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Abstract

:

In this innovative work, Inconel 718 alloy turning simulation models under dry and cryogenic machining (Cryo) conditions are developed. The machinability characteristics of the aforementioned alloy were assessed with relation to cutting temperature (   T  c t    ) and cutting force (   F  c f    ). The comparison of the    T  c t     and    F  c f     results from simulation with those obtained under the identical experimental conditions served as additional evidence of the effectiveness of the suggested simulation model. By varying the cutting speed, the reduction in    T  c t     under Cryo conditions was 9.36% to 11.98% compared to dry cutting. Regarding the force comparison under experiment and simulation, the average difference between the simulation and experimental values for the main cutting force (   F c   ) was 13.73%, whereas the average deviation for the feed force (   F f   ) was 14.63%. Response surface methodology (RSM) was employed to build the forecasting models for    T  c t     and    F  c f     in cryogenic settings. These mathematical models showed excellent predictive performance and were able to estimate the    T  c t     and    F  c f     under machining operations settings, according to the present research. When compared to dry cutting, Cryo reduced the cutting temperature, which had a positive impact on the alloy’s machinability.
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1. Introduction


Inconel 718 alloy is a state-of-the-art engineering material for manufacturing engineering because of its remarkable corrosion resistance, great toughness, and high yield strength at high temperatures. This alloy is frequently used to build nuclear reactors, jet engines, and turbine engines [1].



Inconel 718 alloy has a number of unique characteristics, such as lower thermal conductivity, good strength, and superior mechanical properties [2], but it is extremely difficult to machine because of the generation of a large amount of cutting heat, severe tool wear, and poor machined surface quality. Therefore, lowering the cutting temperature is unquestionably essential to enhancing Inconel 718 alloy’s machinability.



In order to improve the processability, clean the workpiece, and remove chips, conventional cutting fluid is typically used in high quantities when machining Inconel 718. This tactic, however, has a lot of drawbacks and restrictions. Conventional manufacturing industries’ energy consumption and production costs will inevitably rise as a result of the unrestricted use of conventional cutting fluids. The four most common types of traditional cutting fluids used in manufacturing are mineral oil, soluble oil, semi-synthetic oil, and synthetic oil [3]. The majority of typical cutting fluids include some chemical additions, such as sulfur and chlorine compounds [4]. Consequently, the intemperate use of conventional cutting fluids causes a hike in disposal cost and it also leads to some negative effects on worker health, machine tool life, and working environment. In view of these points, the requirements of sustainable manufacturing cannot be met by conventional machining that uses common cutting fluids as coolants.



Dry cutting could seem like a good choice because it does not have the same detrimental effects that traditional cutting fluid does on the machinist and the workspace. When dry cutting the Inconel 718 alloy, Thakur et al. [5] looked into the impact of cutting speed (   v c   ) and feed speed ( f ) on cutting temperature. When    v  c     and   f   were simultaneously increased, the authors observed a rise in cutting temperature. Higher cutting parameters increased the energy used during the cutting operation, which likely contributed to the rise in cutting temperature. Zhao et al. [6] found that the use of aggressive cutting speeds in turning caused an increase in the cutting temperature under dry cutting conditions of the Inconel 718 alloy. Reports stated that the increasing rate of cutting temperature was gradually decreased as cutting speed increased. The cutting force clearly reduced as cutting speed increased, especially at higher cutting speeds. In cutting studies on Inconel 718, Devillez et al. [7] discovered that increasing the cutting speed greatly decreased the cutting force. The primary shear zone’s higher cutting temperature was identified as the cause. This occurrence caused the workpiece’s mechanical strength to weaken, which in turn reduced the cutting force. Nevertheless, dry cutting frequently results in higher    T   ct     , increased tool wear, and subpar surface finishes due to the lack of lubrication, especially when machining hard-to-cut materials such as superalloy and titanium alloy.



Cryogenic machining (Cryo) using liquid nitrogen (LN2) as a coolant is an excellent method for enhancing the lubricooling (lubrication/cooling) effects in the cutting zone when compared to dry cutting and conventional machining. This is because it can more efficiently remove a significant amount of cutting heat produced during the cutting process and lower the cutting temperature. It should be highlighted that Cryo has diverse major advantages. The drawbacks of traditional cutting fluid utilized in traditional machining are eliminated by Cryo. The usage of LN2, which is utilized in cryogenic environments, negates the requirement for cutting fluid disposal costs because it swiftly evaporates and returns to the atmosphere with no cutting fluid residue pollution [8]. Compared with conventional machining, the consumption of lubricant/coolant is reduced significantly, thereby reducing the cutting fluid cost. Moreover, Cryo can reduce tool wear and improve surface quality [9].



Several research works were performed for machining advanced engineering materials, for instance Inconel 718 alloy, titanium alloy, stainless steel, and aluminum alloy using Cryo strategies [10,11,12]. He et al. [13] pointed out that the cutting temperature under Cryo strategies was notably lower than under dry cutting conditions when turning Inconel 718. This stems from the fact that, in the case of Cryo, LN2 has the capacity to cool the cutting region because of its very low boiling point (−196 °C).



Kaynak et al. [14] conducted the experimental tests for dry cutting and Cryo strategies and evaluated the machining responses in turning. The research findings showed that increasing the cutting speed increased the cutting temperature both under dry cutting and Cryo strategies. However, the cutting temperature under Cryo strategies was considerably lower than that under dry cutting conditions while machining titanium alloy Ti-5Al-5V-3Cr-0.5Fe (Ti-5553). When compared to dry tests, the main cutting force and feed force under Cryo methods were somewhat higher at lower cutting speeds. This decrease might be attributable to the thermal effect, whereby an increase in cutting temperature was brought on by an increase in    v c   , which helped to lower the energy needed for workpiece plastic deformation. In addition, Kaynak et al. [15] assessed the Inconel 718 alloy’s machining features with regard to    T  c t     and tool wear during dry cutting and Cryo processes. In contrast to dry cutting, Cryo significantly reduced the    T  c t     throughout the machining process, successfully minimizing the overheating of the cutting tool. LN2 with enhanced cooling capacity used in Cryo could effectively reduce tool wear.    F  c f     and tool wear were studied by Kumar et al. [16] in the turning of stainless steel utilizing dry cutting and Cryo. In both dry cutting and Cryo, it was discovered that the    F  c f     reduced as the    v  c     increased.    F  c f     increased as   f   and depth of cut (   a p   ) increased. Cryo effectively reduced the cutting temperature, thereby reducing the flank wear by 37.39% compared with dry cutting.



