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ABSTRACT
The purpose of this research is to optimize the process of minimum quantity lubrication (MQL) in
the end milling of AA6061T6 using multi-objective genetic algorithm approach. Response surface
methodology coupled with a central composite design of experiments is used for modeling. Data
is collected from a vertical CNC milling center and the input parameters are cutting speed, table
feed rate, axial depth of cut and the minimum quantity lubrication flow rate. Analysis of variance
at a 95% confidence level is implemented to identify the most significant input variables on the
CNC end milling process. Optimization of the responses is done using a multi-objective genetic
algorithm. A multi-criteria decision making utility is used to find among the feasible range of
optimum designs for the operating parameters and the responses. An iterative multi-criteria
decision making algorithm is used to find the best design among those obtained from multiobjective optimization with respect to the given conditions. The best design obtained for the equal
weightage case is the design at 5252 rpm, with a feed rate of 311 mm/min, a depth of cut of 3.47
mm and MQL flow rate at 0.44 ml/min.
Keywords: MQL; multi-objective optimization; aluminum alloy; Pareto; optimal design.
INTRODUCTION
Minimum quantity lubrication has been demonstrated to be an effective near dry machining
technique as well as an efficient alternative to completely dry and wet cutting conditions from the
viewpoint of cost, ecological and human health issues and machining process performance[1].
MQL is a sustainable manufacturing technique that is safe for the environment and the worker and
is cost effective [2-5]. The cost of cutting fluids range from 7 to 17% of the total machining cost
while another estimate gives this cost as 15-20 % of total machining cost compared to the tool cost
which ranges from 2 to 4% [6-11]. Therefore minimization of metal working fluids can serve as a
direct indicator of sustainable manufacturing. The goal of MQL is to machine parts using a
minimal amount of metal working fluids, typically of a flow rate of 50–500 ml/h, which are about
three to four orders of magnitude less than the amount commonly used in the flood cooling
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condition [12-14] so that the workpiece, chips and environment remain dry after cutting. The
concept of minimum quantity lubrication, sometimes referred to as near dry lubrication [15] or
microlubrication [16], was first suggested a decade ago as a means of addressing the issues of
environmental intrusiveness and occupational hazards associated with the airborne cutting fluid
particles on factory shop floors. In the recent past, there has been a general preference for dry
machining [17]. On the other hand, several researchers have started exploring the application of
minimal cutting fluid. Minimum quantity lubrication offers considerable advantages over both the
conventional traditional wet machining processes and dry machining. The machined parts are
lubricated with a very small amount of fluid sprayed on to them, resulting in a very low residue of
lubricant on chips, tool and the workpiece; hence their cleaning is easier and cheaper; recycling of
chips is easy, as is scrutiny of the machining process, since the machining area is not flooded.
Machining with MQL has been extensively applied in many machining processes such as drilling
[18-20], milling [21-26], turning [19, 27], and MQL grinding [28-31]. MQL is significantly
contributing towards performance and quality in the environment, working condition and
economics of machining. Since it does not require power-consuming auxiliary equipment like
compressors, pumps and chillers, as are used in a flooded lubricating system, it significantly
reduces energy consumption. Besides environmental and health issues, costs associated with the
applications, storage and disposal of cutting fluids are also a concern. About 15 % – 20 % of the
overall machining costs are related to cooling and lubricating fluids [5, 8, 32]. The annual global
consumption of cutting fluids by the year 2007 was 640 million gallons [4]. Considering the high
costs associated with cutting fluids and the associated occupational exposure, it is essential to find
a cost-effective approach to manufacture products. Several researches conducted on the
application of MQL in machining of steel have been reported [6, 13, 23, 33-39]. The results of
these studies have exhibited that MQL may be considered as a potential environment compatible
as well as economic lubrication technique. Most of the researches involved machining with MQL,
as cutting medium, have been concerned mainly with the turning, drilling and grinding process.
There have been very few articles published which use MQL in end milling [40]. The usual
practice in end milling process is the application of abundant amounts of liquid coolant, with the
liquid coolant as intermittent cooling increases the temperature variations [41] and build up edge
[42]. Hence simply cutting-off the amount of coolant used is not a practical answer for end milling
due to the intermittent nature of cutting action at the tool tip resulting in increased temperature
variations at the tip of the tool. Thus, the role of MQL as a potential method is still to be explored
for minimizing the consequences of thermal shock in end milling for removing the generated heat
during the entire cutting cycle.
MQL has been effective in prolonging tool life when machining steel specimens [43].
However there has not been the same rigorous investigations into the machining of Al alloys [42].
Conflicting views about the cooling conditions for the alloy are observed in literature. Cutting
fluids are normally considered not necessary when machining aluminium alloys on account of
relatively low cutting temperatures [44]. However, highly effective lubrication is required for
aluminium alloys on account of high adhesive characteristics [45]. Unlike steel and other metals,
