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Abstract

Minimum quantity cooling lubrication (MQCL) has been considered a promising technological solution to
overcome the disadvantages of minimum quantity lubrication (MQL) method. The significant improvement in
cooling capacity has made this technology suitable for application in hard machining. The paper aims to
experimentally study the influence of cooling condition, air pressure and air flow rate on surface roughness in
hard milling of AISI D2 steel (60 HRC) with MQCL environment using coated carbide inserts. The factorial
experimental design method is used to evaluate the influence of input parameters on surface roughness R,. The
experimental results show that using MoS, nano cutting oil for MQCL provides better machined surface quality
than MQCL using cutting oil without nanoparticles. The increase of air pressure and air flow rate brings
positive effects on surface roughness. Furthermore, the study also proposed a reasonable range of air pressure
and air flow rate values for improving machined surface quality.
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I. INTRODUCTION

In recent years, increasingly strict environmental regulations along with increasing requirements for the
quality of machined parts have posed new challenges in the development of the metal cutting field [1].
Machining processes must now simultaneously meet many criteria, including minimizing or eliminating cutting
oils. The use of cutting oil is one of the traditional solutions and is widely used in production practice. The
problems of environmental pollution and negative human health effects caused by the use of industrial cutting
oils are major problems that need to be resolved [2]. The complete elimination of cutting oil brings positive
environmental effects, but cutting heat and high cutting force are problems that greatly affect the cutting
performance [3,4]. High cutting heat and cutting force accelerate tool wear, negatively affecting the machined
surface quality, especially in machining processes with harsh cutting conditions like hard milling. The research
and development of hard milling has opened up new technical solutions to replace and support the finish
grinding process. However, the intermittent cutting process combined with high cutting heat and cutting force
makes the use of wet condition inappropriate due to thermal shock, causing chipping and breakage of cutting
tools [5]. Therefore, minimal quantity lubrication technology was developed as an alternative to flood coolant
technology. MQL technique delivers a small amount of cutting oil directly into the cutting zone in the form of
high-pressure mist, so the lubrication effect is very good [6]. This technology has been researched and applied to
the machining of alloys and un-heat heated steels [7].

The study results show positive effects in reducing cutting forces, tool wear and improving machined
surface quality. When applying this technology for hard milling, the effectiveness is still not clear because the
cooling ability of MQL is low [8]. To further overcome this drawback, minimal quantity cooling lubrication
(MQCL) was developed as an alternative solution to overcome the low cooling capacity of MQCL [9].
However, research on MQCL and its technological parameters for hard milling process is still very limited [5].
Therefore, the author conducted a study on the effects of MQCL using cutting oil with/without MoS,
nanoparticles, air pressure, and air flow rate on surface roughness in hard milling of AISI D2 tool steel (60
HRC) using coated carbide tools.
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Il. MATERIAL AND METHOD
2.1 Experimental design
Factorial experimental design with the help of Minitab 19.0 software is utilized for three input parameters
including cooling condition, air pressure, and air flow rate with two levels given by Table 1.

Table 1. Factorial design with three input variables and their levels

Input variables Low level High level Responses
Cooling condition MQCL NF MQCL
Air pressure (bar) 5 7 Surfa;e EOlrJng)hness
Air flow rate (I/min) 150 250 a (U

2.2 Experimental devices

The cutting trails were conducted on Mazak vertical center smart 530C and the setup of experimental
devices is shown in Figure 1. The chemical composition of AISI D2 tool steel samples is shown in Table 1. The
APMT 1604 PDTR LT30 coated carbide inserts was used (Figure 2). The water-based emulsion 5% was used as
the cutting fluid for MQCL system For the case of nanofluid MQCL, the additives of MoS, nanoparticles with
the concentration of 0.5 wt%. The cutting parameters were fixed at cutting speed V. =100 m/min; feed rate
f=0.012 mm/tooth, depth of cut of 0.12 mm. SJ-210 Mitutoyo portable surface roughness tester was used for
surface roughness measurement. The values of surface roughness were measured 3 times and taken by the
average value. Each experiment trial was repeated 3 times and taken by the average values.

