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The purpose of this study is to examine the impact of various process parameters, such as cold work, aging temperature, and aging time, on the yield strength, ultimate tensile strength (UTS), and elongation of AA6061 tubes. The experimental plan is carried out, and the data is analyzed using Design Expert software. Main effects plots and interaction plots are generated to visually examine the effects of individual factors and the interaction between two factors on the output response variables. ANOVA analysis is conducted to assess the statistical significance of the model and individual model coefficients. The results reveal that all input factors had a significant impact on yield, whereas cold work and temperature and their interaction are significant for UTS. However, the model is not significant for elongation. The most notable finding is that the aging temperature’s effect is significant than the other two factors. These study findings can inform future experiments or process optimization efforts by considering the combined impact of these factors and their interactions. The study also found that the optimal temperature range is between 155°C to 170°C, along with a recommended cold work percentage of 10% or more and preferred time of above 10 h up to overage time. The model achieved an overall accuracy rate of over 90%, indicating its ability to predict the response variable with a high degree of precision.
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1 INTRODUCTION
Cold working is a process that involves deforming a material at a room temperature. This process results in increased strength, hardness, and resistance to wear and fatigue, but it may also decrease the material’s ductility and toughness. To quantify the degree of cold working, the reduction in cross-sectional area expressed as a percentage is used. In contrast, age hardening utilizes a series of heat treatments to encourage the precipitation of small particles in the material’s microstructure, which hinder dislocation motion, making plastic deformation more difficult. Age hardening enhances the material’s strength and hardness while preserving its ductility and toughness. The effects of cold working and age hardening on mechanical properties are complex and dependent on various factors, including the material type, degree of cold working, temperature range and time of age hardening, and cooling rate after the heat treatment. Both cold working and age hardening can increase yield strength, tensile strength, and hardness, but this comes at the cost of reduced ductility and toughness. The extent of improvement is contingent on specific treatment conditions. Finding the optimal cold working and age hardening conditions for a material depends on the application’s specific requirements and desired balance between strength, hardness, ductility, and toughness. Achieving a careful balance of these properties is critical to ensure that the material can withstand the anticipated loading and environmental conditions without premature failure.
Design methods can greatly aid the engineering design process in developing new products or improving existing ones. Various techniques exist in materials processing to design and optimize processing parameters, including the Taguchi Method (Palani and Murugan, 2008; Tzeng et al., 2009), Response Surface Methodology (RSM) (Choudhury and El-Baradie, 1997; Noordin et al., 2004), Materials Informatics (Risanti et al., 2009; Reilly et al., 2013) and Design of Experiments (DOE) (Montgomery, 1997). The Taguchi method is a statistical approach to design a robust product or process that is insensitive to variation in the input factors, while achieving desired output specifications. This method is widely used in industries such as manufacturing, engineering, and design to improve product quality and reduce costs. Its benefits include improved product reliability, reduced development time, and reduced costs associated with product failures and warranty claims (Yang and Tarng, 1998; Venugopal et al., 2012). Response Surface Methodology (RSM) is a statistical technique used to model and analyze the relationship between a response variable and multiple input variables in order to optimize the response. The method involves building mathematical models of the response surface and then using optimization techniques to identify the optimal input settings that maximize or minimize the response (Choudhury and El-Baradie, 1997). Materials informatics involves using data-driven approaches, such as machine learning algorithms, to predict the properties of materials based on their composition, structure, and processing history. This can be used to design new materials or optimize the processing of existing materials (Tamura et al., 2020). Process modeling involves creating a mathematical model of the processing equipment and conditions, which can be used to optimize the processing parameters to achieve desired outcomes. It can be used to optimize the processing of materials and to predict the behavior of materials under different processing conditions (Risanti et al., 2009; Reilly et al., 2013). Design of Experiments (DOE) is a statistical approach used to systematically vary the processing parameters of a material and measure the resulting properties. It is a powerful method for determining the optimal combination of input factors that can produce the desired output response. By varying the processing parameters and measuring the resulting properties, the optimal combination of parameters can be identified to achieve the desired outcome (Kadaganchi et al., 2015). The same method is presented herein to vary the input parameters of the aluminium alloy 6061. In this study, the effect of cold work, along with aging temperature and time has been taken into consideration to be investigated in knowing the mechanical properties of AA6061 such as maximum yield strength, maximum UTS and minimum required elongation.