cutting fluids are essential for Al alloys machining in order to minimize the smearing effects on
the cutting tool edges and to reduce the surface roughness. There are few technical issues still
related to aluminium machining which need to be resolved such as tool wear and machine
reliability. The principal wear mechanisms in Al alloys machining are burr formation, built-upedge as well as surface roughness. Surface finish and burr formation in aluminium alloy machining
are mainly used as tool life criteria as it is difficult to observe tool wear in aluminium alloys
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machining [42]. However, to achieve high cooling ability with MQL, a fluid with high thermal
conductivity must be selected. Cooling is one of the most important challenges in the machining
process [46]. The conventional methods of enhancing the cooling rate have already exhausted to
their limits [47]. Keeping in view the above-mentioned challenges presented in machining
processes, use of new and innovative cutting fluids is highly desirable in order to achieve high
performance cooling. MQL is a more practical approach in comparison with flooded and dry
machining. With MQL, when properly applied, both parts and chips remain dry and are easier to
handle [48]. It therefore makes recycling of the metal chips easier. MQL is an achievementoriented technology, which replaces conventional lubrication techniques and takes over the
lubrication task, assisting in sustainable development, with mechanical manufacturing processes.
Most of the research conducted with respect to minimum quantity lubrication and related issues
sets out to show the overall advantages of MQL as opposed to the use of a conventional emulsion
coolant, and there have been several successful experiments using it in the machining of different
materials. The real objective in sustainable machining is to produce the parts using an optimized
minimum quantity of metal working fluids so that the workpiece, chips and environment remain
dry after cutting. In order to fulfill this objective, optimum machining parameters are of immense
significance in the machining performance for efficient use of costly machine tools. In most cutting
operations, the cutting parameters are set according to the operating range recommended by the
handbooks. The task is to find the optimum cutting parameters for efficient inexpensive machining.
Many researches have been conducted to optimize machining parameters, but most of these are
for optimizing turning operations; however, other machining operations, including milling, have
attracted little interest [49]. End milling is one of the most widely used metal removal operations
in industry because of its ability to remove material faster, giving a reasonably good surface finish
[50]. Owing to the significant role that milling operations play in today's manufacturing world,
there is a vital need to optimize machining parameters for this operation, particularly when CNC
machines are employed. Significance of machining processes optimization arises from the
prerequisite for an economic and feasible performance of the machining processes. Practical
manufacturing processes are illustrated by conflicting and often incompatible measures of
performance such as quality and productivity [51]. The multi-objective optimization techniques
are used to find out trade-offs among the conflicting performance measures in a machining process
in order to achieve performance optimization. In such cases, it is not necessary that a single
solution may satisfy all the objectives on account of incommensurability and the conflict among
the objectives. Multi-objective optimization is different from single objective optimization in that
the single objective optimization is used to find the best design from among many and usually best
design point is the global maximum or minimization depending on the type of optimization [52].
The purpose of this study is to optimize the process of minimum quantity lubrication in the end
milling of aluminum alloy AA6061T6. Experiments have been conducted using a central
composite design approach. The results obtained have been used to investigate which parameters
are the most significant and effective in end milling with the minimum quantity lubrication
technique. Genetic algorithm is implemented for the optimization of the end milling parameters.
Genetic algorithm is quite successful in the optimization of the machining parameters and
especially the turning parameters [49]. A multi-objective genetic algorithm based approach is used
in this work for the end milling operation assumed as a constrained optimization problem. Multiobjective optimization problems usually have many optimal solutions, known as Pareto optimal
solutions [53]. The algorithm attempts a total number of evaluations that is equal to the number of
points in the design of experiment (DOE) table (the initial population) multiplied by the number
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of generations. The specimen surface roughness, material removal rate and flank wear are used as
the objective functions in a single pass end milling constrained parameter optimization problem.
A commercial non-toxic type of renewable vegetable oil-based cutting fluid (Coolube 2210
,UNIST, Inc.) is used. The experiments were designed according to a central composite design
under minimum quantity lubrication conditions. The perthometer is used to obtain the average
surface roughness Ra. Statistical quadratic models of the surface roughness and material removal
rate are used to fit the experimental data of the surface roughness.
METHODOLOGY
Machining Parameters and Design of Experiments
The machining parameters selected in this research are spindle speed, table 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 and the
combination of the parameters. Five levels of machining variables are selected, as shown in
Table 1.
Table 1. Assignment of the levels to machining parameters.
Factors
Cutting speed (rpm)
Depth of cut, (mm)
Table feed rate, (mm/min)
MQL flow rate (ml/min)

