
i 

 

 

 

INVESTIGATION OF CUTTING TEMPERATURE AND CUTTING FORCE 

FROM MIST FLOW PATTERN IN MQL TECHNIQUE 
 

 

 

 

 

 

 

HEMARANI A/P DORAIRAJU 

 

 

 

 

 

 

 

 

 

A thesis as a fulfilment of the requirement for the award of  

Degree of Master Mechanical Engineering 

 

 

 

 

 

 

 

 

 

 

Faculty of Mechanical and Manufacturing Engineering 

Universiti Tun Hussein Onn Malaysia 

 

 

 

 

 

 

 

 

 

 

OCTOBER, 2015 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



iii 

 

 

 

 

 

DEDICATION 

 

 

 

 

 

Especially dedicated to my beloved family Appa, Amma, Julie, Charles, Dinisha and 

loving husband, Andrew Selvaraj and also for my helpful supervisors  

Associate Professor Dr. Erween bin Abd Rahim and Associate Professor Dr. 

Norzelawati binti Asmuin and friends, I will always keep all of you in my mind. 

 

 

 

In my deepest gratitude and thoughtfulness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



iv 

 

 

 

 

 

ACKNOWLEDGEMENT  

 

 

 

First of all, I would like to take this opportunity to praise God for by his grace 

and mercy I have finally finished my thesis and I would like to dedicate my 

appreciation to my supervisors, Associate Professor Dr Erween Abd Rahim and 

Associate Professor Dr. Norzelawati binti Asmuin for their valuable guidance, 

encouragement, supervision and advice till I have successfully managed to complete 

this study. I feel grateful with the patience of my supervisors in giving advice and 

guidance to correct my mistakes while completing this project. 

 

 

I would also like to express my sincere appreciation to my parents, sisters, 

brother and loving husband who always encouraged me and stand by my side 

whenever I fall till I gain this success.  

 

 

Finally, last but not least, thanks a lot to my friends in Advance Machining 

Research Group (AMRG) who gave a lot of suggestion and moral support in this 

research and Gas Turbine Combustion Research Group (GTCRG) of Faculty of 

Mechanical Engineering of Universiti Teknologi Malaysia for providing their 

laboratory equipment for research purposes. 

 

Thank you. 

 

 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



v 

 

 

 

 

 

ABSTRACT 

 

 

Minimum Quantity Lubrication (MQL) is an alternative method to supply the cutting 

fluid in the formation of mist. MQL has proven to reduce machining cost and 

increase machining performance. Previous research have stated that machining 

performance is affected by the lubricant type, flow rate, the distance between nozzle 

and tool tip, and the workpiece material. These important parameters are not reported 

in many research documents. MQL is known for its many benefits but no one was 

able to prove that the statement is true or ever suggested a systematic procedure to 

prove MQL’s efficiency. The effectiveness and the working principle of MQL are 

still questionable with very few explanations provided. The present study is about 

investigation of cutting temperature and cutting force from mist flow pattern in MQL 

technique The MQL nozzle distance and cutting fluid flow pattern are among the 

factors that can provide optimum machining performance in term of cutting force 

and cutting temperature. The objective of this study is to conduct machining process 

using MQL technique with different combination of spray parameters and to 

optimize spray parameters for minimum machining temperature and cutting forces. 

The four nozzle distances of 3, 6, 7 and 9 mm were selected based on the results 

obtained from Phase Doppler Anemometry (PDA). The machining performance was 

evaluated under three levels of cutting speed and two levels of feed rate at constant 

depth of cut. The cutting force was measured using a set of dynamometer and cutting 

temperature using thermal imager. The most suitable mist flow pattern during 

machining was the largest spray cone angle supplied under 0.4 MPa input air 

pressure. The results obtained from the machining process shows a significant 

reduction of cutting force and cutting temperature at the nozzle distance in the range 

of 6 to 9 mm under 0.4 MPa input air pressure for larger diameter OD30 nozzle.  
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ABSTRAK 

 

 

Pelinciran Kuantiti Minimum (MQL) adalah satu kaedah alternatif untuk 

membekalkan cecair pemotongan dalam pembentukan kabus. MQL telah terbukti 

untuk mengurangkan kos pemesinan dan meningkatkan prestasi pemesinan. Kajian 

sebelum telah menyatakan bahawa prestasi pemesinan dipengaruhi oleh jenis minyak 

pelincir, kadar, jarak antara muncung dan hujung alat, dan bahan bahan kerja 

mengalir. Parameter penting yang tidak dilaporkan dalam dokumen penyelidikan. 