Researchers have utilized various design techniques to investigate and improve the mechanical properties of different materials. Tzeng et al. (Tzeng et al., 2009) found that the depth of cut has the largest effect on the overall surface roughness. On the contrary, changes in cutting speed have the largest impact on the highest peak-to-valley height and the roundness of the machined surface. Based on the ANOVA results, they found that the depth of cut is the most significant controlled factor for achieving the desired surface finish and roundness in turning operations. Noordin et al. (2004) studied the performance of a tool made of multilayer tungsten carbide when turning AISI 1045 steel using RSM. The input variables considered in the analysis include cutting speed, feed rate, and the side cutting edge angle (SCEA) of the cutting edge. The response variable of interest was the tangential force and surface roughness. They observed that changes in the feed rate will have the greatest impact on these performance indicators. They found that in the case of surface roughness, both the side cutting edge angle and the interaction of feed and SCEA are significant factors that contribute to the performance indicator. In contrast, for tangential force, it appears that the SCEA, the interaction of feed and SCEA, and the cutting speed are all factors that contribute to the performance indicator.
Kadaganchi et al. (2015) introduced a mathematical model to forecast the yield strength, tensile strength, and ductility of friction stir welds of AA 2014-T6. They focused on the most significant process parameters, including spindle speed, welding speed, tilt angle, and tool pin profile, in the context of friction stir welding of aluminium alloys. They observed that the use of a hexagonal tool pin profile in the fabrication of welds resulted in the highest tensile strength and elongation, indicating that this tool profile produces the strongest and most ductile welds. On the other hand, the welds made with a conical tool pin profile have the lowest tensile strength and elongation, suggesting that this tool profile results in weaker and less ductile welds. Bui et al. (2011) performed experiments to investigate how reducing the cross-sectional area of variable thickness of aluminium tubes affects their microstructure and mechanical properties. Two distinct position-controlled mandrel techniques were employed to draw the tubes, and their mechanical properties were assessed in relation to the cross-sectional reduction. The experiments involved cold drawing tubes with different outer diameters and cross-sectional reductions ranging from 11% to 41%. To determine the mechanical properties at specific locations, specimens were extracted from the tubes parallel to their axes, and tensile tests were performed on them. They have observed, an increase in cross-sectional reduction resulted in higher microhardness, yield strength, and ultimate tensile strength of the deformed samples. However, this was accompanied by a decrease in corresponding elongation. Additionally, the anisotropy in microstructure and mechanical properties became more significant with increasing cross-sectional reduction. It was found that the mechanical properties of the drawn tubes varied depending on the mandrel shapes used and the initial tube outer diameter.
Mirzakhani and Mansourinejad (Mirzakhani and Mansourinejad, 2011) investigated the tensile properties of AA6061 alloy under varying conditions of precipitation hardening and cold working. They found that increasing the aging time and temperature resulted in higher tensile strength, but a lower elongation. Additionally, an increase in reduction in area led to decreased ductility and increased tensile strength for two distinct sample types: those that underwent a single aging process at 180°C for 4 h and those that were solutionized and subsequently cold-rolled. Oritz et al. (2007) studied the strain limits of aluminium alloys 6061, 2024, and 7075 subjected to plastic strain using a tensile testing machine. The strain limit was expressed as the UTS, which varies depending on the temper and the amount of plastic strain applied. They applied heat treatment to improve the mechanical properties of these alloys, particularly their strength and ductility. They observed that forming of aluminium alloys should be done in low-strength, high-ductility tempers to minimize the risk of cracking and increase the formability of the material. They also observed that hardened tempers such as T6 and T8 of aluminium alloys are less ductile and more brittle, which means they have a lower tolerance for plastic deformation. As a result, only small amounts of strain, typically in the range of 2%–3%, should be applied to these tempers before they are at risk of cracking or other forms of failure.
