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ABSTRACT 

 

This paper presents an experimental investigation on the effects of output parameters 

during machining of aluminum alloy 6061-T6 using the minimum quantity lubrication 

(MQL) technique through end milling processes. In this study cutting speed, depth of 

cut, feed rate and MQL flow rate are selected as input parameters. Experiments are 

conducted using the central composite design method. Statistical models for process 

optimization are obtained using the response surface method. The objective of the study 

is to investigate and optimize the process parameters employing coated carbide cutting 

tools; coatings used are TiAlN. For the purpose of the study, surface roughness and 

material removal rate are selected as response variables. The results of the study show 

that the inserts coated with TiAlN perform very well, showing good machinability. 

According to the results of the study, MQL can easily be a suitable eco-friendly 

alternative to conventional flood cooling conditions. MQL proves to be more beneficial 

with the application of coated tools in end milling of aluminum alloys. 

 

Keywords: Aluminum alloy 6061; minimum quantity lubrication; response surface 

method; TiAlN; TiN; material removal rate; surface roughness. 

 

INTRODUCTION 

 

Dry and near-dry machining operations are the key technology of environment-friendly 

sustainable manufacturing[1, 2]. The minimum quantity lubrication technique has been 

serving as the most significant element in sustainable manufacturing since the last 

decade [3-5]. It aims at reducing the hazardous effects of coolants on the atmosphere 

and minimizing the resource consumption during a product’s life cycle, which includes 

design, processing, production, packaging, transport, the use of the product and its 

disposal  [6]. In operations that use traditional flood-cooling methods, coolant handling 

costs more than the fluid itself. For the wet machining of aluminum castings, for 

example, coolant-related costs are 10–20% of total machining costs—roughly twice the 

costs of the cutting tools. But of this, only 25% is for the lubricant itself; the rest goes 

towards coolant supply maintenance (42%) and operational energy costs (33%). 

According to [7], the total costs of cutting fluids incurred during a machining process 

amount to about 7% to 17% of the total machining cost. Therefore the reduction in the 

amount of cutting fluids used during a machining process is a direct indicator of 

sustainable manufacturing [8]. MQL ensures the safety of the environment and the 

worker and is a cost-effective technique. The objective of MQL is to use the metal-

working fluid in such a quantity that the final product, chip and machine remain a dry 
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and safe environment. This amount is usually three to four orders of magnitude less than 

is normally used in wet machining The typical flow rate for MQL is about 50–500ml/hr 

[9, 10]. MQL machining has been acknowledged as an alternative to dry and wet 

machining on account of its eco-friendly distinctiveness. A considerable amount of 

research in the mentioned field has also established its potential application in many 

practical machining operations [11]. Machining with MQL has been widely applied in 

machining processes such as drilling [12-14], milling [1, 6, 15-21], turning [13, 22, 23], 

and MQL grinding [24-28]. 

With the rising global drive towards optimization, sustainable manufacturing is 

also inclining to manufacturing process optimization. For optimization, not only the use 

of a reduced quantity of metal cutting lubricants is important but also its optimized 

quantity. Optimum machining parameters can play a major role in the efficient 

consumption of machines and materials. In workshop practices the input machining 

parameters and variables are determined from handbooks and suppliers’ data but 

optimum cutting data is essential for any machining operation for an effective, 

inexpensive process that is correlated with sustainable development. The objective of 

this study is to experimentally investigate the machining characteristics of aluminum 

alloy in end mill processes for flooded and MQL techniques using coated carbide tools. 

 

MATERIALS AND METHODS 

 

Design of Experiments 

 

The machining variables considered in this research are spindle speed, feed rate, depth of cut 

and the minimum quantity lubricant flow rate. The central composite design approach of 

response surface methodology is used for the design of experiments in order to find the 

effects of parameters and combinations of parameters. Five levels of machining variables are 

selected for the MQL employing a TiAlN-coated carbide cutting tool. Design matrices are 

shown in Table 1, respectively.  

 

Table 1. Design of experiment matrix for MQL conditions. 

