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Abstract

Minimum Quantity Lubricants is a technique in supplying small quantity of lubricant into machining area which also part of green manu-
facturing approach that receive wide attention globally. The main driven of introducing MQL method was due to negative environmental
impact which leads to safety and health issues of conventional coolant among workers especially in tool and mould industries. Besides,
based on research findings, the MQL system has the capability for lubricating and cooling both work piece and cutting tool. In order to
find the best solution for machining and also to enhance machining performance, first and foremost the MQL parameters must be con-
trolled wisely as it has remarkable effects on lubricant coverage, droplets size and subsequently influence the machining performance.
Nozzle angle, nozzle distance and MQL flow rate are the important parameters studied and surface roughness is the response parameter.
Therefore, in this study, MQL optimum parameters were explored by minimizing surface roughness in end milling process using Taguchi
L9 orthogonal method. Aluminum Alloy 6061-T6 was selected as work piece material. The results show that the best combination of
MQL parameters in minimizing surface roughness was obtained at 30mm nozzle distance, 30 degree nozzle angle and 1.98 mL/min
MQL flow rate. Hence, based on this optimal condition, three confirmation runs were conducted. The margin error is acceptable which
less than 10% and within prediction interval. This results can work as a base line guidance for any experimental that employ MQL sys-

tem.
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1. Introduction

Metal cutting lubrication is crucial in metal removal process that
relies on high intensity of shear deformation. Conventionally,
flooded cooling is the only option which can removes the heat and
lubricating the machining area. However, many negative impacts
were reported such as environmental pollution, variety of diseases
and hazardous working place as well as waste disposal issue [1].
Therefore, minimum quantity lubricant (MQL) approach has been
explored since then to overcome these issues. This is because
based on study done by General Motor, the MQL particle size is
less than 5um which can be considered as fine mist compared to
10 pm particle size of flooded lubricant [2]. In terms of machining
performance, MQL exhibits better performance than dry and
flooded machining for surface roughness, tool life and cutting
torque [3][4]. On the other hand, a total manufacturing cost can be
reduced significantly when utilizing MQL in machining process
[5]- Due to many advantages of MQL have been reported, it is
important to explore its parameters that might improve machining
performance. Based on a 2D steady-state computational fluid dy-
namics (CFD) analysis done by Najiha et al[6], the MQL nozzle
performance was achieved by the three nozzles arrangement in-
stead of one nozzle arrangement and also it works well for lubri-
cating the rotating tool. Moreover, the position of nozzle in sup-
plying the lubricant is vital for getting the optimum effect of MQL
flow. According to Angulo et al [7], the correct nozzle position is
facing the feed direction of the rotating tool. Erween et al [8] stud-
ied the effect of two different nozzle outlet diameter of 2.5mm and

3.0mm on turning cutting force and cutting temperature. The
3.0mm nozzle outlet diameter exhibits superior performance cool-
ing due to wider cone angle and faster velocity. K.H. Park et al [9]
studied the distribution of MQL droplets based on two independ-
ent variables which are distance from MQL nozzle and air pres-
sure. The good coverage of lubricant was found at 12 psi air pres-
sure and 30mm nozzle distance. On the other hand, more droplets
were seen when air pressure was increased. However, the droplet
sizes were getting smaller when nozzle distance was increased.
On the other hand, Taguchi method which is widely used in de-
termining the optimum level of process parameter is applied in
this study. Moreover, Taguchi is unique and powerful statistical
method that can improves overall engineering quality and produc-
tivity [10]. The optimum level of the process parameter can be
defined based on mean effect plots for means. Philip [11] investi-
gated the best combination of three levels of dry cutting when
milling Stainless Steel alloy using Taguchi L9 orthogonal method.
The results show that the optimum cutting force was acquired
when speed, feed rate and depth of cut were at level 3, level 1 and
level 1 respectively. Similar analysis using Taguchi L9 orthogonal
array also employed by Gaitonde et al [12] for study the optimal
condition of turning parameters including MQL flow rate. The
prediction value of response also able to acquire and the value can
be compared with the actual value from the verification run. There
are limited numbers of articles that have been published focusing
on MQL optimization parameters. Instead, many scholars evaluat-
ed machining performance by using both MQL parameter such as
MQL flow rate and machining parameters such as spindle speed,
feed rate and depth of cut in their studies. Therefore, it is indispen-
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sable to explore MQL parameters and find its optimum parameters
which can further enhance machining performance.