MQL dikenali dengan banyak manfaat tetapi tiada yang dapat membuktikan bahawa 

kenyataan itu adalah benar atau pernah mencadangkan satu prosedur yang sistematik 

untuk membuktikan kecekapan MQL ini. Kajian ini adalah mengenai penyiasatan 

suhu pemotongan dan kuasa pemotongan dari corak aliran kabus dalam teknik MQL 

Jarak muncung dan memotong corak aliran bendalir adalah antara faktor yang boleh 

memberikan prestasi pemesinan optimum dari segi daya pemotongan dan suhu 

pemotongan. Objektif kajian ini adalah untuk menjalankan proses pemesinan 

menggunakan teknik MQL dengan kombinasi parameter semburan yang berbeza. 

Selain itu, ujikaji ini juga bertujuan untuk mengoptimumkan parameter semburan 

bagi suhu pemesinan minimum dan daya pemotongan. Empat jarak muncung iaitu 3, 

6, 7 dan 9 mm telah dipilih berdasarkan kepada keputusan yang diperolehi daripada 

Phase Doppler Anemometry (PDA). Prestasi pemesinan dinilai di bawah tiga tahap 

kelajuan pemotongan dan dua tahap kadar suapan pada kedalaman pemotongan 0.2 

mm. Daya pemotongan telah diukur dengan menggunakan dinamometer manakala 

suhu pemotongan menggunakan pengimejan terma. Didapati bahawa sudut semburan 

yang besar yang dihasilkan pada tekanan udara 0.4 MPa menghasilkan corak aliran 

kabus yang paling sesuai untuk pemesinan. Keputusan bagi OD30 menunjukkan 

bahawa daya dan suhu pemotongan pada jarak muncung sekitar 6 hingga 9 mm pada 

tekanan udara 0.4 MPa dapat dikurangkan.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

1.1 Introduction 

 

Machining or metal cutting process is one of the common manufacturing processes 

used to remove an unwanted material to achieve desirable shape and specific 

geometry and dimension in the production of mechanical components. The three 

most widely used cutting operations are turning, milling and drilling. Turning is a 

most commonly employed process by using a single point tool that removes 

unwanted material to produce a surface of revolution by holding the tool rigidly in a 

tool post and moved at a constant rate along the axis of the bar, cutting away a layer 

of metal to form a cylinder or a surface of more complex profile (Shaw, 2005).  

Machining process is greatly influenced by cutting fluid which is used to 

reduce the heat generated during machining process. Water was the first cutting fluid 

used in machining process and was replaced with other fluids as more studies done 

on the ability of water to perform as cutting fluid. Cutting fluid is widely used in 

machining process due to its ability to cool, lubricate and to convey the chips away 

from the cutting zone. As a result, it improves the tool life, protects the workpiece 

and tool from corrosion, improve surface finish and dimension accuracy of a product. 

Cutting fluid had acquired sufficient and proved to be necessary adjunct in high 

speed machining of difficult material such as the exotic steels and specially alloyed 

nonferrous metals. As the new methods of machining are constantly being 

developed, the cutting fluid industry provided machinist with a choice of several 
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cutting fluid. Straight mineral oils, combinations of mineral oils and vegetable oils, 

animal fats, marine oils, mixes of free sulphur and mineral oil are commonly used as 

cutting fluids and suds (Byers, 2006).  

 

 

Figure 1.1: Types of cooling method in machining process 

 

 Several techniques as shown in Figure 1.1 have been developed in recent 

years for controlling the temperature in the cutting zone in order to increase the 

overall effectiveness of the cooling process during the machining process. Dry 

machining is one of the methods introduced as a new way to reduce the environment 

pollution. No cutting fluids are supplied during the machining process under dry 

machining, but this method cannot be applied in all machining process due to some 

constraint. Not all the materials can be machined without cutting fluids and 

machining under dry condition reduces tool life and affects the finishing process due 

to high heat generation. Flood coolant method has been used extensively since 

cutting fluid was introduced in the machining industry. Cutting fluid is delivered 

excessively to cool and lubricate the cutting tool and workpiece subsequently reduces 

the heat generated at the tool-chip interface. With the rapid growth in the machine 

tool industry and the rising awareness of environmental and health issues leads to 

near dry cutting (Obikawa et al., 2008). Near dry cutting also known as minimum 

quantity lubricant (MQL) is another method of cooling. In MQL method a small 

amount of cutting fluid is carried by air jet directly to the cutting zone. The mists are 
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produced under the atomization process and are supplied to the cutting zone 

(Obikawa et al., 2006). The lubricant is directly sprayed into the tool-chip interface 

thus guarantees a good level of lubrication (Attanasio et al., 2005). The chip 

produced is flushed away from the cutting zone due to the action of compressed air. 