 

Factors Levels 

1 2 3 4 5 

Cutting speed (rpm) 5252 5300 5400 5500 5548 

Depth of cut (mm) 0.52 1.0 2.0 3.0 3.5 

Feed rate fz (mm/min) 288 318 379 440 4769 

MQL flow rate (ml/min/nozzle) 0.013 0.016 0.022 0.0275 0.030 

 

Materials Properties 

 

This research is performed to determine the machinability of aluminum alloy 6061-T6 under 

minimum quantity lubrication. The study of the aluminum alloy workpiece was conducted 

with different types of cutting tool. To achieve acceptable tool wear, the speed of machining 

was set to the optimum. Tables 2 and 3 show the chemical, mechanical and thermal 

properties of AA6061-T6. It is observed that the thermal conductivity is high, which reduces 

the chance of adhesion during machining. The dimensions of the workpiece used in this 

study are 100 × 100 × 30 mm.  
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Table 2. Physical properties of AA6061-T6. 

 

Component Si Mn Mg Ti Zn 

Weight (%) 0.4–0.8 Max 0.15 0.8–1.2 Max 0.15 Max 0.25 

 

Table 3. Mechanical and thermal properties of AA6061-T6. 

 

Properties Value Unit 

Hardness, Brinell 95 - 

Hardness, Knoop 120 - 

Hardness, Rockwell A  40 - 

Hardness, Rockwell B  60 - 

Hardness, Vickers  107 - 

Ultimate tensile strength  310 MPa 

Tensile yield strength  276 MPa 

Elongation at break  12 % 

Elongation at break  17 % 

Modulus of elasticity  68.9 GPa 

Density  2.7 g/cc 

Specific heat capacity 0.896 J/g-°C 

Thermal conductivity 167 W/m-K 

Melting point 652 °C 

 

 
 

Figure 1. CNC end milling machine HAAS VF-6. 

 

Figure 1 shows the CNC end milling machine HAAS VF-6 used to perform the 

machining with coated carbide inserts. The experiments conducted are based on the design of 

experiments mentioned in earlier sections. The minimum quantity lubricant used in this 

experiment is specially designed cutting oil UNIST 2210, which is a commercial non-toxic, 

vegetable oil-based cutting fluid. Three nozzles were fixed on the machine spindle and were 

set 26 degrees approximately from horizontal and 120 degrees apart so that they could cover 

the whole machining area. Figure 2 shows the MQL system with the coolant used and the 

nozzle configuration. 
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                   (a)                                                                    (b)  

Figure 2. (a) MQL system and UNIST 2210 coolant; (b) arrangement of nozzles. 

 

Cutting Tool 

 

The cutting tools used for this experiment are coated carbide cutting tools with PVD 

coatings TiAlN. According to  [29], coated carbide is suitable for machining because it 

is possible to employ the carbide- and nitride-based tool materials at cutting speeds that 

are so low that mechanical wear predominates. The cutting tool, tool holder and insert 

are shown in Figure 3 and the composition of the carbide inserts is signified in Table 4.  

   

 

 

 

                                 

 

 

 

 

 

 

 

 

 

 

 

 

       (a)                                                                                (b) 

 

Figure 3. (a) Tool holder and cutting tool insert, (b) insert coated carbide tool. 

 

Table 4. Composition of the coated carbide inserts. 

 

Type Composition Hardness/coating 

thickness 

Grade & make 

PVD 

TiAlN- 

coated 

Co 12.5%; mixed 

carbides 2.0%; WC 

balance 

HV 1380 / 4 m ISO-HC P40M40, 

XDKT070304SR-M50, 

CERATIZIT 

Insert 

 

MQL 

system 

MQL 

Coolant 
MQL 

nozzle 

Cutting 

tool 

Tool 

 

Tool  

holder  
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RESULTS AND DISCUSSION 

 

The measured values of surface roughness and material removal rate under flood 

cooling conditions are listed in Table 5. Corresponding regression coefficients for the 

surface roughness and material removal rate are given in Table 6. The measured values 

of the surface roughness and material removal rate for the two coated inserts with 

minimum quantity lubrication are given in Table 7. Corresponding regression 

coefficients for the surface roughness and material removal rate are given in Table 8. 

Response surface modeling has been used to develop the mathematical models in terms 

of the machining parameters by using the technique of minimum quantity lubrication. 

Second-order statistical models have been developed based on the surface roughness 

and material removal rate results.  

 

Table 5. Measured values of average surface roughness and material removal rate under 

flood cooling machining conditions. 