2. Experimental Setup

The main objective of this study is to determine the optimum
MQL parameters in end milling process using Taguchi method.
Even though the machining parameters are in optimum condition,
the machining performance would not be in peak point should the
best combination of MQL parameters are not obtained. Therefore,
both MQL and machining parameters must be optimized prior to
getting the best results of machining. Table 1 shows machining
parameters that’s fixed for all 9 runs in the experimental design.
The MQL parameters studied were nozzle angle, nozzle distance
and MQL flow rate. Surface roughness was the only response and
the machined parts were measured using Surfcom surface rough-
ness tester. In this study, Aluminium Alloy 6061-T6 was selected
as work piece. The chemical composition of Aluminium Alloy
6061-T6 is shown in Table 2. The experimental design is based on
Taguchi L9 orthogonal array with 3 factors and 3 levels as shown

in Table 3.
Table 1: General Machining Parameters
Variable Set-up
Work piece Aluminium Alloy 6061-T6
Specimen size 100mm x 100mm x 30mm
Cutter size 16mm diameter
Spindle Speed 2000 rpm
Feed Rate 100 mm/min
Depth of Cut 3mm
Air Pressure 0.5Mpa
Inserts Coated Carbide
Number of insert per 2

tool

Lubricant

Deionized Water : Ethylene Glycol
(80%:20%)

Lubricant supply system

MQL (minimum quantity lubricant)

Number of nozzle

3

Nozzle formation

120°/ nozzle

Nozzle Angle

30°, 45°, 60°

Nozzle Distance

30, 40, 50 mm

MQL Flow Rate

0.66, 1.32, 1.98 mL/min

Table 2: Aluminium Alloy 6061-T6 Chemical Composition (Weight%)

|
Fig.2: The experimental setup

3. Experimental Results

Table 4 shows the surface roughness results for the factors stud-
ied. The surface roughness data was replicated three times and the
mean was calculated. The data obtained in this experiment were
analyzed using Minitab software version 18. Moreover, the data
were analyzed according to Taguchi approach.

[1]
Elements Si Mn Mg Ti Zn . - -
Table 4: Experimental results of surface roughness for MQL parameter in
Weight% | 0408 | Max | 0812 | Max 025 | endmilling ;’rocess g QLp
= = Exp MQL Parameter Surface Roughness,Ra
. No.
'IT'gbIe 3: Factor and Level for MQL Parameters of Aluminum Alloy 6061- Nozzle | Nozzle MOL | T o 37 Mean
Covel Angle Dis- Flow
Fact QIS Unit T CoveT T Lovel | Covel () | tance | Rate
actor Parameter nits ype ei/e 62\/6 e;’/e (mm) (m_L/m
In
A Nozzle Degree Numeric 30 45 60 1 30 30 0.6)6 0.80 0.793 0.72 0.774
Angle (°) 3 0
B | Nozle mm | Numeric | 30 40 50 2 30 40 132 | 056 | 0534 | 052 | 0540
Distance 1 6
rate 6 2
. . 4 45 30 1.32 0.66 | 0593 | 0.60 0.620
Figure 1 and Figure 2 show the arrangement of MQL nozzles and 7 0
the experimental setup in this study. There are 3 nozzles with 120 | 5 45 40 1.98 042 | 0476 | 036 | 0.424
degree formation that are facing the cutting tool. This nozzle ar- 7 8
rangement is not only providing a good lubricant coverage but| 6 45 50 0.66 086 | 0898 | 091 | 0.894
also offered superior wettability especially on the edge of cutting 7 6
tool. 7 60 30 1.98 040 | 0419 | 043 0.420
3 7
8 60 40 0.66 0.82 | 0.835 | 0.88 0.850
8 6
9 60 50 1.32 0.57 | 0530 | 0.50 0.537
8 4
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Based on Taguchi analysis, minimum surface roughness was ob-
tained at 30 degree, 30mm and 1.98mL/min of nozzle angle, noz-
zle distance and MQL flow rate respectively. This can be seen in
Figure 3 which shows the mean effects plot for the factors studied
and the optimum level of factors when surface roughness is low.
This is a combination of MQL optimization parameters. However,
the nozzle distance of 30mm and 40mm exhibits the same results
for the response. High probably, this is due to similar lubricant
coverage on the cutting tool and work piece during machining and
the effect of lubrication was not really significant between 30mm
and 40mm of nozzle distance.