In terms of tool wear and surface roughness, Rakesh et al. [17] evaluated the effects of dry cutting and Cryo on the machinability of Inconel 625 and discovered that using Cryo can reduce tool wear and surface roughness when compared to the dry cutting environment. In their study of the machinability of turning aluminum alloy in both dry cutting and Cryo environments, Gupta et al. [18] discovered that the latter resulted in less tool wear and 30.95% lower surface roughness than dry cutting. Daniel et al. [19] explored how dry cutting and Cryo affected the machinability of turning Inconel 718. With regard to extending tool life and lowering surface roughness, it has been demonstrated that Cryo has clear advantages over dry cutting.



On the basis of the adequate literature review and increasingly stringent requirements for sustainable manufacturing, the present investigation aspires to investigate the machinability features of the Inconel 718 alloy by utilizing the machining simulation in dry cutting and Cryo environments. Different friction coefficients, heat transfer coefficients, coolant characteristics, and machining parameters were specified in order to simulate the turning processes of the Inconel 718 alloy under several lubrication/cooling environments. This provides new research ideas and solutions for investigating the machining simulations under different lubrication/cooling strategies. Meanwhile, the present investigation also provides important simulation basis and simulation results, which make it easier to comprehend the machinability characteristics of the turning Inconel 718 alloy.



The following are the key differences and contributions between the work in this study and the published literature. First of all, the simulation model of the turning Inconel 718 is constructed in this study under various cooling and lubricating settings. The mathematical models of    T  c t     and    F  c f     in the cryogenic machining environment are then developed using the response surface method. These models are able to predict the    T  c t     and    F  c f     in the cryogenic machining environment for a variety of cutting parameter combinations. Additionally, it is discovered that cryogenic machining can lower the cutting temperature when compared to dry cutting, which benefits the machinability of hard-to-machine materials such as superalloy.




2. Simulation Modeling of the Machining Process


2.1. Material Constitutive Models for Machining Simulations


In this study, the finite element-based program AdvantEdge was used to simulate the machining process of the Inconel 718 alloy. On the one hand, in the machining processes simulation using AdvantEdge software the user-defined constitutive models are usually considered only when the existing material constitutive models are not suitable for the requirements of engineering projects [20]. On the other hand, the researchers used the default Power Law constitutive model in the AdvantEdge software to simulate the turning operation of Inconel 718, and achieved excellent outcomes [21,22]. Hence, the Power Law constitutive model [23] in the AdvantEdge software was adopted in the present investigation, as shown in Equation (1).


    σ (  ε p   ,      ε ˙  ,   T   )  =  g (  ε p  )     ×   Γ (  ε ˙  )     × Θ ( T )   



(1)




where    g (   ε p   )    denotes the material’s strain hardening,    Γ  (  ε ˙  )   is the material’s sensitivity to strain rate, and    Θ ( T )    is the material’s thermal softening.



Formulas (2) and (3) can be used to calculate the strain hardening of materials.


   g (  ε p  )  =   σ 0    (   1 +     ε p     ε 0 p     )   1 / n    ,    (  ε p  <   ε cut p   )   



(2)






   g (  ε p  )  =    σ 0     (  1 +    ε cut p     ε 0 p     )   1 / n    ,    (   ε p   ≥   ε cut p  )    



(3)




where    σ 0    represents the initial stress;    ε p    represents the plastic strain,    ε  0  p    is the reference plastic strain, and    ε  c u t  p    is the cutoff strain; and 1/n represents the exponent of strain hardening.



The sensitivity of strain rate    Γ  (  ε ˙  )   can be determined by the following Formulas (4) and (5).


   Γ (  ε ˙  )    =    (   1 +    ε ˙      ε ˙   0     )    1   m 1       ,  (   ε ˙   ≤     ε ˙   t   )   



(4)






   Γ (  ε ˙  )    =       ( 1   +      ε ˙       ε ˙   0    )    1   m 2          ( 1   +        ε ˙   t       ε ˙   0    )    1   m 1    −  1   m 2        ,  (  ε ˙  >    ε ˙   t  )   



(5)




where      ε ˙   0    is reference plastic strain,   ε ˙   is strain rate, and     ε ˙  t    is the strain rate at which the change from low to high strain rate sensitivity happens, while    m  1     and    m  2     are low and high coefficient of strain rate sensitivity.



The material’s thermal softening can be estimated by Formulas (6) and (7).


     Θ ( T ) = C   0     + C   1   T 1  +  C 2   T 2     + C   3   T 3  +  C 4   T 4  +  C 5   T 5   , ( T <   T  cut   )  



(6)






   Θ ( T ) = Θ (   T  cut   ) (  1 −   T −  T  cut      T  melt   −  T  cut      )  , ( T  ≥  T  cut   )  



(7)




where    C 0   ,    C 1   ,    C 2   ,    C 3   ,    C 4   , and    C 5    denote the polynomial fitting coefficients.   T   stands for the temperature,    T  cut     for the linear cutoff temperature, and    T  melt     for the melting temperature.




