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ABSTRACT 
 

In this experimental works, Inconel 718, a highly corrosive resistant nickel-based super alloy was finish-
turning with CNC lathe using PVD coated carbide tools under Minimum Quantity Lubrication (MQL) 
conditions. The machining process was performed initially with two levels of cutting speed (Vc=90 and 150 
m/min), two levels of cutting depth (d=0.30 and 0.50 mm), two levels of feed rate (f=0.10 and 0.15 mm/rev) and 
two levels of MQL volume flow rate (MQL 50 and MQL 100 mL/h). The levels of design were then augmented 
by adding center point and axial point runs as in Central Composite Design (CCD). This paper describes the 
development of a Tool-Life modeling using Factorial Design of Experiments and Response Surface 
Methodology (RSM) in terms of machining parameters: cutting speed, feed, cutting depth and MQL volume 
flow rate. Tool life data, which is measured based on flank wear, from the experimental runs were analyzed and 
processed using statistical method into first-order model, at 95% confidence level.  
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Introduction 

 
The usage of cutting fluids in machining super alloy offers several important advantages, especially to 

increase productivity and surface quality of the machined work piece. These are possible because cutting fluids 
allow cutting processes to be carried out at much higher speed, higher feed rate and greater cutting depth (Shaw 
2005). When use effectively, cutting fluids not only lengthen tool life, improve surface roughness and 
dimensional accuracy, but also reduce the amount of power consumptions (Ezugwu, Bonney, and Yamane 
2003). Furthermore, cutting fluids help transport excessive heat and chips produced during the cutting process 
away from the cutting area, thus longer tool life may be achieved (Ezugwu 2005). However, the use of cutting 
fluid reportedly gives negative effects to the environments. Therefore, alternative method is needed to replace 
the massive usage of cutting fluid during machining.  

In the last two decades, Minimum Quantity Lubrication (MQL), also known as Near Dry Lubrication 
(Klocke and Eisenblätter 1997) or Micro Lubrication (Kamata and Obikawa 2007) has been introduced to 
improve machining problems arising from the usage of cutting fluids (Attanasio et al. 2006). It offers reasonable 
steps to reduce the consumption of cutting fluids in metal cutting industries. In MQL, a small amount of 
vegetable oil or synthetic bio-degrable ester is sprayed onto the tool cutting edge with compressed air in the 
amount of 10~100 mL/h, which is about three or four orders of magnitude lower than the amount commonly 
used in the flood condition (Dhar, Kamruzzaman, and Ahmed 2006). Encouraging results of MQL in turning 
(Attanasio et al. 2006) (Sreejith 2008), milling (Rahman, Kumar, and Salam 2002) and drilling operations 
(Klocke and Eisenblatter 1997) have been reported. These positive effects are due to the existence of fine 
particles of lubricating oil in the cutting zone, which able to penetrate deep into the tool-chip and tool-work 
piece interfaces, thus reduces friction between them during machining (Ezugwu, Bonney, and Yamane 2003).  

The challenge and difficulty to machine Inconel 718 are due to its profound characteristics such as high 
sheer strength, tendency to weld and form build-up edge (Devillez et al. 2007), low thermal conductivity 
(Ezugwu, Wang, and Machado 1998) and high chemical affinity. Inconel 718 also has the tendency to work 
harden and retain major part of its strength during machining (Ezugwu, Bonney et al. 2005). Due to these 
characteristics, Inconel 718 is not easy to cut and thus has been regarded as difficult-to-cut material. The 
unfavourable characteristics coupled with dry cutting condition cause severe and rapid tool wear during 
machining Inconel 718 (Dudzinski et al. 2004). Numerous investigations confirm that the quality of machined 
surface of Inconel 718 suffers severe damages from fatigue, creep and stress cracking and these compromised 
surface integrity requirements (Arunachalam, Mannan, and Spowage 2004). 
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With numerous efforts to understand machinability of Inconel 718, many attempts have been made to 
generate mathematical model for the machinability of Inconel 718. Choudary defined machinability model as a 
functional relationship between input of independent cutting variables such as speed, feed, cutting depth, etc. 
and the outputs of the cutting process such as tool life, surface finish, cutting forces, etc. (Choudhury and El-
Baradie 1999). Various parameter selections have been experimented and many results, either positive or 
negative, have been reported. The response data collected from properly designed and planned experiment 
works using design of experiments such Central Composite Design and Response Surface Method were 
normally employed to generate tool life modeling (Choudhury and El-Baradie 1999). Other method such as 
Artificial Neural Networks (ANN) has also been reported (Ezugwu, Fadare et al. 2005).  