1
5252.0
288.0
0.37
0.39

2
5300.0
318.0
1.00
0.48

Levels
3
5400.0
379.0
2.00
0.65

4
5500.0
440.0
3.00
0.83

5
5548.0
469.0
3.63
1.00

Measurement of Parameters
The response variables studied in this research are surface roughness, material removal rate and
tool flank wear. Surface roughness and material removal rate are the two conflicting responses of
the experiments. Surface roughness is measured using a perthometer (MarSurf XR 20 (Mahr))
while the material removal rate is calculated by weighing the workpiece after every single cut.
Surface roughness (Ra) is measured in µm. Flank wear is measured in m with a scanning electron
microscope.
Workpiece, Cutting Tool and Cutting Fluid
The specimen workpiece material used is AA6061T6 aluminum alloy, which is a commonly used
commercial alloy with wide-ranging applications in industry on account of its good machinability
and continuous chips. The workpiece has the dimensions 100 mm × 100 mm × 30 mm. Workpieces
from the same batch were used in the experiments. Si, Cu and Mg are the main constituents of the
alloy. The density of the alloy used for calculating the material removal rate is 2712 kg/m 3. An
uncoated tungsten carbide end mill with two flutes is selected for the machining. Experiments are
designed using a central composite design methodology and a quadratic response surface model is
applied. Optimization is carried out to find the best design. Analysis of variance (ANOVA) is
utilized to verify the adequacy of the experimental data. A commercial non-toxic type of renewable
vegetable oil-based cutting fluid (Coolube 2210, UNIST, Inc.) is used. Experiments are performed
using a vertical CNC milling center, the HAAS VF6. The blank and machined workpiece as well
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as machining pattern on the specimen is shown in Figure 1. Setting up of workpiece on the machine
is shown in Figure 2.