Main Effects Plot for Means

Data Means

o Nozzle Angle (degree) MNozzle Distance (mm) Flow Rate (ml/min)
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Fig. 3: Main effects plot for nozzle angle, nozzle distance and MQL flow
rate.

The significant factor affecting the response studied is MQL flow
rate, followed by nozzle angle and nozzle distance as shown in
Table 5. Should the P-Value is less than 0.05, then the factor is
considered significant. Otherwise, the factor studied is not signifi-
cant. The 0.021 P-Value of flow rate which less than 0.05 indi-
cates that MQL flow rate is the most significant factor influencing
machined parts surface roughness compared to other parameters.
This finding is similar to The-Vinh and Hsu[14] and Murthy and
Rajendran [15] which also found that the result of surface rough-
ness was low at level 3 of fluid flow rate. Low surface roughness
obtained at high lubricant flow rate because the good coverage of
lubricant on the machining area. In addition, the droplet size in-
creases with the increase of lubricant flow rate [16]. Subsequently,
it helps in reducing friction forces and cutting temperature during
end milling process. As a result, the machined surface is smooth
as low shear deformation is required when removing the material.

Table 5: Analysis of variance for the factors studied

Table 6: Comparison between predicted values of MQL optimum condi-
tion versus actual value of verification experimental

Experiment \P/;?SLCted Cg}ﬂ:' Residual % Error
1 0.398 0.402 0.004 0.9%
2 0.398 0.389 -0.009 -2.3%
3 0.398 0.419 0.021 5.0%

D F- P-

Source F Adj SS Adj MS | Value Value
Nozzle Angle (de- | 2 0.00560 | 0.00280 | 0.99 0.503
gree) 0 0
Nozzle Distance | 2 0.00091 | 0.00045 | 0.16 0.861
(mm) 5) 7
Flow Rate (ml/min) 2 0.26033 | 0.13016 | 45.86 0.021

6 8
Error 2 0.00567 | 0.00283

7 8
Total 8 0.27252

8

3.1. Confirmation Run

The predicted value of surface roughness based on optimum MQL
parameters was 0.398. This value was generated by Minitab soft-
ware version 18. Hence, additional three experiments were per-
formed to verify the value of surface roughness. The acceptance
error for verification run is within £10% [17]. The details of con-
firmation run are shown below in Table 6. Based on the confirma-
tion run, it can be seen that the margin error below than +5% for
all three runs. Thus, it is acceptable within prediction interval.

4. Conclusion

Through this study, it is clear that MQL parameters have remark-
able effects to the machining performance. There are few parame-
ters of MQL that should be controlled when employing the MQL
system in supplying lubricant into the cutting zone. Thus, it is
important to determine the best combination of MQL in attempts
for maximizing machining performance. Hence, it can help to
increase overall manufacturing efficiency. It can be concluded that
the optimum MQL parameters based on this study were obtained
at 30°, 30mm and 1.98 ml/min of nozzle angle, nozzle distance
and flow rate respectively. The percentage error between the pre-
dicted value and actual value of confirmation run is acceptable
which below than £10%. Therefore, these findings are really sig-
nificant and helpful for any machining experimental setup that
employ MQL system. For future works and recommendations,
other MQL parameters like nozzle diameter and air pressure can
be explored. Moreover, other machining responses such as cutting
temperature and cutting force also can be evaluated as well.
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