 

Speed 

(RPM) 

Feed rate 

(mm/min) 

Depth 

of cut 

(mm) 

Surface 

roughness 

(µm) 

MRR 

(mm
3
/min) 

5400 379 0.37 0.311 1513.5 

5300 318 1.00 0.851 3422.8 

5300 440 1.00 0.396 4914.3 

5500 318 1.00 0.555 3522.0 

5500 440 1.00 0.277 4722.2 

5237 379 2.00 1.361 8371.5 

5400 279 2.00 0.773 6319.4 

5400 379 2.00 0.830 8868.1 

5400 379 2.00 0.775 8217.8 

5400 379 2.00 0.908 8454.2 

5400 379 2.00 0.867 8572.5 

5400 379 2.00 1.015 8406.9 

5400 379 2.00 0.913 8513.4 

5400 479 2.00 0.764 10803.2 

5563 379 2.00 1.223 8040.4 

5300 318 3.00 1.202 10188.9 

5300 440 3.00 1.161 14413.6 

5500 318 3.00 1.234 10913.1 

5500 440 3.00 1.538 13384.0 

5400 379 3.63 1.363 14780.1 

 

Regression Modeling  

 

Table 8 shows that the model for surface roughness contains four squared terms, four 

linear terms and six interaction terms. The overall regression is significant with a p-

value 0.000<0.05. All the four squared terms (Speed x Speed; Feed rate x Feed rate; 

Depth of cut x Depth of cut and MQL flow rate x MQL flow rate) show significance, 

i.e., the data obtained follow a curved trend. The linear term of the feed rate and the 

interaction between the feed rate and MQL flow rate also show significance. The 

quadratic model thus obtained, which shows a correlation of the surface roughness with 
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input parameters, is given in Eq. (1). R
2 

–value and lack-of-fit are 93.12% and 0.482, 

respectively. 
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Table 6. Estimated regression coefficients for surface roughness and material removal 

rate under flood cooling machining conditions. 

 

Term Surface roughness Material removal rate
 

 Coefficient p-value Coefficient p-value 

Regression - 0.000 - 0.000 

Linear - 0.001 - 0.044 

Square - 0.001 - 0.105 

Interaction - 0.002 - 0.001 

Constant 428.8845 0.000 -477754 0.045 

Speed -0.15276 0.000 160.5648 0.063 

Feed rate -0.05008 0.110 230.614 0.018 

Depth of cut -5.83747 0.007 2998.716 0.559 

Speed x Speed 0.00001356 0.000 -0.01341 0.087 

Feed rate x Feed rate -0.00001631 0.034 -0.00023 0.990 

Depth of cut x Depth of cut -0.035 0.187 -156.308 0.052 

Speed x Feed rate 0.0000107 0.067 -0.04191 0.018 

Speed x Depth of cut 0.00103 0.009 -0.26562 0.776 

Feed rate x Depth of cut 0.002041 0.003 8.204713 0.000 

 

 The material removal rates measured for MQL machining are listed in Table 8 

along with the respective designs of experiment. Regression coefficients and analysis of 

variance is used to check the adequacy.  The most significant terms are the quadratic 

term of depth of cut and the interaction of the feed rate with the depth of cut. The 

overall regression shows a significant p-value (0.000<0.05). The quadratic model for 

material removal rate is expressed as in Eq. (2). R
2 

-value and lack-of-fit are 99.39% and  

0.255, respectively. 
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Table 7. Measured values of average surface roughness and material removal rate under 

minimum quantity lubrication (MQL) conditions 

 
Speed 

(rpm) 

Feed rate 

(mm/min) 

Depth of 

cut 

(mm) 

MQL flow rate 

(ml/min) 

Surface roughness 

(µm) 

MRR 

(mm3/min) 