(a) Blank workpiece

(b) Machined dimension (mm)

(c) Machining workpiece
Figure 1. Workpiece blank and machined workpiece with dimensions in mm.
MQL System
MQL is delivered to the cutting zone through the UNIST Uni-MAX coolubricator system. The
mist system consists with coaxial nozzles for air and lubricant mixing maintaining constant rate of
atomization; continuous external lubrication through automatic cycles of metering pump, a
variable rate pulse generator (4-200 pulse/minute) powered by air pressure and flexible nozzle
providing flexibility in positioning. The pulse generator produces repetitive cycles of the metering
pump. A 1-drop meter output 6-nozzles configuration is used. The system is provided with six
positive displacement oil metering pumps (0.2-1.00 ml / stroke) with adjustable stroke and output.
An air metering pump is used to control air flow for atomization. The different components of the
MQL system are shown in Figure 3. MQL flow rate is adjusted by setting the stroke length as 10
while the flow rate is adjusted by indexing the flow rate according to counter clockwise turnings.
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(a) Height compensation setting using zpresetter dial gauge

(b) Setting of the MQL nozzle around the
machine spindle

Figure 2. Setup of workpiece.

Fluid reservoir
Pump stack

Oil metering knobs

Air filter

Pulse
generator
Air metering
screws

Nozzles

Figure 3. MQL system and setting.
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RESULTS AND DISCUSSION
Significance of Input Parameters
Significance of input parameters is determined based on the difference in the mean of two groups
of experimental design at high and low levels. The relative importance and rankings of main
parameters and their interactions with respect to response variables are evaluated by determining
the parameters effect size using DOE as shown in Figure 4. The overall pie-chart and table
(Figure 4 Table 2) show the contribution of each input variable relative to the overall response.
From the student chart of surface roughness, it is obvious that the depth of cut and table feed rate
are the most contributing factors, while for material removal rate the most contributing factor is
depth of cut. In case of flank wear, feed rate is the most effective parameter.