Masounave et al. (1997), observed that the three-way interactions between the variables feed rate, cutting speed, depth of cut, tool nose radius, and tool length have significant effects on the surface roughness. It has been found that the optimal surface roughness can be achieved by utilizing a low feed rate, a large tool nose radius, and a high cutting speed in combination. It has been found that when machining mild carbon steel at certain feed rates, tool nose radius, and cutting speeds, the formation of a built-up edge can negatively impact surface roughness. Liang et al. (2021) studied how the heat from welding affects the properties of an Inconel 625 alloy. They observed that the grains became more rounded, and carbides became more visible. They also found that the metal became weaker when it was exposed to high temperatures. They discovered that when the metal is heated, it changes in ways that make it harder for it to resist being bent or deformed. Zhang et al. (2022a) conducted isothermal compression tests to understand how to control the way grains form in metals. They found that if they heat the metal to a certain temperature and then press it at a certain speed, they can get the grains to be the right size and shape. They studied what happens to the metal at different temperatures and found that if they heat it too much, the grains become too big. They also studied what happens to the metal when it is being pressed and found that two different processes are happening at the same time to control the grain size. One process involves the edges of the grains bulging out, and the other involves the grains rotating. Zhang et al. (2023) conducted experiments to test the corrosion resistance of the AA7A04 when cut in different ways. They treated some samples of the metal at different temperatures and then cut them at high speeds using different cutting techniques. They measured how well the metal resisted corrosion in each case by looking at various factors, such as the size of capacitance arc radius and the amount of corrosion products that formed. They found that certain combinations of cutting speed, depth, and feed rate made the metal more resistant to corrosion. They also noticed that surface scratches made the metal more likely to corrode, while other types of damage didn't have as much of an impact. They identified a chemical called Al(OH)3 insolubles as being the main element that caused the metal to corrode. Finally, they found that the metal treated at a higher temperature was more resistant to corrosion when cut using the same parameters.
Zhang et al. (2022b) used heat to break down Ni-glycolate@RGO complexes, which resulted in the creation of Ni-decorated reduced graphene oxide (Ni-RGO) nanosheets. They discovered that the Ni particles were evenly distributed on both sides of the RGO nanosheets. They also found that when more Ni-RGO was added, the thickness of the interfacial intermetallic compounds (IMCs) decreased, and the grain size in the xNi-RGO/SAC305 composite solders became much smaller. They found that adding small amounts of Ni-RGO nanosheets (0.03 wt%) significantly improved the bonding strength and solderability of the solder joint. Djavanroodi et al. (2012) conducted a study on commercial pure aluminum that underwent up to 8 passes of the Equal Channel Angular Pressing (ECAP) process. They examined how the strain distribution behaved in the ECAPed material by testing four different die channel angles. They used two methods to measure strain homogeneity—inhomogeneity index (Ci) and standard deviation (S.D.). The study revealed that Ci was not the best way to measure uniformity of the strain distribution. The researchers suggested that designing the ECAP die geometry to achieve optimal strain distribution homogeneity is more important than achieving the optimal effective strain magnitude. Ebrahimi et al. (2019) used computer models to investigate how different factors, such as angles, friction, and speed, affect the deformation of aluminum during pressing. They found that the angle of the die channel had the greatest impact on both the strain and the force required, while friction had a smaller effect on strain but still affected the required force. The speed of the press didn't appear to have a significant effect. Based on their findings, the researchers recommend using a die with a steep channel angle and a large corner angle to achieve the desired strain behavior, and minimizing friction to reduce the required force without affecting the strain behavior too much.
Akbarpour et al. (2019) investigated how the microstructure of copper powder was affected by the duration of milling. They observed that longer milling times resulted in smaller grain size and increased lattice strain, leading to greater powder hardness. However, this also caused the powder to have lower density since it didn’t pack together as tightly. Yamada et al. (2000), investigated the two-step aging behavior of Al-Mg-Si alloys. The investigation has involved several methods such as hardness and electrical resistivity measurements, adiabatic calorimetry, and transmission electron microscopy. They observed that the quenching conditions, especially step-quenching and first-aging, have a significant effect on the peak hardness of two-step aged specimens. The impact of different thermal processing parameters on both physical and mechanical properties of 7075 T6 aluminium alloy was studied by Clark Jr et al. (2005). This involved varying the solution treatment temperatures, quenching media, and artificial aging conditions. They found a significant relationship between the tensile strength and hardness which suggests that changes in the microstructure that affect the hardness also affect the tensile strength.
Optimizing the properties of aluminium alloys is crucial to enhance their performance in various applications. The mechanical properties, such as yield strength, ultimate tensile strength, and elongation, play a critical role in determining the suitability of aluminium alloys for different purposes. Hence, cold working and age hardening techniques are used to optimize these mechanical properties and improve the overall performance of the alloy. The present study investigates the effects of input factors on the output response variable, including yield, ultimate tensile strength, and elongation. The objective of this research is to establish a correlation between the input parameters of aging temperature, time, and cold work and the output response variables of yield, ultimate tensile strength (UTS), and elongation. The test results are summarized using ANOVA tables. The key finding is that temperature is the most significant effects on yield and UTS but also there is combine effects of input factors on mechanical properties.