5252 379 2.00 0.6525 0.562 9086.8 

5300 318 1.00 0.48 0.845 3523.0 

5300 318 1.00 0.825 0.486 3477.3 

5300 318 3.00 0.48 1.034 11042.1 

5300 318 3.00 0.825 0.875 10621.5 

5300 440 1.00 0.48 1.017 5456.6 

5300 440 1.00 0.825 0.516 5238.3 

5300 440 3.00 0.48 1.175 15642.2 

5300 440 3.00 0.825 0.563 15351.1 

5400 288 2.00 0.6525 1.033 6680.0 

5400 379 0.52 0.6525 0.212 2069.2 

5400 379 2.00 0.39 1.505 8460.2 

5400 379 2.00 0.6525 0.971 8773.5 

5400 379 2.00 0.6525 1.091 8710.8 

5400 379 2.00 0.9 0.803 8836.2 

5400 379 3.48 0.6525 0.745 14601.6 

5400 469 2.00 0.6525 1.132 10711.8 

5500 318 1.00 0.48 0.749 3680.7 

5500 318 1.00 0.825 0.623 3422.8 

5500 318 3.00 0.48 0.819 9885.3 

5500 318 3.00 0.825 1.098 10779.2 

5500 440 1.00 0.48 1.346 5092.79 

5500 440 1.00 0.825 0.606 4365.25 

5500 440 3.00 0.48 1.496 14756.75 

5500 440 3.00 0.825 0.906 14413.57 

5548 379 2.00 0.6525 0.816 9713.51 

 

Table 8. Estimated regression coefficients for surface roughness under minimum 

quantity lubrication (MQL) machining conditions. 

 
Term Surface roughness Material removal rate 

 Coefficient p-value Coefficient p-value 

Regression - 0.000 - 0.000 

Linear - 0.072 - 0.074 

Square - 0.001 - 0.044 

Interaction - 0.018 - 0.011 

Constant -234.691 0.069 569187.1 0.178 

Speed 0.092397 0.054 -221.819 0.153 

Feed Rate -0.06537 0.043 146.9746 0.072 

Depth of cut 0.182275 0.916 6218.277 0.068 

MQL flow rate -11.03 0.288 -564.521 0.374 

Speed x Speed -8.98 E-06 0.045 0.021267 0.134 

Feed rate x Feed rate 2.40 E-05 0.046 -0.02739 0.748 

Depth of cut x Depth of cut -0.18559 0.001 -273.433 0.007 

MQL flow rate x MQL flow rate 4.044785 0.012 -4723.67 0.592 

Speed x Depth of cut 1.06 E-05 0.060 -0.02217 0.079 

Speed x Feed rate 0.000132 0.676 -1.05522 0.116 

Speed x MQL flow rate -0.001645 0.377 1.770059 0.375 

Feed rate x Depth of cut -0.00048 0.363 12.07621 0.001 

Depth of cut x MQL flow rate 0.233333 0.218 389.7401 0.115 
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(a) MQL                                                           (b) flooded 

(c) Depth of cut 

 
Figure 4. Image of surface roughness for maximum cutting speed, feed rate and depth of 

cut for MQL and flooded conditions 
 

Figure 4(a) shows the surface condition of the machined aluminum alloy 

6061T6 taken using an optical microscope. The flooded machined workpiece has a 

wavier pattern, composed of more valleys and a coarser surface finish compared to the 

minimum quantity lubrication surface finish. Comparing MQL and flooded conditions 

in terms of cutting speed, both are associated with each other’s factor but MQL has a 

Surface flaw  

Grooves 

MQL 

MQL 
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MQL 

Residual chips 
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Flooded 
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better result, where the points in the diagram can be seen to be the lowest in surface 

roughness at every speed. This means that the surface roughness value is superior in 

MQL compared to flooded machining. The images also show that with flooded 

machining the surface roughness increases when the cutting speed increases, while the 

surface roughness of MQL decreases when the cutting speed increases. Figure 4(b) 

shows the comparison of MQL and flooded conditions in terms of feed rate, where both 

are associated with each other’s factor but MQL has a better result, where the points in 

the diagram can be seen to be the lowest in surface roughness compared to the flooded 

surface roughness. This means that the surface roughness value is superior in MQL, 

while the flooded condition shows the highest surface roughness value. The flooded 

machined workpiece has a wavier pattern, composed of more valleys and has a coarser 

surface finish compared to the minimum quantity lubrication surface finish. The MQL 

surface finish is smoother and has minimal swirl marks compared to the flooded 

machining. Figure 4(c) shows comparison of the surface finish of aluminum alloy 

6061T6 in terms of depth of cut by using MQL machining and flooded machining, with 

images taken using the optical microscope. The flooded machined surface finish has a 

wavier pattern, composed of more valleys compared to the minimum quantity 

lubrication surface finish. The MQL surface finish is smoother compared to the flooded 

machining. As the depth of cut increases, the surface finishes of aluminum alloy become 

rougher. The MQL has a uniform swirled and bright buffed finish, while flooded 

machining produced a large-pattern matte finish.  