(a) Material removal rate

(b) Surface roughness

(c) Flank wear
Figure 4. Significance of input parameters for response variables.
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Table 2. Significance of parameters.
Material removal rate Surface roughness Flank wear
Speed, rpm
0.78 %
23.17%
0.64%
Table feed rate, mm/min
28.10%
26.09%
77.02%
Depth of cut, mm
71.61%
41.3%
18.64%
MQL flow rate, ml/min
1.06%
9.44%
3.71%
A multi-objective genetic algorithm mode II (MOGA-II) is used for optimization. The
design of experiments serve as “initial population”. Initial population consists of sets of
chromosomes. The chromosomes evolve during several iterations called generations [54]. The best
individuals are evaluated, recombined and mutated to constitute a new population. MOGA was
first generation genetic algorithm [55], while MOGA-II is a second generation evolutionary
algorithm with elitism. The basic concept of using genetic algorithm for optimization is that the
genetic collection of a given population contains better solutions to a given problem. The general
operators applied in evolutionary algorithms are selection, mutation and cross-over. MOGA-II
algorithm implements a fourth operator i.e. multi-search elitism. Selection operator shifts designs
to the next generation, selection being based on the best fitness of the function. Designs with higher
fitness value are more likely to be replicated into the next generation ensuring a higher survival
probability for the more fit solutions. The new generations are generated utilizing the crossover
and mutation technique. The crossover split into two chromosomes and then combines one half of
each chromosome with the other pair. Mutation involves flipping a single bit of chromosomes
[54]. The chromosomes are then evaluated against certain fitness criteria and the best ones are
retained while the others are rejected. Elitism operator is able to preserve all non-dominated
solutions without avoiding from the initial population thus enhancing the convergence speed.
The multi-objective optimization is performed using the genetic algorithm MOGA-II.
Algorithm is stopped after 100 generations. Pareto solutions are selected from the total feasible
solutions obtained after 100 generations. The Pareto approach to optimization is aimed to identify
the set of parameters that characterize a design and beyond which no aspect of performance can
be improved without compromising another. The results of multi-objective optimization is a group
of designs that dominate the others. This group is known as the Pareto optimal set [56]. All the
Pareto designs obtained from the optimization process are considered as equally desirable from
the mathematical point of view. These designs are large in number, therefore, selection of final
design configuration is essential for putting into practice. In order to find out single best solution,
genetic-algorithm based on MCDM technique is used with the Pareto frontier as search space and
assigning the preference weightage to each attribute. A utility function is generated on the basis of
weightage assigned and all the Pareto designs are ranked. Multi-objective problem is reduced to a
single-objective problem through a weighted utility function which satisfies all preferences in
terms of designs-attribute relationships. The MCDM method involves attribute setting, preference
weightage assignment, GA-based ranking of the individuals according to the fitness evaluation
criteria.
Objective Functions
In order to optimize a machining operation some objective functions are to be defined. The
optimization problem for the study is a multi-objective optimization problem. Machining
operations can be very efficient when optimum cutting parameters are used. Optimum cutting
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conditions need to be determined before the start of production. Optimization is done to determine
the best combination of parameters for the end milling process. The independent variables in this
study which are used for optimization of the machining process are axial depth of cut, feed rate,
speed and minimum quantity lubricant flow rate. The arithmetical mean deviation of the assessed
profile, Ra, material removal rate and flank wear are used as the objective functions in this single
pass milling parameter optimization problem. Minimum surface roughness is not only a quality
indicator but also the final stage in controlling the machining performance and the operation cost
[25]. Surface roughness is measured as arithmetical mean deviation of all the measured values in
the assessed profile from the mean line of that profile. A section of standard length (17 mm),
determined from the capability of the perthometer available, is sampled from the mean line on the
roughness chart. Maximizing the material removal rate is taken as another objective function
which serves as the basis of optimization. Therefore the two objectives are conflicting; i.e., one
has to be compromised in order to achieve a gain in the other. The third objective function is to
minimize the flank wear.
Machining Constraints
In addition to objective functions, the machining operations are effectively defined by the
constraints. These constraints are defined by the process capabilities and the product requirements.
Process capabilities include the actual machine conditions, allowable cutting spindle speeds, feed
rates, maximum heat generation and maximum machine power, while the product requirements
include the product surface finish requirements and the required material removal rate. In order to
perform an effective optimization, these constraints must be fully satisfied. The solutions as the
optimal cutting parameters for the study are constrained by some boundary conditions. In the case
proposed, the boundary constraints are set within the experimental scope.
The constraints considered in this study are given by Eq. (1) to Eq. (6).
Minimize surface roughness, Ra  fn (Speed, Feed rate, depth of cut, MQL Flow rate) ;
Maximize material removal rate, MRR  fn (Speed, Feed rate, depth of cut, MQL Flow rate) ;
Minimize the flank wear, FW  fn (Speed, Feed rate, depth of cut, MQL Flow rate)
Subject to:
1. Speed min  Speed  Speed max

(1)

2. Feed rate min  Feed rate  Feed rate max
3.

(2)

depth of cut min  depth of cut  depth of cut mac

4. MQL Flow rate min  MQL Flow rate  MQL Flow rate max
while
5. Ra min  Ra  Ra max

(3)
(4)
(5)

6. MRR min  MRR  MRR max

(6)

FWmin  FW  FWmax

(7)

7.

In this study, optimization of the machining process is performed using the multi-objective
genetic algorithm (MOGA-II) strategy. Genetic algorithms have been used in function

3011

Multi-objective optimization of minimum quantity lubrication in end milling of aluminum alloy AA6061T6

optimization since their inception to optimize large poorly understood problems that arise in many
areas of science and engineering [57].
Pareto Designs
The outcome of the primary optimization is a set of optimal feasible solutions which shows the
trade-off between the two objectives, which is called a Pareto set. The use of Pareto optimal
designs has several advantages. Because these designs are selected from feasible designs, the
feasibility of the optimal design is ensured. The Pareto approach to optimization is aimed at
identifying the set of parameters that characterize a design, and beyond which no aspect of
performance can be improved without compromising another. The method provides a means to
understand the trade-offs between the conflicting requirements that the designer must address [28].
In the current study, 52 Pareto designs are obtained. The set of all Pareto optimal points is known
as the Pareto frontier. The Pareto frontier for the current designs is plotted in Figure 4.
Table 3. Optimum cutting parameters and response variables.
Input Variables
Cutting speed, rpm
Table feed rate, mm/min
Depth of cut, mm
MQL flow rate, ml/min