2 MANUFACTURING PROCESS FLOW
Figure 1 shows the conceptual diagram of aluminium tube manufacturing. The production process begins with melting and casting of aluminum alloys in a furnace. The resulting molten metal is then poured into a mold to create ingots and billets. The extrusion process is utilized to form desired shape from the ingots. The required shape formed from extrusion are then subjected to annealing to enhance their workability and decrease internal stresses. During annealing, the metal is heated to a specific temperature and then cooled at a gradual pace, resulting in an increase in the metal’s ductility and toughness.
[image: Figure 1]FIGURE 1 | Conceptual diagram of Al. Tube Manufacturing: Process Flow.
Once the annealing process is complete on the aluminium alloy undergoes additional processing of cold working using a draw bench. This process enhances the metal strength and the required surface finish and dimension. The final step in aluminium alloy production is quenching and aging. Quenching is the rapid cooling of the alloy to room temperature. The alloy is then aged by heating it to a specific temperature for a certain duration. This process enhances the metal’s strength, toughness, and corrosion resistance. These processes along with the corresponding process parameters values of the input factors, is illustrated in Figure 2. To enhance the properties of AA6061, designed experiments prove to be a powerful technique. The selected process parameters include cold work (10% and 30%). Subsequently, the AA6061 tubes were quenched at 535°C, and age hardening was conducted for 10 and 18 h at temperatures ranging from 160°C to 190°C. Afterward, samples of the alloy were fabricated using an ASTM E8 2004 machine, and tensile testing was performed utilizing an ASTM B557 technique. Finally, the results were subjected to statistical analysis using Design Expert software.
[image: Figure 2]FIGURE 2 | Steps in experimentations.
2.1 Test for significance of the regression model
In the analysis of variance (ANOVA) procedure for a design of experiments (DOE), the F-ratio is calculated as the ratio of the mean square regression (MSR) to the mean square error (MSE). The MSR represents the variance explained by the model, while the MSE represents the unexplained variation, or error, in the data. The F-ratio is used to test the null hypothesis that the model has no effect on the response variable against the alternative hypothesis that the model does have an effect. If the F-ratio is large enough, it indicates that the MSR is significantly larger than the MSE, and the null hypothesis can be rejected at the chosen significance level (alpha). This means that the model is significant and has a significant effect on the response variable. A significant model is desirable because it indicates that the factors included in the model have a significant impact on the response variable, and can be used to optimize the process or system being studied.
2.2 Testing the significance of individual model coefficients
After conducting ANOVA and establishing the model’s significance, the next step is usually to optimize the model by deleting the insignificant coefficients. The calculation of the p-value, which is the probability value, is an important step in this process. The p-value is an indication of the degree of evidence against the null hypothesis, and is usually used to determine whether a given factor or coefficient is significant or not. In general, if the p-value is less than the chosen significance level ([image: image]), the null hypothesis can be rejected and the factor or coefficient is considered significant. The “Prob. > F″ value on an F-test is one way to determine the p-value for the model or a particular coefficient. This value represents the probability of obtaining a given F-value if no factor effects are significant, and can be compared to the desired significance level to determine the significance of the model or coefficient.
2.3 Test for fitting the model
It is necessary to verify whether the model accurately characterizes the experimental data. Examining the coefficient of determination, [image: image] and residual plots are important steps to assess the adequacy of the model. These [image: image] value provides an estimate of the degree to which the model fits the data, with higher values indicating better fit. Residual plots can provide insight into whether the model assumptions are met, such as the normality of residuals and the absence of patterns or trends. A normal probability plot of the residuals should show a straight line, indicating that the residuals are normally distributed. A graph depicting the residuals plotted against predicted values should also be structureless, with no apparent patterns or trends. These checks help to ensure that the model is a good representation of the data and that the conclusions drawn from it are reliable.
3 EXPERIMENTAL DETAILS
3.1 Materials used for workpieces
The performance tests were conducted on AA6061 Tubes and its compositions are shown in Table 1. The initial mechanical properties of the test specimen are shown in Table 2.
TABLE 1 | Composition of workpiece material.