2.2. Workpiece, Cutting Tool, Boundary Conditions and Simulation Settings


The workpiece was made of Inconel 718 alloy. To minimize the boundary effect of the workpiece, the workpiece’s height ought to be at least five times the feed rate and the workpiece’s length should be three times the height of the workpiece [20]. As a result, the workpiece’s height and length are fixed at 2 and 6 mm, respectively (see Figure 1).



The material for the cutting tools was selected to be cemented carbide. The rake angle ( γ ), clearance angle ( α ), and cutting edge radius (   r n   ) of the cutting tool are each set to 7°, 8°, and 0.03 mm, respectively.



The TiAlN coating was used, which is usually good for machining titanium alloys and superalloy. The cutting length can be greater or less than the length of the workpiece, but it should not be more than twice the length of the workpiece [20]. Therefore, the cutting length was set to 5 mm in the present investigation.



As per the AdvantEdge 7.1 User’s Manual, the adaptive meshing technique was used in this study. Under the majority of cutting circumstances, the mesh grading is set to 0.4, and the workpiece’s and cutting tool’s minimum and maximum element sizes are set to 0.018 and 0.09 mm. Under cutting conditions with feed rates of 0.1 and 0.15 mm/rev, the minimal element sizes of the cutting tool and workpiece are adjusted to 0.01 and 0.015 mm, respectively. The workpiece’s and cutting tool’s maximum element sizes are fixed at 0.05 and 0.075 mm, respectively. The factors of mesh refinement and coarsening are adjusted to 2 and 6, respectively, in accordance with the mesh parameter settings given by Mishra et al. [24]. The 40,000 maximum nodes are in good accord with the simulation parameters given by Laakso et al. [25].



Figure 1 presents the schematic representation of the machining simulation model composed of the cutting tool and the workpiece. The fact that the boundary conditions need to be set is noteworthy, which limits the workpiece’s range of motion in the Y direction and allows the workpiece to move from left to right in the X-direction.




2.3. Friction Model and Modeling of Lubrication/Cooling Effect


The friction coefficient (CoF) is an essential parameter, as it can be used to thoroughly understand the lubrication condition between two contact surfaces [26]. The Coulomb friction model is used in the AdvantEdge software, as demonstrated by Formula (8), below.


   F μ  ≤      μ   F   n   



(8)




where        F     μ        is the friction force and        F   n    denotes the normal force;    μ    reflects the friction coefficient.



It is worth emphasizing that most scholars only use the default friction coefficient in AdvantEdge software for machining simulation, but they ignore the important influence of the friction coefficient. The heat transfer coefficient determines the coolant’s ability to cool the cutting zone. Therefore, the effects of dry cutting and Cryo on the turning process of the Inconel 718 alloy by setting various friction coefficients, heat transfer coefficients and coolant characteristics were explored in the present research study.



For dry cutting, the friction coefficient ( μ ) is set to 0.708, 0.664 and 0.625 at lowest (70 m/min), medium (100 m/min), and highest    v c    (130 m/min), by considering the impact of    v c    on the friction coefficient and combining with research findings reported by Zhou et al. [27]. Due to convective heat transmission between the cutting tool, workpiece, and ambient air, the heat transfer coefficient (h) is adjusted to 20 W/(m2⋅K) for dry cutting circumstances [28]. Air has a density (ρ) of 1.205 kg/m3 [29]. According to the results of the study by Hong et al. published in [30], the friction coefficient for Cryo is set to 0.303, 0.265 and 0.232 at the lowest (70 m/min), medium (100 m/min), and highest    v c    (130 m/min).



As the coolant used in Cryo strategy is LN2, its heat transfer coefficient is 20,000 W/(m2⋅K) [31] and its density is 808 kg/m3 [32]. When dry cutting is taking place, the coolant’s starting temperature is set to 20 °C, while the Cryo is started at a temperature of −196 °C. Finally, Table 1 summarizes the friction coefficient, heat transfer coefficient and density of coolant under different machining conditions in the simulation process. To lower the    T  c t     while using Cryo techniques, coolant is sprayed over the tool’s rake face.




2.4. Simulation Scheme


It is inevitable to determine the mechanical machining parameter and lubrication/cooling strategies during Inconel 718 alloy turning before designing the simulation scheme. The    v c   ,  f  and    a  p     ranges employed in this study were 70–130 m/min, 0.1–0.2 mm/rev, and 0.1–0.3 mm, according to the cutting parameters described by Grzesik et al. [33], Pusavec et al. [34], and Calleja et al. [35]. The lubrication/cooling strategies adopted in this work were cryogenic machining (Cryo) and dry cutting.



In the beginning, this research analyzes how well Cryo and dry cutting methods perform regarding    T  c t     and    F  c f    . The effects of machining parameters on    T  c t     and    F  c f     were then thoroughly examined using Cryo methods. Table 2 and Table 3 display the simulation scheme for turning Inconel 718.



RSM can be used to create predictive models and analyze the connection between input and output variables (response variables). Furthermore, it has the ability to save cost and time in the machining experiments by dropping the number of experiments required [36]. Actually, the traditional experimental method mostly uses a linear model. However, RSM can use the nonlinear model to statistically analyze the experimental data, thereby improving the modeling accuracy. Therefore, RSM is an effective method to solve practical engineering problems. RSM has been utilized successfully during the machining operation to predict tool wear and machined surface quality [37,38].



Using the assistance of Design Expert 10 software, RSM was employed to develop a mathematical model for    T  c t     and    F  c f     during turning Inconel 718 alloy. Using the second-order polynomial model [39], the prediction model between machinability features and cutting parameters is developed, as indicated in the Formula (9).


  Y =  b 0  +   ∑   i = 1  k   b i   X i  +   ∑   i = 1  k   b  i i    X i 2  +   ∑   i < j  k   b  i j    X i   X j   



(9)







In this study,    X i    and    X j    represent the input parameters, namely    v c   ,   f   and    a p   .   Y   represents the predicted response, namely    T  c t     and    F  c f    .    b  0     is the constant coefficient,    b i    is the linear coefficient,    b  i i     is the quadratic coefficient,    b  i j     is the interaction coefficient, and  k  indicates the number of input variables.



