. The maximum contribution was observed as 4.585% by hang time, followed by percentage of reinforcement (2.42%) and pH value (0.15%). The p-values were obtained in the normal collection; this also informs that the chosen parameters are remarkable ones [41,42,43,44,45,46,47,48,49].




4.5. Scanning Electron Microscopy Analysis


Scanning electron microscopy was used to analyze the topographic characterization of the composite materials in an effective manner. Figure 34 and Figure 35 were illustrate the SEM image of wear and corrosion in the specimen. Figure 34 represents the higher wear rate observed in the specimen, where high applying load and speed caused the large number of pits due to heat generation between specimen and disc. Nonuniform blending of the reinforced particles are clearly shown in the SEM image. Figure 35 presents the SEM image of the highly corroded specimen. This image illustrated the corrosion pits, various sizes of craters and continuous grooves. These defects were formed by the influence of more hanging time; similarly, the non-homogeneous mixture of the reinforced particles produced higher craters in particular areas of the specimen.





5. Conclusions


In this work, aluminum alloy with the addition of titanium nitride and zirconium oxide hybrid composites were prepared through the stir casting methodology, and the composites were tested by the tensile test, wear test, corrosion test and microhardness test. All the test parameters were optimized and the result of this work was summarized as follows:




	
From the ultimate tensile strength the maximum ultimate tensile strength was observed as 205.52 MPa from the sixth experimental runs. It was achieved by the influence of 6% of reinforcement, 30 min of stirring time and 500 rpm of stirring speed. Reinforcement led to increase the ultimate tensile strength due to the higher strength of the reinforced particles used in the composite preparation. Uniform mixing also provided an increase in the ultimate tensile strength of the specimen. The optimal parameters of the tensile test were found as 3% of reinforcement, 30 min of stirring time and 600 rpm of stirring speed.



	
In the wear test, the minimum wear value was found to be 119.53 µm, as observed in the fifth experimental run. This minimum wear value was observed by the influence of 6% of reinforcement, 25 min of stirring time and 600 rpm of stirring speed. By contrast, the maximum wear was recorded at 147.26 µm. High stirring speed and stirring time was influenced to form a homogeneous mixture of the composites, causing the minimum wear of the specimen. The higher stirring speed offered a uniform and extreme blending of the reinforced particles with the base materials. In the wear test, the optimum parameters were concluded as 9% of reinforcement, 25 min of stirring time and 550 rpm of stirring speed.



	
From the entire work, the hang time was the most significant factor of the corrosion analysis, followed by the pH value and reinforcement percentage. The most favorable values of this experiment were obtained as: 6% of reinforcement, pH value of 3 and hang time of 24 hrs. Increases in hang time and pH values increased the corrosion rate due to the high chemical action affecting the structure of the materials. The hang time was maximally contributed as 57.96%, the next level of contribution was 29.68% from the pH value, and finally the reinforcement of titanium nitride particles contributed 12.36%.



	
From the analysis, the maximum microhardness value was obtained as 155 HV from the fifth experimental runs. It was accomplished by the influence of 6% of reinforcement, pH value of 6 and 72 h of hang time. The minimum microhardness value was observed as 134 HV. The optimal parameters of the microhardness test were registered as 6% of reinforcement, pH value of 6 and 48 h of hang time. A moderate range of pH value and reinforcement percentage increases the microhardness.
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Figure 1. Stir casting process setup. 