[image: Table 1]TABLE 2 | Mechanical properties of workpiece material.
[image: Table 2]3.2 Plan for conducting experiments
In this study, three input factors and three output responses as shown in Figure 3 are being studied. The low and high levels of each factor are specified in Table 3. The test piece mechanical properties were studied with a DOE process whereby [image: image] Full Factorial Design with 2 replicates is used. Table 4 displays the order and run order of the input factors for the study. Each order corresponds to a specific combination of input factors, with − 1 representing the low end of the range and + 1 representing the high end of the range. The response variables investigated are the yield, ultimate tensile strength (UTS), and elongation. Yield, UTS, and elongation are important mechanical properties in aluminium alloys. These alloys are widely used in a variety of industries, including aerospace, automotive, and construction. This is because of their low density, high strength-to-weight ratio, and excellent corrosion resistance. The mechanical properties of aluminium alloys, including yield, UTS, and elongation, play a critical role in determining their suitability for different applications. In general, aluminium alloys have relatively high yield strengths and good elongation properties, which means they can withstand a significant amount of stress before deforming or fracturing. However, the UTS of aluminium alloys can vary widely depending on the specific alloy and processing conditions. For example, the 6061-T6 aluminium alloy, which is commonly used in aerospace and automotive applications, has a yield strength of around 276 MPa, a UTS of 310 MPa, and an elongation of 12%. In contrast, the 7075-T6 aluminium alloy, which is commonly used in high-stress applications such as aircraft structures, has a higher yield strength of around 503 MPa, a higher UTS of 572 MPa, but a lower elongation of around 11%. These properties are important in the design and selection of aluminium alloys for specific applications, as they can determine how well the material will perform under different types of stresses and loads. For example, a higher UTS may be desirable in applications where the material will experience high tensile stresses, while a higher elongation may be desirable in applications where the material will undergo significant plastic deformation without fracturing. It has been shown that small discrepancies in the factor levels used in an experiment are unlikely to significantly impact the practical interpretation of the experimental results (Montgomery, 1997).
[image: Figure 3]FIGURE 3 | Input factors and output responses.
TABLE 3 | Factors and levels for response of workpiece.
[image: Table 3]TABLE 4 | Completed design layout.
[image: Table 4]3.1 Experimental procedures
As described in the previous section, the mechanical properties were evaluated through 16 trials, where the response variables measured were the yield strength, ultimate tensile strength, and elongation. The drawing process was performed by a 10 KN draw bench with a fixed plug at the end of the bench and the samples tested are tabulated in Table 5. This drawing process is highly effective method for producing high-quality, precisely dimensioned metal products with improved mechanical properties. The use of the draw bench machine with a fixed plug allows for a more controlled and consistent process, resulting in higher quality finished products.
TABLE 5 | Aluminium alloy 6061 tube sizes after CW.
[image: Table 5]Aging and quenching processes were performed in a box type electric furnace of size (600 × 300 × 300 mm) and all experimental tubes were quenched at [image: image] (ASTM B918). This rapid cooling process helps to “freeze” the microstructure of the material, resulting in improved mechanical properties, including increased hardness and strength. In the context of quenching and aging, accurate temperature measurement is critical for achieving the desired mechanical properties in the finished product. We used K-type calibrated thermocouples to measure the temperature of the material, ensuring that the material is heated and cooled at the appropriate rates and temperatures to achieve the desired microstructure and mechanical properties. For Tensile sample preparation Wire Cut Machine is used (ASTM standard E8 (2004)). A wire cut machine is a type of cutting tool that is commonly used for precision cutting of metal samples, including those used for tensile testing. Tensile tests were conducted on a machine Model QSR-100. The tests were conducted according to the ASTM B557 standard at a speed of 1.5 mm/min. During the tests, sample of the material is clamped into the machine, and then gradually pulled apart until it reaches its breaking point. As the sample is pulled apart, the machine measures the amount of force being applied, as well as the amount of elongation or deformation the material undergoes. The speed of 1.5 mm/min specified in the ASTM B557 standard is the rate at which the sample is pulled apart. This is a relatively slow speed, which allows for accurate measurement of the material’s properties over time. For analysis of experimental data, we used DESIGN Expert and Minitab Software. DESIGN Expert is specifically designed for DOE, while Minitab is a more general-purpose statistical software package that includes tools for DOE.