One of the most successful and widely utilized RSM approaches is the Box–Behnken Design (BBD) [40]. The major advantage of the BBD [41] is its wide applicability, and since the BBD does not contain a combination of all factors at the higher or lower level, it is helpful for avoiding experiments in extreme circumstances.



The following formula determines the number of tests ( N ) necessary for BBD design [42].


   N = 2 k ( k − 1 ) + M   



(10)







 M  is the amount of tests carried out at the center point, where  k  denotes the quantity of input parameters. In this article, the number of input variables is three and five tests are repeated at the center point, so the total number of tests is 17. The process parameters utilized in the BBD simulation plan are displayed in Table 4. Table 5 illustrates the BBD simulation plan.




2.5. Verification of Simulation Results


Due to the fact that    T  c t     has a significant effect on tool life, tool wear, and the surface quality of fabricated parts [43],    F  c f     [15] is a crucial and important measure of the power requirements and energy consumption in the manufacturing process. Hence, the machinability traits of the Inconel 718 alloy were evaluated regarding machining response. After the machining simulation is completed, the simulation results can be obtained by means of the post-processing program Tecplot 360 in AdvantEdge software. It is worth underlining that the steady-state values of all    F  c f     (and peak tool temperature (   T t   ) and cutting zone’s maximum temperature (   T c   )) are used.



	(1)

	
Verification of cutting temperature







To guarantee the accuracy of the simulation model created, the cutting zone’s experimental temperature described in [44] when turning Inconel 718 was compared with the simulated cutting temperature under the identical machining conditions. The machining parameter combinations used for the verification of the cutting temperature are displayed in Table 6. Figure 2 compares the temperatures in the cutting area during turning Inconel 718. The average difference in temperature between the experimental and simulation values for various machining parameter combinations is determined to be 9.71%, demonstrating the efficacy of the simulation model.



	(2)

	
Verification of cutting force







When turning Inconel 718, the experimental cutting force (   F  c f    ) values given in [45] were contrasted with simulated values obtained under identical cutting conditions. Various combinations of machining parameters used for the machining experiment and machining simulation are summarized in Table 7. In turning Inconel 718, Figure 3 contrasts the actual cutting force with a simulated cutting force. Moreover, Figure 3 demonstrates that, for various combinations of machining settings, the simulated cutting force and the experimental cutting force exhibit good consistency. The average difference between the simulation and experimental value for the main cutting force (   F c   ) is 13.73%, whereas the average deviation for the feed force (   F f   ) is 14.63%. Therefore, this verifies the accuracy of the developed simulation model in turning Inconel 718.





3. Results and Discussion


3.1. Effects of Lubrication/Cooling Strategy and Machining Parameter on    T  c t    


Figure 4 and Figure 5 show how the    v  c     and lubrication/cooling strategy affect the    T  t     and    T  c    . It can be noted that the cutting zone’s maximum temperature typically occurs in the contact area between the workpiece material and the tool rake face. Moreover, it can be observed that the lubrication/cooling technique had a substantial impact on the    T t    and    T  c    . The    T t    and    T  c     obtained by Cryo were reduced by 9.36% and 11.68%, 8.81% and 11.42%, and 9.23%, and 11.98%, respectively. In the case of Cryo, LN2 has a higher convective heat transfer coefficient, stronger cooling capacity and lower friction coefficient [30,31]. Therefore, the lower    T t    and    T  c     were obtained by employing Cryo techniques. As revealed in Figure 4 and Figure 5, the    T  t     and    T  c     rose as    v  c     increased under dry cutting and Cryo strategies. When    v  c     was raised by 130 m/min from 70 m/min, the    T t    and    T  c     under the dry cutting and Cryo techniques increased by 9.02%, 6.66%, 9.18%, and 6.30%, respectively. Furthermore, the    T  c     was higher than the    T  t    . Faster cutting speeds result in a relatively high rate of strain in the shear zone, which generates more heat and elevates the temperature at the tool-chip contact (see Figure 5). Additionally, the heat dissipation time decreases with increasing cutting speeds, hence the cutting temperature increases [2].



Based on the above analysis, it is demonstrable that employing cryogenic machining lowers the    T  t     and    T  c    . This benefits improving the processability of Inconel 718, extending the life of the tool and improving the surface quality of the machined products. Hence, determining the variable law of cutting temperature and force with respect to processes parameters in Cryo settings is the subject of the current paper.



Figure 6 illustrates how feed rate affects the    T  t     and    T  c     when Cryo methods are used. Figure 7 shows how the feed rate influences the temperature field’s maximum temperature. The    T  c     and    T  t     both rose as the feed rate was raised, as demonstrated in Figure 6 and Figure 7. By increasing   f   from 0.1 to 0.2 mm/rev, the    T  t     and    T  c     increased by 9.04 percent and 4.50 percent, respectively. This is validated by the observation that at a fixed cutting speed, when the feed speed is increased, the material removal rate (MRR) also rises, raising the heat produced during the cutting operation [46].



Figure 8 shows how the    a  p     affects    T  t     and    T  c     when using Cryo techniques. Varying the    a  p     did not cause any changes in the    T  t     and    T  c    . Yang et al. [22] demonstrated that the    a  p     had no notable effect on    T  c  t        when turning Inconel 718 alloy. Despite the fact that the    F  c f     rises as    a  p     grows, the working length of the cutting edge participating in the cutting also increases, which leads to the improvement of the cooling conditions, and therefore the cutting temperature does not change obviously.