Table 1. Chemical composition in wt% of AlISI D2 tool steel
C Si Mn Ni Cr Mo W \ Cu P S
1.4+16 04 0.6 0.5 11.0+130 0.8+1.2 0.2+05 <0.25 <0.25 <0.03 <0.03

t up

Figure 2. Milling head and carbide inserts used in the experiment

I11. RESULTS AND DISCUSSION

The cutting trials were carried out by following the factorial experimental run order, and the surface
roughness values were measured after each cutting trial. From figure 3, it can be seen that the main effects of the
input parameters on the surface roughness R,. MQCL using nano cutting oil exhibits the better surface quality
than MQCL using cutting oil without nanoparticles. Besides, air pressure and air flow rate have a great influence
on the machined surface roughness value due to the steep slope. The increase of air pressure and air flow rate
contributes to improve machined surface quality by enhancing the ability to form smaller oil droplets, the
amount of oil and the ability to bring cutting oil deeper into the cutting zone [10]. The interaction effects
between input parameters on surface roughness are shown in Figure 4. The interaction effects between cooling
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condition and air pressure have a greater influence on the response than those of between cooling condition and
air flow rate as well as air pressure and air flow rate.

Main Effects Plot for Ra (um)
Fitted Means
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Figure 3. Main effects of the input parameters on surface roughness R,
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Figure 4. Interaction effects of the input parameters on surface roughness R,

Figure 5 is the contour plot showing the influence of air flow rate and air pressure on surface roughness
in hard milling AISI D2 tool steel (60 HRC) under MQCL condition using emulsion cutting oil without
nanoparticles. It can be seen that air flow rate of 220+250 I/min combined with air pressure of 6+7 bar will give
the smallest surface roughness R, values (0.090+0.095 pum).

WWW.ijres.org 14 | Page



Investigation of effects of nano cutting fluid on MQCL hard milling performance of AISI D2 tool steel

The contour plot in Figure 6 shows the influence of air flow rate and air pressure on surface roughness
in hard milling AISI D2 tool steel (60HRC) under MQCL condition using emulsion cutting oil with MoS,
nanoparticles. It can be seen that air flow rate of 240+250 I/min combined with air pressure of 6.7+7 bar will
give the smallest surface roughness R, value (R,<0.080 um). Furthermore, the use of air flow rate at 185+250
I/min combined with air pressure of 6+7 bar will give the smaller surface roughness R, values (0.080+0.088
pm), which is smaller than those of MQCL using emulsion oil without nanoparticles (Figure 5). This proves that
using nano cutting oil helped improve the lubrication performance in the cutting zone, thereby improving the
machined surface quality.

Contour Plot of Ra (um) vs Air flow rate (I/min), Air pressure (Bar)
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Figure 5. Contour plot of air flow rate and air pressure on R, in case of MQCL condition using emulsion oil
without MoS, nanoparticles
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Figure 6. Contour plot of air flow rate and air pressure on R, in case of MQCL condition using emulsion oil
with MoS, nanoparticles
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IV. CONCLUSION

In this article, the experimental study was conducted to evaluate the influence of cooling conditions and
technological parameters of MQCL including air pressure and air flow rate on surface roughness in hard milling
of AISI D2 (60 HRC) tool steel using coated carbide inserts. The obtained experimental results show that the
use of MoS, nano cutting oil for MQCL provides better machined surface quality than MQCL using cutting oil
without nanoparticles. The rise of the air pressure and air flow rate brings positive effects on the surface
roughness R, due to the improvement in the ability to form oil particles, the amount of cutting oil and the deeper
penetration of cutting oil into the contact zone. Furthermore, the study also proposed the reasonable range of air
pressure and air flow rate values to improve the machined surface quality and provide technical guides for
further research.
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