4 RESULTS AND DISCUSSION
The results from the cold working and aging trials performed as per the experimental plan are shown in Table 6. The “Std Order” column refers to the standard order of the experimental runs. The “Run order” column indicates the sequence of the experimental runs performed. The experimental data for yield strength, UTS, and elongation are presented in the last three columns of the Table 6. The data obtained from the experiments were subsequently analyzed using the Design Expert software (Montgomery, 1997).
TABLE 6 | Results from the experiment.
[image: Table 6]4.1 Main effects and interaction plots
To visually explore the effects of individual factors and the effect of the relationship between two factors on the response variables, we plot the main effects plots and the interaction plots (Mahadevan et al., 2006) as shown in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Main effect plots for (A) Yield, (B) UTS and (C) Elongation.
[image: Figure 5]FIGURE 5 | The interaction plots for (A) Yield. (B) UTS and (C) Elongation.
The main effects plot shows the effect of each individual factor on the response variables, holding all other factors constant at their average levels (Noordin et al., 2004). We can see from Figure 4 that temperature has the most substantial influence on yield and UTS, and its effect is negative (Mahadevan et al., 2006; Mirzakhani and Mansourinejad, 2011). However, for elongation, the temperature effect is positive. Consequently, a decrease in temperature leads to a higher yield and UTS, while elongation is enhanced despite the negative correlation with temperature.
The interaction plots of the input factors on the response variables have been plotted in Figure 5. This plot indicates a noticeable interaction between the input factors temperature and time concerning yield and UTS. As depicted, when both these input factors (B*C) have lower values, the yield and UTS increases. However, we cannot identify any distinct interaction between the input factors regarding elongation.
4.2 ANOVA analysis
It was previously mentioned to assess the statistical significance of the model and individual model coefficients, test need to be performed. An ANOVA table is a common way to summarize the results of these tests (Noordin et al., 2004). The table typically includes the sources of variation, degrees of freedom, sum of squares, mean squares, F-values, and p-values. The F-values and p-values in the ANOVA table can be used to test for the significance of the model and individual model coefficients. A significant F-value indicates that the model is a good fit to the data, while a significant p-value for an individual coefficient suggests that the corresponding input factor has a significant effect on the response variable (Montgomery, 1997; Noordin et al., 2004).
Table 7 shows the ANOVA table for response surface model for yield. The value of “Prob. > F″ in Table 7 indicates whether the model is significant or not. If the value is less than 0.05, then the model is considered significant, and the terms in the model have a significant effect on the response variable (Montgomery, 1997; Noordin et al., 2004). Similarly, the main effect of A-Cold Work (A-CW) and B-Temperature are significant model terms. Additionally, the two-level interaction between Cold Work and Temperature, as well as the interaction between Cold Work, Temperature, and Time, are also significant model terms. Other model terms can be regarded as insignificant. To enhance yield, we must take into account temperature and Cold Work, along with the interaction between temperature and Cold Work, along with the interaction of all three input factors.
TABLE 7 | ANOVA table (partial sum of squares) for response surface model (response: Yield strength).
[image: Table 7]Table 8 shows the ANOVA table for response surface model for UTS. This also shows that the “Prob. > F″ value for the model is less than 0.05 indicating that the model is statistically significant (Montgomery, 1997; Noordin et al., 2004). We have determined that the main effects of A-Cold Work (A-CW) and B-Temperature are significant model terms. Moreover, the interaction between Cold Work and Temperature is borderline significant, with a value close to 0.05. This suggests that these variables are important predictors of UTS in the model. However, other model terms are not significant, meaning that they do not have a significant effect on UTS.
TABLE 8 | ANOVA table (partial sum of squares) for response surface model (response: UTS).
[image: Table 8]Table 9 shows the ANOVA table for response surface model for elongation. We can see from this table that while Cold Work(A) and Temperature(B) are significant model terms, the overall model is not significant. Hence, we cannot predict elongation using these equations.
TABLE 9 | ANOVA table (partial sum of squares) for response surface model (response: elongation).
[image: Table 9]The final empirical models in terms of all input factors are given by the following equations:
[image: image]
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Thus, considering only the significant input factors, the following equations represent the final empirical models:
[image: image]
[image: image]
[image: image]
Our analysis has revealed that the model is significant for yield and UTS but not for elongation. Consequently, we can easily predict the yield and UTS from the input factors. However, elongation cannot be predicted. To predict yield, we require Cold Work, Temperature, and Time, as mentioned in Table 7. For UTS, only Cold Work, Temperature, and their interactions are significant factors, as noted in Table 8. Nonetheless, we cannot predict elongation based on this model using the input factors.