3.2. Cryogenic Machining Cutting Temperature Modeling and Response Surface Analysis


To assess the applicability of models, influential variables, and factor interactions, the analysis of variance (ANOVA) is frequently used. For the mean time, ANOVA can be employed to test the predictive model’s validity [47]. Applying Design Expert 10 software, an ANOVA of cutting temperature was performed according to the simulation findings of the    T  t     and    T  c    . The ANOVA findings for the    T  t     and    T  c     are shown in Table 8 and Table 9. It is typically assumed that the model, influential variables, and their interactions are often considered significant when the p-value for the 95 percent confidence interval is less than 0.05 [33]. The influence on the response parameter increases with decreasing p-value.



According to the aforementioned criteria, the models’ p-values are almost certainly less than 0.05 when viewed in light of the ANOVA results for the    T  t     and    T  c    , indicating that the models are desirable given their statistical significance. The ANOVA results of    T  t     show that    v c   ,  f ,    v c 2    and    f 2    are the key terms, demonstrating that they significantly affect the response parameters. The    T  t     is not considerably affected by    a p   ,    v c  ×  a p   ,  f ×  a  p    ,    a  p  2   ,    v c  × f  . The    T  c     was studied using an ANOVA, and the important terms are shown to be    v c   ,    v c 2   ,  f ,    v c  × f ,  a p 2    and    f 2   . In contrast,    a p   ,    v c  ×  a  p    , and   f ×  a p    have little effect on    T  c    . It can be shown from comparing the value of the mean square for the several contributing elements that the extent of influence for the cutting parameters on the    T  c     can be listed as follows in ascending order:    a p   ,  f ,    v c   . In addition, it is evident from the summary of the findings of the aforementioned variance analysis that the cutting depth has no impact on the    T  t     and    T  c    .



The models for the    T  c     and    T  t    , respectively, have R2 values of 0.9920 and 0.9986, demonstrating great fitting precision and the ability to accurately forecast the response parameters. The “Adeq Precision” determines the signal-to-noise ratio (SN ratio). In reality, if the model’s SN ratio exceeds four, it may indicate that it has adequate judgment [36]. The models of the    T  c     and    T  t     have SN ratios of 36.545 and 92.244. Accordingly, these values are larger than four, confirming that these models are desirable.



Equations (11) and (12), respectively, illustrate the prediction models for the    T  t     and    T  c     under Cryo methods. Under different combinations of    v  c    ,    a  p    , and   f  , these models are able to forecast the cutting temperature.


   T t  = 429.78 + 2.95 ×  ν c  + 1515 × f − 90 ×  a p  −  ν c  × f − 8.06 ×   10   − 3   ×  ν c 2  − 2300 ×  f 2  + 225 ×  a p 2   



(11)






   T c  = 544.81 + 0.026 ×  ν c  + 2849.17 × f − 215 ×  a p  − 3.17 ×  ν c  × f + 6.81 ×   10   − 3   ×  ν c 2  − 6750 ×  f 2  + 537.5 ×  a p 2   



(12)







The 3D response surface and contour plots for the    T  t     and    T  c     for various combinations of machining settings are shown in Figure 9 and Figure 10. It should be observed that increasing the    v c    and   f   led to a marked rise in the    T  c     and    T  t    . This is in line with the cutting temperature variation trend that Mia et al. [48] described in relation to    v c    and   f  . By using a lower    v c    and   f  , it is possible to achieve the lower cutting temperature. However, the    T  c     and    T  t     are largely independent of the    a  p    . The ANOVA findings further confirmed that the    T  c     and    T  t     are not significantly affected by the    a  p    . The results are in conformity with Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8’s analysis findings.




3.3. Effects of Machining Parameter and Lubrication/Cooling Method on Cutting Force


Figure 11 describes the linear graphical analysis of cutting forces in the lubrication/cooling strategy. It is observed that, at fixed the    v  c    , although the    F c    and    F f    obtained under Cryo strategies were slightly higher than dry cutting conditions, the differences in the cutting force values were negligible. According to Hong et al. [30], the cutting forces attained using Cryo methods were marginally greater than under dry cutting circumstances. This is because employing Cryo techniques drastically reduced the cutting temperature, which maintains the high strength and hardness of workpiece material at a lower temperature. Lower    F  f     was found as compared to    F  c     under all lubrication/cooling strategies and cutting speeds. This agrees with the results mentioned by Lalwani et al. [49].



Both responses decreased as the cutting speed increased under all lubrication/cooling strategies. This is in line with the force-speed variation trend discovered by Dhananchezian et al. [50]. The reason behind this is that when    v  c     rises, cutting temperature rises as well (see Figure 4 and Figure 5). The drop in    F  c f     was brought about by the material’s thermal softening produced by the increase in    T  c t    , which also decreased the material’s strength [51].



The influences of   f   and    a  p     on    F  c     and    F  f     are presented in Figure 12 and Figure 13, respectively. Both components of force rose due to an increase in   f  . As the   f   increases, more workpiece materials come into contact with the cutting edge, lengthening the tool-chip contact and, as a result, the cutting force. In addition to increasing the contact length, the ability to resist deformation increases as more workpiece materials come into contact with cutting tool, which also helps increase the cutting force [52].



With the rise in    a p   , both components of force show an increasing tendency. Both forces increased by nearly three times as the    a  p     increased from 0.1 to 0.3 mm. This results from the fact that, at fixed    v  c     and   f  , as the    a  p     increases, both MRR and plastic strain rate also rise, leading to an increase in force [16]. Mkaddem et al. [53] have identified that, at given    v  c     and   f  , the MRR increased as the    a  p     increased, thereby increasing the cutting force required for chip separation.