Figure 1. Stir casting process setup.
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Figure 2. Stir casted AA8079 + TiN + ZrO2 samples. 
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Figure 3. Schematic view of 100 kN capacity of UTM with tensile test specimen. 
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Figure 4. Schematic view of dry sliding wear test apparatus. 
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Figure 5. Photographic view of corrosion specimens. 
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Figure 6. Photographic view of microhardness specimens. 
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Figure 7. Main effect plot for means (ultimate tensile strength). 
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Figure 8. Main effect plot for S/N ratios (ultimate tensile strength). 
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Figure 9. Residual plots (Ultimate tensile strength). 
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Figure 10. Main effect plot for means (wear). 
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Figure 11. Main effect plot for S/N ratios (wear). 
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Figure 12. Residual plots for wear. 
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Figure 13. Three dimensional (3D) profilometric image (S-1). 
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Figure 14. Three dimensional (3D) profilometric image (S-2). 
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Figure 15. Three dimensional (3D) profilometric image (S-3). 
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Figure 16. Three dimensional (3D) profilometric image (S-4). 
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Figure 17. Three dimensional (3D) profilometric image (S-5). 
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Figure 18. Three dimensional (3D) profilometric image (S-6). 
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Figure 19. Three dimensional (3D) profilometric image (S-7). 
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Figure 20. Three dimensional (3D) profilometric image (S-8). 
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Figure 21. Three dimensional (3D) profilometric image (S-9). 
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Figure 22. Main effect plot for means (salt spray test). 
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Figure 23. Main effect plot for signal to noise ratio (salt spray test). 
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Figure 24. Probability plot for corrosion rate. 
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Figure 25. Surface plot of corrosion rate vs. percentage of reinforcement and pH value. 
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Figure 26. Surface plot of corrosion rate vs. pH value and hang time. 
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Figure 27. Surface plot of corrosion rate vs. hang time, percentage of reinforcement. 






Figure 27. Surface plot of corrosion rate vs. hang time, percentage of reinforcement.



[image: Materials 14 05260 g027]







[image: Materials 14 05260 g028 550] 





Figure 28. Corrosion test specimen (minimum corrosion). 
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Figure 29. Corrosion test specimen (moderate corrosion). 
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Figure 30. Corrosion test specimen (aximum corrosion). 
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Figure 31. Main effect plot for means (microhardness). 
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Figure 32. Main effect plot for S/N ratios (microhardness). 
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Figure 33. Residual plots for microhardness. 
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Figure 34. SEM image of worn out wear specimen. 
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Figure 35. SEM image of corrosion specimen. 
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Table 1. Chemical constituent of AA 8079.
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	Material
	Composition in %





	Copper
	0.05



	Iron
	1.3



	Zinc
	0.10



	Silicon
	0.30



	Other
	0.15



	Aluminum (Al)
	Remaining
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Table 2. Mechanical strength of AA 8079.
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	Properties
	Metric





	Tensile strength
	150 MPa



	Yield strength
	120 MPa



	Fatigue strength
	56 MPa



	Elongation
	2.2%
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Table 3. Process parameters and their levels of stir casting process.
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	S. No
	Parameters
	Level 1
	Level 2
	Level 3





	1.
	% of reinforcement
	3
	6
	9



	2.
	Stirring time
	20
	25
	30



	3.
	Stirring speed
	500
	550
	600
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Table 4. Equipment used for testing and specifications.
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	Equipment Used
	Specification





	Stir casting apparatus
	Bottom pouring type

Maximum operating temperature 1000 °C

Stirring speed:100 to 1500 rpm



	Universal Testing Machine (UTM)
	ZY 2075—A series, 100 kN capacity



	Dry sliding wear test machine
	DUCOM Model TR-20-M-106,

Disc material: EN-8 medium carbon steel



	Salt spray testing machine
	Brand: Weiss, Material: Stainless Steel, Frequency level: 70 Hz, Voltage: 230 V

Power: Electric, Size: 500 × 300 × 500



	Vickers microhardness tester
	Model: V-5 series, Range: 1 HV-2967 HV, Eyepiece: 10×,

Dimension: 500 × 250 × 650 mm
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Table 5. Process variables and their levels (corrosion test).
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	S. No
	Parameters
	Level 1
	Level 2
	Level 3





	1.
	Percentage of reinforcement
	3
	6
	9



	2.
	pH value
	3
	6
	9



	3.
	Hang time (hours)
	24
	48
	72
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Table 6. Experimental summary of ultimate tensile strength.
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	S. No
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)
	Ultimate Tensile Strength (MPa)
	S/N Ratio