Initial values
Optimum cutting variables
Minimum Maximum
5252
288
0.52
0.39

5548
469
3.48
0.90

Objective Functions
Minimize surface roughness, µm
Minimize flank wear, µm
Maximize material removal
mm3/min

Constraints
0.432<SR, µm<2.103
15.88<FW, µm<38.4
rate,
2116.6<MRR,
µm<15444.0

5252
311.0
3.472
0.44
Optimized
response
0.543
15.95
15173

Optimization Results
The results of multi-objective optimization are a set of 1896 feasible designs from a total of 2600
designs out of which 39 designs belong to the Pareto frontier that is the set of non-dominated
Pareto optimal solutions. The distributions of Pareto designs against the input design variables are
shown by bubble charts. In the bubble chart x-axis represents the design variable while on y-axis
the one response variable i.e. surface roughness in this case is plotted, while the bubble diameter
and bubble colour indicate respectively the material removal rate the and flank wear. Figure 5
shows the distribution of Pareto optimal designs with respect to input variables. Figure 5(a) shows
the distribution of Pareto designs with the increase in depth of cut. Most of the Pareto designs lie
in the whole range of depth of cut with best designs from 0.5 mm to 1.7 mm. For the feed rate, the
distribution of Pareto designs (Figure 5(b)) shows most of the designs are obtained between 280
mm/min to 300 mm/min. Some designs with lower surface roughness and flank wear are found on
higher feed rates as well. Almost all of the Pareto designs are found at the minimum speed as
shown in Figure 5(c). Most feasible Pareto designs are obtained between MQL flow rate ranges of
0.77 ml/min to 0.80 ml/min as given in Figure 5(d). In order to select a single best compromised
solution among the solutions located on the Pareto frontiers, the multi-criteria decision making
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technique is employed. Depending on the non-preference based relation among the response
variables, all the solutions are classified with rank values. A comparison between the initial and
optimal solutions in terms of both independent variables, objectives parameters and constraints is
presented in Table 3. Surface roughness for uncoated tungsten carbide insert in conventional MQL
increases up to 25.7 % higher as compared to initial minimum value however the surface roughness
values remain lower than the highest value by 74.2 %. An increase in flank wear equal to 1.0 %
with respect to minimum value used while the improvement is almost 58.4 % with respect to
maximum flank wear value. The optimum value of material removal rate is increased much higher
with respect to minimum measured value.

Figure 5. Bubble chart showing Pareto designs distribution with respect to input parameters.
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CONCLUSIONS
In the foregoing study multi-objective optimization of a CNC end milling operation with minimum
quantity lubrication is performed by applying a genetic algorithm. The surface roughness, material
removal rate and flank wear of the tool are the conflicting responses which are to be optimized.
From among the feasible designs, Pareto designs are selected for further study. A multi-criteria
decision making algorithm is run for the Pareto designs. The designs are ranked according to their
fitness for the optimum criteria. Three objective functions are given equal weightage and the
optimum design is obtained. The best design obtained for the equal weightage case is the design
at 5252 rpm, with a feed rate of 311 mm/min, a depth of cut of 3.47 mm and MQL flow rate at
0.44 ml/min. The optimum values for surface roughness is 0.543 µm; material removal rate is
found to 15173 mm3/min while optimized flank wear is 15.95 µm. A range of feasible designs of
experiment thus obtained as well as the selected optimized design can serve as future benchmark
for manufacturing practices within the defined domain.
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