3.4. Cryogenic Machining Cutting Force Modeling and Reaction Surface Analysis


Table 10 and Table 11 demonstrate, respectively, the    F  c     and    F f   ’s ANOVA-related results. The    F  c     and    F  f     models have p-values that are both lower than 0.05, as shown in Table 10 and Table 11, indicating that the abovementioned models are acceptable. It is evident that    v c   ,    a p   ,  f ,    f 2  ,   and   f ×  a p    are the important terms according to the ANOVA findings for    F  c    . However,    v c 2  ,  v c  × f  ,    a  p  2  ,   and    v c  ×  a p    do not obviously affect    F  c    . In light of the ANOVA findings for    F f   , it is possible to state that the significant terms are    v c   ,    v c  × f  ,    a p  , f ×  a p  ,    f ,    v c  ×  a p   . Conversely,    a p 2  ,  f 2   , and    v c 2    have no discernible effect on    F f   . The following is a list of process parameter effects on the    F  c f    , ranked descendingly:    a p  ,     f ,  v c  .   Comparing the mean square values for several significant factors will reveal this. The R2 values for both models’ components of force are 0.9997 and 0.9992, respectively, suggesting that these models are desirable. Furthermore, the SN ratios of the    F  c     and    F  f     model are greater than four, indicating that these models are reliable.



Both components of force in cryogenic machining under various machining parameters can be predicted by using Equations (13) and (14), respectively.


    F c  = − 30.36 − 2.78 ×   10   − 3   ×  ν c  + 410.83 × f + 135.42 ×  a p  − 0.33 ×  ν c  × f − 0.17 ×  ν c  ×  a p  + 3250 × f ×  a p     + 1.39 ×   10   − 4   ×  ν c 2  − 1250 ×  f 2  − 62.5 ×  a p 2    



(13)






    F f  = − 23.85 + 0.23 ×  ν c  + 130.83 × f + 215.42 ×  a p  − 0.83 ×  ν c  × f − 0.42 ×  ν c  ×  a p  + 500 × f ×  a p     − 5.56 ×   10   − 4   ×  ν c 2  − 100 ×  f 2  − 75 ×  a p 2    



(14)







The 3D response surface and contour plot of both force components under several machining parameter combinations are shown in Figure 14 and Figure 15. It was discovered that as   f   and    a  p     rose,    F  c     and    F  f     both dramatically increased. Nevertheless, when    v  c     increased, both components of force showed a declining tendency. According to the aforementioned analysis, adopting a lower   f   and    a  p     will result in a lower cutting force. It deserves to be noted that the aforementioned findings align with those of Figure 11, Figure 12 and Figure 13.





4. Conclusions


The current research has established the machining simulation models for dry cutting and Cryo methods. From the perspectives of cutting temperature (   T  c t    ) and cutting force (   F  c f    ), the workpiece’s machining characteristics have been examined. The workpiece’s machining characteristics were contrasted under varying machining parameters and lubrication/cooling strategies when turning Inconel 718 alloy. The following succinct statements sum up the primary findings of this investigation.



(1) When compared to dry cutting settings, the Cryo strategy reduced    T  c  t     , which improved machining performance. When the cutting speeds were lowest (70 m/min), medium (100 m/min) and highest (130 m/min), in contrast to conditions for dry cutting, the percentage reductions of the    T  t     and    T  c     under Cryo strategies were 9.36% and 11.68%, 8.81% and 11.42%, and 9.23% and 11.98%, respectively. This is because the Cryo approach, which uses LN2 as a coolant, has a superior cooling capability.



(2) Both    v  c     and   f   were shown to have a considerable impact on    T  c  t     , according to the ANOVA findings. Additionally,    T  c  t      increased alongside    v  c     and   f  . The reason for this is that as    v  c     increases the shear zone’s strain rate likewise rises, which causes the cutting zone to generate more cutting heat. Meanwhile, as    v  c     increases, less time is available for the heat to dissipate, which leads to the cutting heat building up. Correspondingly, a higher   f   results in a higher MRR, which raises the heat generated by the cutting operation.



(3) Cryo methods produced slightly higher cutting force than dry cutting strategies; however, there were negligible variations in both    F  c     and    F  f    . This is due to the Cryo strategy’s ability to significantly lower the    T  c  t      while preserving the workpiece material’s high strength and hardness at lower temperatures.



(4)    F  c f     was influenced by both   f   and    a p   . The heat-induced material softening at higher cutting temperatures caused the    F  c f     to decrease as    v  c     rose. With an increase in   f   and    a  p    , the    F  c f     increased noticeably, which may have been caused by an increase in the tool-chip contact length and MRR.



(5) Through the use of RSM, the mathematical models of    T  c  t      and    F  c f     in cryogenic environment were developed. These models were able to accurately forecast    T  c  t      and    F  c f     under a variety of processes parameters.
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Figure 1. Schematic diagram of the machining simulation model. 
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Figure 2. Comparison of experimental and simulated cutting temperature in turning Inconel 718. 
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Figure 3. The contrast between experimental and simulated cutting force when turning Inconel 718: (a)    F  c      ; (b)    F f   . 
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Figure 4. Effect of lubrication/cooling strategy and    v  c       on    T  t     and    T  c     ( f  = 0.2 mm/rev,    a p    = 0.2 mm): (a)    T  t    ; (b)    T  c    . 
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Figure 5. Variation of the highest temperature of the temperature field in relation to    v c    and varied lubrication/cooling techniques ( f  = 0.2 mm/rev,   a p    = 0.2 mm): (a) Dry (   v c    = 70 m/min); (b) Cryo (   v c    = 70 m/min); (c) Dry (   v c    = 100 m/min); (d) Cryo (   v c    = 100 m/min); (e) Dry (   v c    = 130 m/min); (f) Cryo (   v c    = 130 m/min). 
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Figure 6. Effects of   f   on    T  t     and    T  c     (   v c    = 130 m/min,    a p    = 0.2 mm): (a)    T  t    ; (b)    T  c    . 
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Figure 7. Changes in the temperature field’s maximum temperature as a function of  f  (   v c    = 130 m/min,    a p    = 0.2 mm): (a)   f   = 0.1 mm/rev; (b)   f   = 0.15 mm/rev; (c)   f   = 0.2 mm/rev. 
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Figure 8. Effects of cutting depth on    T  t       and    T  c     (   v c    = 130 m/min,   f   = 0.2 mm/rev): (a)    T  t    ; (b)    T  c    . 
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Figure 9. Three-dimensional response surface and contour plots for    T  t      : (a)   f   and    v  c    ; (b)    a  p     and    v  c    ; (c)    a  p     and   f  . 
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Figure 10. Three-dimensional response surface and contour plots for    T c   : (a)   f   and    v c   ; (b)    a  p     and    v c   ; (c)    a  p     and   f  . 
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Figure 11. Influence of lubrication/cooling strategy and    v  c       on    F  c     and    F f    ( f  = 0.2 mm/rev,    a p    = 0.2 mm): (a)    F c   ; (b)    F  f    . 