The present study takes into account the effects of cutting speed, feed rate, cutting depth and MQL volume 
flow rate to predict tool life of coated carbide tool when finish turning Inconel 718 under MQL. Although 
numerous works have reported tool life modelling, very little efforts have been carried out on tool life modelling 
under MQL condition. This paper describes the development of a Tool-Life modeling based on extended 
Taylor’s equation using factorial design of experiments coupled with Response Surface Method. 
 
Tool life Modeling: 

 
Design of experiments coupled with Response Surface Method is a powerful analysis tool for modeling and 

analysing the effects of the process variables which are the unknown functions. In general, cutting tool life 
depends on the process variables, such as cutting speed, feed, cutting depth, lubrication conditions, machine-
tool, cutting tool rigidity etc. The functional relationship between the investigated inputs and responses can be 
represented using Taylor’s extended equation as follow:  

 

T=C(V l f m d n V p)�              (2) 
 
where T is the cutting tool life in minutes; V is the cutting speeds (m/min); f  is the feed rates (mm/rev); d is 

the cutting depth (mm) and V is the MQL volume flow rate (mL/h). C, l, m, n and p are constants and � is the 
experiment random error. Eq. (1) above can be written in logarithmic form as follows: 

 

ln T=ln C +l ln V +m ln f +n ln d +p ln V  + ln �          (2) 
 
which represent the following linear regression model:  
 

y= β0 + β1x1 + β2x2 + β3x3 + β4x4 + �           (3) 
 
Eq. (3) is known as multiple linear regression models with four independent variables; where y is the true 

response of the experiment on a logarithmic scale. Coefficient β0, β1, β2, β3 and β4 are the partial regression 
parameters which have to be determined. x1, x2, x3 and x4 are logarithmic transformations of the cutting speed, 
feed rate, cutting depth and MQL volume flow rate. The estimated response ŷ can be written as follows: 

 
ŷ -  �= b0 + b1x1 + b2x2 + b3x3 + b4x4            (4) 

 
and b0, b1,  b2,  b3,  and b4 are estimates of β0, β1, β2 ,β3 and β4 respectively.  
Eq. (4) can be extended to a second-order model when statistical analysis determined that the first-order 

model is inadequate. Second-order model is useful when the effects of main variables and interactions are found 
to be significant. The general second-order model can then be expressed as follows: 
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Marksberry and Jawahir (Marksberry and Jawahir 2008) commented that extended Taylor’s tool life 
equation gave better accuracy than the basic Taylor’s tool life equation however to develop the model requires 
more tool life test runs. Using factorial design experiments with center point and augmented axial runs, coupled 
with RSM is a common method to develop tool life mathematical model using cutting speed, feed and cutting 
depth as the main factors. Extended tool life model with MQL flow rate as the main factor is not available and 
has not been attempted.  

 
Materials and Methods 
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Experimental Set-Up: 
 
In this experimental works, Inconel 718 was finish-turning with COLCHESTER T4 6000 CNC Lathe 

equipped with MQL delivery system, using single layer PVD coated TiAIN carbide cutting tools. The work-
piece was pre-machined at 2 mm thickness prior to every trial run to remove any casting abnormalities. The 
cutting process was stopped at a pre-determined length, then the tool was dismantled from the tool holder and 
the measurement of VB and VBmax were taken using MITUTOYO Tool Maker microscope. The flank and crater 
wear were viewed and photographed at a magnification of 30X to monitor wear progression. The cutting process 
was then continued for another one pass of cutting at pre-determined length, and then stopped, until the end of 
tool life. The tool is considered failed once the measured wear has reached average VB of 0.30 mm and/or 
maximum VB of 0.70 mm. Unist system was employed as the Minimum Quantity Lubrication delivery system 
with Coolube, a vegetable-based, as the cutting fluids.   
 