A scatter plot illustrating the comparison between the predicted and actual values of yield, ultimate tensile strength (UTS), and elongation for the aluminum alloy is shown in Figure 6. The x-axis denotes the actual values, while the y-axis represents the predicted values. Each data point on the graph corresponds to a single sample of the alloy, with the predicted value being the value predicted by the model, and the actual value being the observed value. The correlation coefficient ([image: image]) was calculated for yield, UTS, and elongation. The correlation coefficient values for yield, UTS, and elongation were determined to be [image: image] = 99.5%, [image: image] = 99%, and [image: image] = 65.7%, respectively. These values indicate that the model’s accuracy is high for yield and UTS, but the elongation prediction is not as accurate.
[image: Figure 6]FIGURE 6 | Plot of actual and predicted values of (A) yield ([image: image]) (B) UTS ([image: image]) and (C) elongation ([image: image]).
Figures 7, 8, 9 exhibit overlay plots that showcase the relationship between the input variables examined in our study. These plots provide valuable insight into the optimal and feasible ranges of temperature, cold work, and time. The x- and y-axes correspond to a range of values, with +1 representing 30% cold work, 190°C temperature, and 18 h time, while −1 corresponds to 10% cold work, 160°C temperature, and 10 h time. A value of 0 represents the average of all input parameters, namely, 20% cold work, 175°C temperature, and 14 h time. The plots also display the upper and lower limits of yield, ultimate tensile strength (UTS), and elongation, as per our specifications, i.e., yield (260–330 MPa), UTS (290–350 MPa), and elongation (7%–15%). Figure 7 presents a contour plot showing the effect of temperature and time on yield, UTS, and elongation. Multiple combinations of temperature and time can be selected by identifying a point within the optimal region. It is worth noting that the optimum temperature range is approximately 155°C–172°C (Mirzakhani and Mansourinejad, 2011; Sadeghi et al., 2023), with no restriction on time shown but possible is from 10 h to maximum overaged time. Furthermore, Figure 8 demonstrates that cold work also impacts the properties of the alloy, particularly yield. Based on Figures 7, 8, 9, we infer that temperature is the most influential parameter, followed by cold work and time (Dong et al., 2017). Our study reveals that the optimal temperature range is between 155°C and 172°C, with a recommended cold work percentage of 10% and can be more and a preferred time of 10 h up to overage time which are consistent with ASTM standards for aging of aluminum alloy 6,061 (van Gorp et al., 1999).
[image: Figure 7]FIGURE 7 | Overlay of the yield, UTS and elongation contours between temperature and time, showing the region of the optimum.
[image: Figure 8]FIGURE 8 | Overlay of the yield, UTS and elongation contours between temperature and cold work showing the region of the optimum.
[image: Figure 9]FIGURE 9 | Overlay of the yield, UTS and elongation contours between time and cold work showing the region of the optimum.
4.3 Confirmation tests
To confirm the validity of the developed model, six additional experimental runs were conducted ( Table 10). The confirmation tests were performed considering CW as 20%, aging temperature as 175 [image: image], and aging time as 14Hr. The yield, UTS, and elongation of the selected experiments were predicted along with their 95% prediction interval using the point prediction feature of the software. The previously developed model was used to generate predicted values and the associated prediction interval. The predicted values were compared to the actual experimental values, and the percentage error was calculated. All these values are presented in Table 10.
TABLE 10 | Confirmation experiments.
[image: Table 10]5 CONCLUSION
This paper reports on an experimental study that investigated the effects of cold work percentage, aging time, and aging temperature on the yield strength, ultimate tensile strength, and percentage elongation of AA 6061. It was revealed that temperature factor is found the most significant factor. The empirical models obtained through DOE and subsequently reduced exhibited a reasonable level of accuracy and can be utilized for prediction within the range of the factors that were investigated. We have found that the preferable temperature ranges from 155 to 172 [image: image], the preferable cold work is 10% or more, and the preferable time is 10 h, but can be extended up to overage time. We noted that all input factors are significant for yield, whereas for UTS, temperature and Cold Work, along with their interaction, are significant. In future work, we can optimize temperature and time using Response Surface Methodology (RSM).
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