Figure 11. Influence of lubrication/cooling strategy and    v  c       on    F  c     and    F f    ( f  = 0.2 mm/rev,    a p    = 0.2 mm): (a)    F c   ; (b)    F  f    .



[image: Lubricants 11 00082 g011]







[image: Lubricants 11 00082 g012 550] 





Figure 12. Influence of   f   on    F  c     and    F f    (   v c    = 130 m/min,    a p    = 0.2 mm): (a)    F c   ; (b)    F f   . 
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Figure 13. Effects of    a  p     on    F  c     and    F f    (   v c    = 130 m/min,   f   = 0.2 mm/rev): (a)    F c   ; (b)    F f   . 
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Figure 14. The 3D response surface and contour depiction for    F c   : (a)   f   and    v c   ; (b)    a  p    . and    v c   ; (c)    a p    and   f  . 
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Figure 15. The 3D response surface and contour depiction for    F f   : (a)   f   and    v c   ; (b)    a  p     and    v c   ; (c)    a p    and   f  . 
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Table 1. Summary of coolant characteristics under dry cutting and Cryo strategies.






Table 1. Summary of coolant characteristics under dry cutting and Cryo strategies.





	
Coolant Characteristics

	
Lubrication/Cooling Strategies




	
Dry

	
Cryo




	
    v c     (m/min)

	
    v c     (m/min)




	
70

	
100

	
130

	
70

	
100

	
130






	
  μ  

	
0.708

	
0.664

	
0.625

	
0.303

	
0.265

	
0.232




	
h (W/(m2⋅K))

	
20

	
20

	
20

	
20,000

	
20,000

	
20,000




	
ρ (kg/m3)

	
1.205

	
1.205

	
1.205

	
808

	
808

	
808
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Table 2. Machining parameters and lubrication/cooling strategies for turning Inconel 718.






Table 2. Machining parameters and lubrication/cooling strategies for turning Inconel 718.





	    v c     (m/min)
	  f   (mm/rev)
	    a p     (mm)
	Lubrication/Cooling Techniques





	70, 100, 130
	0.2
	0.2
	Dry



	70, 100, 130
	0.2
	0.2
	Cryo










[image: Table] 





Table 3. Cryogenic turning parameters for Inconel 718.






Table 3. Cryogenic turning parameters for Inconel 718.





	    v c     (m/min)
	  f   (mm/rev)
	    a p     (mm)





	130
	0.1
	0.2



	130
	0.15
	0.2



	130
	0.2
	0.2



	130
	0.2
	0.1



	130
	0.2
	0.3










[image: Table] 





Table 4. Varying ranges of machining parameters.






Table 4. Varying ranges of machining parameters.





	
Machining Parameters

	
Levels




	
−1 (Low)

	
0 (Medium)

	
1 (High)






	
   v c    (m/min)

	
70

	
100

	
130




	
 f  (mm/rev)

	
0.1

	
0.15

	
0.2




	
   a p    (mm)

	
0.1

	
0.2

	
0.3
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Table 5. BBD simulation plan.






Table 5. BBD simulation plan.





	
Group Number

	
Machining Parameters




	
    v c     (m/min)

	
  f   (mm/rev)

	
    a p     (mm)






	
1

	
70

	
0.1

	
0.2




	
2

	
130

	
0.1

	
0.2




	
3

	
70

	
0.2

	
0.2




	
4

	
130

	
0.2

	
0.2




	
5

	
70

	
0.15

	
0.1




	
6

	
130

	
0.15

	
0.1




	
7

	
70

	
0.15

	
0.3




	
8

	
130

	
0.15

	
0.3




	
9

	
100

	
0.1

	
0.1




	
10

	
100

	
0.2

	
0.1




	
11

	
100

	
0.1

	
0.3




	
12

	
100

	
0.2

	
0.3




	
13

	
100

	
0.15

	
0.2




	
14

	
100

	
0.15

	
0.2




	
15

	
100

	
0.15

	
0.2




	
16

	
100

	
0.15

	
0.2




	
17

	
100

	
0.15

	
0.2
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Table 6. The machining parameter combinations used for the verification of cutting temperature.






Table 6. The machining parameter combinations used for the verification of cutting temperature.





	
Group Number

	
Machining Parameters




	
    v c     (m/min)

	
  f   (mm/rev)

	
    a p     (mm)






	
1

	
30

	
0.1

	
1.0




	
2

	
40

	
0.1

	
1.0




	
3

	
50

	
0.1

	
1.0
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Table 7. Various machining parameters combinations used for machining experiment and machining simulation.






Table 7. Various machining parameters combinations used for machining experiment and machining simulation.