Design of Experiments: 
 
 The first-order model was developed from 24 factorial-design and center-point experiments. The adequacy 
of the first-order model was then being determined using statistical method. Central Composite Design (CCD) 
was then established to prepare for second-order model. Table 1 shows the level of independent variables and 
coding identification used in this design.  Each run has different coded level from low (-1), to center (0), to high 
(+1) and axial level (±√2). The detail of the parameters and the level of design variables are shown in Table 1 
with actual and coded value. All the experiments were conducted at random order using computerised generated 
random number. 
 
Table 1: Levels of independent variables 

Variables Code Lowest Low Center High Highest 
-√2 -1 0 +1 +√2 

Cutting speed, Vc(m/min) x1 78 90 120 150 162 
Feed rate, f (mm/rev) x2 0.09 0.10 0.125 0.15 0.16 
Cutting depth, d (mm) x3 0.26 0.30 0.40 0.50 0.54 

MQL, V  (mL/h) 
x4 40 50 75 100 110 

 
Results and Discussions 
 
First-order Model: 
 

The results of the statistical analysis in establishing the importance of the generated model using Lack of Fit 
Test are shown in Table 2. Although both linear and quadratic models are adequate model, linear model was 
suggested based on lower PRESS (prediction error sum of squares) and lower standard deviation value of 0.47 
and 0.11 respectively.  Small value of PRESS implies that the model is likely to be a good predictor. The Lack 
of Fit Test suggests that the model generated from the tool life adequately fit the first-order model based on 95 
percent confidence interval. This outcome is corresponding with the results obtained from the ANOVA analysis 
when the P-value for the square and interaction terms are all greater than 0.05, implying insignificant effects on 
tool life of coated carbide tool when machining Inconel 718. These terms, second-order and higher order, were 
manually dropped during the analysis to enhance the quality of the first-order regression.  
 
Table 2: Lack of Fit Test 

Source Sum of 
Square 

df Mean 
Square 

F Value P-
Value 

Std 
Dev. 

PRESS Remark 

Linear 0.26 19 0.014 3.68 0.1549 0.11 0.47 suggested 
Quadratic 0.22 9 0.022 5.94 0.0850 0.13 1.46  
Cubic 0.20 1 0.022 26.39 0.0143 0.17 * aliased 
Pure Error 0.099 3 0.099      

 
The proportion of the variability in the data “explained” by the ANOVA model is interpreted by the “R-

squared” quantity. The value of 0.9798 for R2 explains about 97.98 percent of the variability in Inconel 718 tool 
life. The predicted R2 of 0.9657 is in reasonable agreement with the adjusted R2 of 0.9761. The “adequate 
precision” of 46.163 also indicates that the model will give reasonable performance in predicting tool life.  

The results of the ANOVA analysis on the input variables for the tool life of Inconel 718 are given in Table 
3. The ANOVA Table shows that the cutting speed, cutting depth and feed rate have significant effects on the 
tool life when all variables P-values are less than 0.05. Although according to Yazid et. al (Yazid et al. 2010) 
MQL  condition performs better than dry condition in term of tool life, in this factorial experiments, the effect of 
MQL volume flow rate has no significant effect on the tool life. 
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Table 3: ANOVA Table for the Tool Life  
Source Sum of 

Square 
df Mean 

Square 
F Value P-Value 

Block 0.15 1 0.15   
Model 13.29 4 3.32 267.02 <0.0001 
Cutting speed, 
Vc(m/min) 

12.22 1 12.22 981.11 <0.0001 

Feed rate,  
f (mm/rev) 

0.25 1 0.25 20.36 0.0002 

Cutting depth, 
 d (mm) 

0.79 1 0.79 63.51 <0.0001 

MQL, V  (mL/h) 
0.026 1 0.026 2.09 0.1621 

Residual 0.27 22 0.012   
Lack of Fit 0.26 19 0.014 3.68 0.1549 
Pure Error 0.011 3 3.751E-3   