	1
	3
	20
	500
	185.67
	45.3748



	2
	3
	25
	550
	202.42
	46.1251



	3
	3
	30
	600
	198.47
	45.9539



	4
	6
	20
	550
	175.39
	44.8801



	5
	6
	25
	600
	188.96
	45.5274



	6
	6
	30
	500
	205.52
	46.2571



	7
	9
	20
	600
	202.31
	46.1203



	8
	9
	25
	500
	187.34
	45.1203



	9
	9
	30
	550
	193.41
	45.4526
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Table 7. Response table for means (ultimate tensile strength).
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	Level
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)





	1
	195.5
	187.8
	192.8



	2
	190.0
	192.9
	190.4



	3
	194.4
	199.1
	196.6



	Delta
	5.6
	11.3
	6.2



	Rank
	3
	1
	2
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Table 8. Response table for signal to noise ratios (ultimate tensile strength).
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	Level
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)





	1
	45.82
	45.46
	45.69



	2
	45.55
	45.70
	45.58



	3
	45.77
	45.98
	45.87



	Delta
	0.26
	0.52
	0.29



	Rank
	3
	1
	2
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Table 9. Analysis of variance for ultimate tensile strength.
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	Source
	DF
	Seq SS
	Contribution
	Adj SS
	Adj MS
	F-Value
	p-Value





	Regression
	3
	215.993
	27.91%
	215.993
	71.998
	0.65
	0.619



	% of reinforcement
	1
	2.042
	0.26%
	2.042
	2.042
	0.02
	0.898



	Stirring time
	1
	193.007
	24.94%
	193.007
	193.007
	1.73
	0.245



	Stirring speed (rpm)
	1
	20.944
	2.71%
	20.944
	20.944
	0.19
	0.683



	Total
	8
	773.761
	100.00%
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Table 10. Experimental summary of the wear test.
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	S. No
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)
	Wear (µm)
	S/N Ratio





	1
	3
	20
	500
	130.34
	−42.3016



	2
	3
	25
	550
	141.76
	−43.0311



	3
	3
	30
	600
	129.67
	−42.2568



	4
	6
	20
	550
	124.68
	−41.9159



	5
	6
	25
	600
	119.53
	−41.5495



	6
	6
	30
	500
	139.93
	−42.9182



	7
	9
	20
	600
	135.61
	−42.6458



	8
	9
	25
	500
	147.26
	−43.3617



	9
	9
	30
	550
	137.19
	−42.7464
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Table 11. Response table for means (wear).
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	Level
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)





	1
	133.9
	130.2
	139.2



	2
	128.0
	136.2
	134.5



	3
	140.0
	135.6
	128.3



	Delta
	12.0
	6.0
	10.9



	Rank
	1
	3
	2
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Table 12. Response table for signal to noise ratios (wear). Smaller is better.






Table 12. Response table for signal to noise ratios (wear). Smaller is better.





	Level
	% of Reinforcement
	Stirring Time
	Stirring Speed (rpm)





	1
	−42.53
	−42.29
	−42.86



	2
	−42.13
	−42.65
	−42.56



	3
	−42.92
	−42.64
	−42.15



	Delta
	0.79
	0.36
	0.71



	Rank
	1
	3
	2
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Table 13. Analysis of variance for wear test.






Table 13. Analysis of variance for wear test.















	Source
	DF
	Seq SS
	Contribution
	Adj SS
	Adj MS
	F-Value
	p-Value





	Regression
	3
	277.71
	45.35%
	277.71
	92.57
	1.38
	0.350



	% of reinforcement
	1
	55.75
	9.10%
	55.75
	55.75
	0.83
	0.403



	Stirring time
	1
	43.52
	7.11%
	43.52
	43.52
	0.65
	0.457



	Stirring speed (rpm)
	1
	178.43
	29.14%
	178.43
	178.43
	2.67
	0.163



	Total
	8
	612.37
	100.00%
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Table 14. Summary of corrosion test.






Table 14. Summary of corrosion test.