 

Comparison of Predicted Response Variables  

Figure 5 shows the comparison of predicted surface roughness in flood cooling, MQL 

(oil) and MQL (nanofluid) conditions with TiAlN-coated inserts. In Figure 5(a) 

variations of surface roughness are plotted with respect to cutting speed at a constant 

feed rate of 379 mm/min and depth of cut of 1.0 mm. Surface roughness in MQL (oil) 

machining gradually decreases with increasing flow rates. The surface roughness values 

predicted by the models for MQL machining are lower than those predicted for the 

flood cooling models. Only for the mid-range of cutting speed, i.e. 5350 to 5450 rpm, 

the surface roughness for flood cooling shows some improvements on the surface 

roughness furnished from an MQL flow rate of 0.48 ml/min, while for all the other flow 

rates, the surface roughness is always lower than the flood cooling predicted values. The 

variation of surface roughness for flood cooling follows an exact inverse pattern with 

MQL machining. As depth of cut increases to 2.0 mm (Figure 5(b)), the predicted 

values of the response in flood cooling are higher than those predicted from the MQL 

models. For a depth of cut of 3.0 mm and feed rate kept at 379 mm/min (Figure 5(c)), 

the surface roughness predicted from the MQL models is lower than the flood cooling 

values for all values of the MQL flow rate. 

Variation of surface roughness with feed rate at constant depth of cut and speed 

shows a mixed effect (Figure 6). For a depth of cut of 1.0 mm and MQL flow rate of 

0.48 ml/min the surface roughness predicted by the MQL machining models is higher 

than those predicted from the models for flood cooling (Figure 6(a)). As the MQL flow 

rate increases to 0.65 ml/min and 0.83 ml/min, the surface finish for MQL machining is 

superior. When the depth of cut is increased to 2.0 mm (Figure 6(b)), the predicted 

surface roughness increases in all cases, including flood cooling and MQL conditions. 

With depth of cut at 2.0 mm and MQL flow rates at 0.65 ml/min and 0.83 ml/min the 

predicted response is lower than the response from the flood cooling models. When the 
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depth of cut is further increased to 3.0 mm (Figure 6(c)), the surface roughness values 

from flood cooling are much higher. 

 

  
                        

                                 (a)                                                                (b) 

 
 

(c) 

 
 

Figure 5. Comparison of model-predicted surface roughness against cutting speed at 

constant feed rate and depth of cut for TiAlN-coated insert 

 

With increasing depth of cut, the variation of predicted surface roughness in 

flood cooling and MQL machining conditions is plotted in Figure 7. For a feed rate of 

318 mm/min at constant speed, the flood cooling predicted values are higher. The 

surface roughness predictions show an increasing trend with increasing depth of cut. As 

the feed rate increases to 379 mm/min (Figure 7(b)), the surface roughness with MQL 

machining is higher. At a feed rate of 440 mm/min (Figure 7(c)), the surface finishes 

predicted are comparable in both environments, but the MQL flow rate at this feed rate 

yields a superior surface finish with increasing depth of cut. 
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(a) 

 
 

(b)    

 
  

(c) 

 

Figure 6. Comparison of model-predicted surface roughness against feed rate at constant 

speed and depth of cut. 
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(a)                               (b)   

 

 
 

(c) 

 
 

Figure 7. Comparison of model-predicted surface roughness against depth of cut at 

constant speed and feed rate. 

 

CONCLUSIONS 

 

Machining parameters such as feed rate, spindle speed, depth of cut and MQL flow rate 

(in the case of MQL machining) play a significant role in the machinability and 

productivity of a process. In this study, the effects of machining parameters on surface 

quality and material removal rate are investigated in flood cooling and MQL machining 

conditions. Second-order regression models are developed and ANOVA is applied for 

analyzing the experimental data. The results show that surface roughness is 

considerably affected by depth of cut, followed by feed rate and spindle speed. Surface 

roughness increases with depth of cut and spindle speed, while it decreases with 

increasing feed rate. The material removal rate is significantly affected by the 

interaction of the feed rate and depth of cut, with depth of cut being the most effective 

parameter on material rate. The results of machining with flood cooling are compared 

with those from MQL machining and it is concluded that the MQL machining results in 
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very comparable results in terms of surface roughness and material removal rate, 

although at most of the design points the MQL surface roughness values are much lower 

than those from flood machining. 
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