 
R2=0.9798 

Adj R2=0.9761 Pred R2=0.9657 Adq Precision 46.163 

 
This result is suspected due to small distance between the factor levels, from the lowest level (-√2), to low 

level (-1), then center point (0), follow by high level (+1) and highest level (+√2). As a result of these small 
differences, the estimated effect of factors may be close to zero, thus resulted in no significant effects. Further 
investigation on the tool life at the lowest level of MQL volume flow rate i.e. DRY, there was indication that 
MQL plays significant effects 

The result from ANOVA Table is compared against Perturbation Plot of the tool life which compares all 
factors at selected point in the experiments. The Perturbation Plot in Fig. 1 shows that the cutting speed has the 
most significant effect on tool life by judging the steepest slope when compared with that of cutting depth and 
feed rate. The effect of cutting depth is slightly more important than the feed rate. The almost flat line of MQL 
volume flow rate shows insignificant effect on tool life. The Perturbation Plot also shows that all the factors 
have negative effects on tool life. The modified or reduced regression model obtained from the statistical 
analysis after excluding MQL volume flow rate in coded form based on the experimental data is as follows:  

 
y= 6.65 – 3.98x1 – 0.6x2 -1.02x3             (6) 
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Fig. 1: Perturbation Plot 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Normal Probability Plot 
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Fig. 3: Internally Studentized Residual Plot 
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Fig. 4: Box-Cox plot for the tool life 

 
The adequacy of the ANOVA model was verified by checking the violation of normality assumption and by 

the examination of the residual plot. The assumption of normality was checked using Normal Probability Plot of 
the error distribution as shown in Fig. 2. The results indicate that there was no apparent problem with the 
normality assumption and there is no serious violations in the assumptions as the plot resemble a straight line. 
By ploting the Internally Studentized Residuals against Predicted Values of tool life after square-root 
transformation, the residual plot was examined against any obvious pattern. Fig. 3 shows structureless pattern 
indicating no unsual variances.  

The data in this experiment was initially transformed using square-root transformation as recommended by 
the Box-Cox Plot. Examination of the Box-Cox Plot in Fig. 4 shows that a lambda value of 0.5 is sufficient as 
the power law transformation based on 95 percent confidence interval. The results of the Predicted versus 
Actual Plot is given in Fig. 5. where the predicted values from the model fitted very closely to the diagonal line 
due to their low variances and thus conclude that there was a good fit between the actual and predicted values. 
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Fig. 5: The Predicted values versus the Actual values 

 
Response Surface and Contour Plot: 

 
Factorial design and RSM are used to study and optimize the machinability of Inconel 718 when finish 

turning under various cutting conditions using coated carbide tools. The optimum conditions are given by the 
peak of the surface especially in the saddle type of surface. In first-order model, where the response surface will 
be a plane, the optimum conditions are given by any peak point for the intended response. The contour plot 
translates the 3-D plot of response surface into 2-D plot and both helps to predict the tool life at any range of the 
experimental cutting conditions. Fig. 6 and Fig. 7 show the response surface and contour plot developed using 
Eq. (6). From Fig. 6, the optimum conditions are given by the highest peak point at lowest cutting speed at 90 
m/min and feed at 0.10 mm/rev. These conditions are obtained at lowest cutting depth of 0.30 mm and MQL 50 
mL/h.  
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Fig. 6: Response surface plot 
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Fig. 7: Contour plot 
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Conclusions: 
 
Response Surface Method coupled with Factorial Design of Experiments were used to generate the tool life 

model of PVD coated carbide tool when finish turning Inconel 718 under Minimum Quantity Lubrication. The 
ANOVA analysis, confirmed by the Perturbation plot, indicates that cutting speed has the most significant 
effects, followed by cutting depth and feed rate, on the tool life. MQL volume flow rate did not significantly 
affect the coated carbide tool life. The contradicting results were suspected due to small distance of the MQL 
volume flow rate factor level. The strength of the main effects was also apparent from the coefficient of the 
factors from Eq. (6). This work also concludes that first order equation was sufficient to model the tool life 
although the Lack of Fit analysis suggested that second order equation may also be useful.  
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