	S. No
	Percentage of Reinforcement
	pH Value
	Hang Time (Hours)
	Corrosion Rate × 10−3 (mm/Year)
	S/N Ratio





	1
	3
	3
	24
	0.139
	17.1397



	2
	3
	6
	48
	0.172
	15.2894



	3
	3
	9
	72
	0.196
	14.1549



	4
	6
	3
	48
	0.148
	16.5948



	5
	6
	6
	72
	0.175
	15.1392



	6
	6
	9
	24
	0.131
	17.6546



	7
	9
	3
	72
	0.144
	16.8328



	8
	9
	6
	24
	0.162
	15.8097



	9
	9
	9
	48
	0.183
	14.7510
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Table 15. Response table for means (corrosion test).






Table 15. Response table for means (corrosion test).





	Level
	Percentage of Reinforcement
	pH Value
	Hang Time (Hours)





	1
	0.1690
	0.1437
	0.1440



	2
	0.1513
	0.1697
	0.1677



	3
	0.1630
	0.1700
	0.1717



	Delta
	0.0177
	0.0263
	0.0277



	Rank
	3
	2
	1
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Table 16. Response table for signal to noise ratios (smaller is better).






Table 16. Response table for signal to noise ratios (smaller is better).





	Level
	Percentage of Reinforcement
	pH Value
	Hang Time (Hours)





	1
	15.53
	16.86
	16.87



	2
	16.46
	15.41
	15.55



	3
	15.80
	15.52
	15.38



	Delta
	0.93
	1.44
	1.49



	Rank
	3
	2
	1
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Table 17. Outline of ANOVA analysis (corrosion test).






Table 17. Outline of ANOVA analysis (corrosion test).















	Source
	DOF
	Seq SS
	Contribution %
	Adj SS
	Adj MS
	F-Value
	p-Value





	Percentage of reinforcement
	1
	0.000520
	12.36
	0.000520
	0.000520
	1.60
	0.067



	pH value
	1
	0.001148
	29.68
	0.001148
	0.001148
	2.30
	0.119



	Hang time (hours)
	1
	0.002242
	57.96
	0.002242
	0.000747
	3.53
	0.195



	Total
	8
	0.000007
	100.00
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Table 18. Experimental summary of microhardness test.






Table 18. Experimental summary of microhardness test.





	Exp. Runs
	% of Reinforcement
	pH Value
	Hang Time (Hours)
	Microhardness (HV)
	S/N Ratio





	1
	3
	3
	24
	138
	42.7976



	2
	3
	6
	48
	144
	43.1672



	3
	3
	9
	72
	136
	42.6708



	4
	6
	3
	48
	152
	43.6369



	5
	6
	6
	72
	155
	43.8066



	6
	6
	9
	24
	148
	43.4052



	7
	9
	3
	72
	134
	42.5421



	8
	9
	6
	24
	150
	43.5218



	9
	9
	9
	48
	142
	43.0458
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Table 19. Response table for means (microhardness test).






Table 19. Response table for means (microhardness test).





	Level
	% of Reinforcement
	pH Value
	Hang Time (Hours)





	1
	139.3
	141.3
	145.3



	2
	151.7
	149.7
	146.0



	3
	142.0
	142.0
	141.7



	Delta
	12.3
	8.3
	4.3



	Rank
	1
	2
	3
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Table 20. Response table for signal to noise ratios (microhardness test). Larger is better.






Table 20. Response table for signal to noise ratios (microhardness test). Larger is better.





	Level
	% of Reinforcement
	pH Value
	Hang Time (Hours)





	1
	42.88
	42.99
	43.24



	2
	43.62
	43.50
	43.28



	3
	43.04
	43.04
	43.01



	Delta
	0.74
	0.51
	0.28



	Rank
	1
	2
	3
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Table 21. Analysis of variance for microhardness.






Table 21. Analysis of variance for microhardness.















	Source
	DF
	Seq SS
	Contribution
	Adj SS
	Adj MS
	F-Value
	p-Value





	Regression
	3
	31.500
	7.16%
	31.500
	10.5000
	0.13
	0.939



	% of reinforcement
	1
	10.667
	2.42%
	10.667
	10.6667
	0.13
	0.733



	pH Value
	1
	0.667
	0.15%
	0.667
	0.6667
	0.01
	0.932



	Hang time (hours)
	1
	20.167
	4.58%
	20.167
	20.1667
	0.25
	0.640



	Total
	8
	440.000
	100.00%
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