	
Group Number

	
Machining Parameters




	
    v c     (m/min)

	
  f   (mm/rev)

	
    a p     (mm)






	
1

	
61

	
0.08

	
0.15




	
2

	
61

	
0.16

	
0.3




	
3

	
75

	
0.11

	
0.3




	
4

	
94

	
0.08

	
0.3
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Table 8. ANOVA findings for    T  t      






Table 8. ANOVA findings for    T  t      













	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F-Value
	p-Value

Prob > F





	Model
	21,135.94
	9
	2348.44
	566.86
	<0.0001



	    v c    
	10,224.50
	1
	10,224.50
	2467.98
	<0.0001



	  f  
	10,512.50
	1
	10,512.50
	2537.50
	<0.0001



	    a p    
	0.000
	1
	0.000
	0.000
	1.0000



	    v c  × f   
	9.00
	1
	9.00
	2.17
	0.1840



	    v c  ×  a p    
	0.000
	1
	0.000
	0.000
	1.0000



	   f ×  a p    
	0.000
	1
	0.000
	0.000
	1.0000



	    v c 2    
	221.32
	1
	221.32
	53.42
	0.0002



	    f 2    
	139.21
	1
	139.21
	33.60
	0.0007



	    a p 2    
	21.32
	1
	21.32
	5.15
	0.0576



	Residual
	29.00
	7
	4.14
	
	



	Lack of Fit
	29.00
	3
	9.67
	
	



	Pure Error
	0.000
	4
	0.000
	
	



	Cor Total
	21,164.94
	16
	
	
	



	Std. Dev.
	2.04
	
	R2
	0.9986
	



	Mean
	790.95
	
	Adj R2
	0.9969
	



	
	
	
	Pred R2
	0.9781
	



	
	
	
	Adeq. Precision
	92.244
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Table 9. Findings from an ANOVA for    T  c      






Table 9. Findings from an ANOVA for    T  c      













	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F-Value
	p-Value

Prob > F





	Model
	12,647.99
	9
	1405.33
	96.21
	<0.0001



	    v c    
	5995.13
	1
	5995.13
	410.42
	<0.0001



	  f  
	5151.13
	1
	5151.13
	352.64
	<0.0001



	    a p    
	   1.819 ×   10   − 12     
	1
	   1.819 ×   10   − 12     
	   1.245 ×   10   − 13     
	1.0000



	    v c  × f   
	90.25
	1
	90.25
	6.18
	0.0419



	    v c  ×  a p    
	   1.819 ×   10   − 12     
	1
	   1.819 ×   10   − 12     
	   1.245 ×   10   − 13     
	1.0000



	   f ×  a p    
	   1.819 ×   10   − 12     
	1
	   1.819 ×   10   − 12     
	   1.245 ×   10   − 13     
	1.0000



	    v c 2    
	157.96
	1
	157.96
	10.81
	0.0133



	    f 2    
	1199.01
	1
	1199.01
	82.08
	<0.0001



	    a p 2    
	121.64
	1
	121.64
	8.33
	0.0235



	Residual
	102.25
	7
	14.61
	
	



	Lack of Fit
	102.25
	3
	34.08
	
	



	Pure Error
	0.000
	4
	0.000
	
	



	Cor Total
	12,750.24
	16
	
	
	



	Std. Dev.
	3.82
	
	R2
	0.9920
	



	Mean
	819.47
	
	Adj R2
	0.9817
	



	
	
	
	Pred R2
	0.8717
	



	
	
	
	Adeq. Precision
	36.545
	










[image: Table] 





Table 10. ANOVA findings for    F  c      






Table 10. ANOVA findings for    F  c      













	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F-Value
	p-Value

Prob > F





	Model
	36,669.78
	9
	4074.42
	2427.31
	<0.0001



	    v c    
	24.50
	1
	24.50
	14.60
	0.0065



	  f  
	8515.13
	1
	8515.13
	5072.84
	<0.0001



	    a p    
	27,028.13
	1
	27,028.13
	16,101.86
	<0.0001



	    v c  × f   
	1.00
	1
	1.00
	0.60
	0.4655



	    v c  ×  a p    
	1.00
	1
	1.00
	0.60
	0.4655



	   f ×  a p    
	1056.25
	1
	1056.25
	629.26
	<0.0001



	    v c 2    
	0.066
	1
	0.066
	0.039
	0.8487



	    f 2    
	41.12
	1
	41.12
	24.50
	0.0017



	    a p 2    
	1.64
	1
	1.64
	0.98
	0.3552



	Residual
	11.75
	7
	1.68
	
	



	Lack of Fit
	11.75
	3
	3.92
	
	



	Pure Error
	0.000
	4
	0.000
	
	



	Cor Total
	36,681.53
	16
	
	
	



	Std. Dev.
	1.30
	
	R2
	0.9997
	



	Mean
	116.29
	
	Adj R2
	0.9993
	



	
	
	
	Pred R2
	0.9949
	



	
	
	
	Adeq. Precision
	182.655
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Table 11. ANOVA outcomes for    F  f      






Table 11. ANOVA outcomes for    F  f      













	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F-Value
	p-Value

Prob > F





	Model
	4206.28
	9
	467.36
	1006.63
	<0.0001



	    v c    
	60.5
	1
	60.50
	130.31
	<0.0001



	  f  
	276.13
	1
	276.13
	594.73
	<0.0001



	    a p    
	3828.13
	1
	3828.13
	8245.19
	<0.0001



	     v c   × f   
	6.25
	1
	6.25
	13.46
	0.0080



	     v c   ×   a p     
	6.25
	1
	6.25
	13.46
	0.0080



	   f ×   a p     
	25.00
	1
	25.00
	53.85
	0.0002



	    v c 2    
	1.05
	1
	1.05
	2.27
	0.1759



	    f 2    
	0.26
	1
	0.26
	0.57
	0.4761



	    a p 2    
	2.37
	1
	2.37
	5.10
	0.0585



	Residual
	3.25
	7
	0.46
	
	



	Lack of Fit
	3.25
	3
	1.08
	
	



	Pure Error
	0.000
	4
	0.000
	
	



	Cor Total
	4209.53
	16
	
	
	



	Std. Dev.
	0.68
	
	R2
	0.9992
	



	Mean
	44.29
	
	Adj R2
	0.9982
	



	
	
	
	Pred R2
	0.9876
	



	
	
	
	Adeq. Precision
	106.200
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