The machined surface is almost completely dry after machining process. The 

compress air not only contributes in transporting the oil particles, but it also helps in 

the cooling and chip removal process. The heat produced during cutting is removed 

by the injected air and the evaporation of the cutting fluid. The remaining cutting 

fluid vaporizes due to the high machining temperature. The high pressure jet cutting 

fluid with tiny droplets of oils decreases the friction between chip and the rake face 

during machining process. The tiny oil droplets penetrate into chip-tool interface thus 

reduces the cutting temperature and improves tool life to some extent. (Dhar et al., 

2006) 

 

 

1.2 Problem Statement 

 

Cutting fluid especially those containing oil have become a huge liability since 

Environmental Protection Agency (EPA) have classified them as hazardous wastes to 

the environment and human health. The application, maintenance and its disposal are 

high thus increasing the machining cost. Improper disposal of cutting fluid can cause 

pollution and long term effects. As the increasing number of the environmental 

protection laws and regulations, a new method uses minimum quantity lubricant 

(MQL) has been applied to supply the cutting fluid in machining process. 

MQL which is also referred as near-dry machining, an air-oil mixture fed 

onto the machining zone is a recently introduced technique in machining. MQL have 

been the most preferable choice in machining process due to its ability to reduce the 

coolant usage, safe environment and contribute the most in reducing machining cost, 

MQL process started to replace the flood coolant technique due to its ecological and 

fluid coolant benefits. Today, this method of lubricating is applied to other 

machining process such as drilling and milling. Some authors have estimated the 

total machining cost savings to be between 7 and 17 % (Duchosal et al., 2012).  
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From the previous research it was found that machining performance of 

cutting temperature and cutting force are affected by the lubricant type, flow rate, the 

distance between nozzle and tool tip, and the workpiece material. All these 

parameters are found to be dependent on the work material and process conditions. 

Only the appropriate oil quantity and appropriate distance between the nozzle and 

tool tip provides the optimum process condition. To achieve these, the correct 

amount of lubricant to be applied, type of lubricant to be used, the application 

method and the position of lubricant application should be considered. For example, 

it was assumed that the oil can penetrate the tool-workpiece interface due to high 

pressure of the compressed air that serves as a vehicle for the oil droplets. No 

comparison was made between the contact pressure at this interface and that of 

compressed air. These important parameters are not reported in many research 

documents and papers on near dry machining. Even though MQL is known for its 

many benefits but no one was able to prove that the statement is true or no one have 

ever suggested a systematic procedure to prove MQL’s efficiency. Insufficient 

recommendations can cause difficulties to make proper choices of the equipment and 

parameter in machining. The effectiveness and the working principle of MQL are 

still questionable with very few explanations provided.  

Meanwhile, the nozzle design and most preferable flow pattern have to be 

selected in order to achieve the best particle size for excellent penetration at chip-tool 

interface. The number of previous study on specific nozzle design and the best mist 

flow pattern are very limited thus it’s difficult to explain how MQL have greater 

cooling ability than conventionally supplied metal working fluid. Thus selecting the 

best design for nozzle head, nozzle distance from the tool tip and most desirable flow 

pattern for generating the best particle size would be a difficult task. The purpose of 

this study is to select an appropriate nozzle distance in turning process to improve the 

cutting temperature and cutting force using MQL cooling method. 
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1.3 Objective of study 

 

The specific objectives of this study are: 

 

i. To conduct the machining process using MQL techniques with different 

combination of spray parameters. 

ii. To optimize the spray parameters for minimizing the machining temperature 

and cutting forces.  

 

 

1.4 Scope of study 

 

The scopes of this study are: 

i. Cemented carbide was used as the cutting tool. 

ii. Mild steel AISI 1045 was used as the workpiece material. 

iii. NC Harrison Lathe machine was used for machining process. 

v. The study is based on the cutting parameter such as cutting speed, feed rate 

and depth of cut. These parameters are selected due to the easy control 

compare to other cutting parameters. 

vi. Machining under MQL condition with selected parameter input air pressure 

0.2, 0.3 and 0.4 MPa using nozzles with outlet diameter of 2.5 mm (OD25) 

and 3.0 mm (OD30). 

vii. Phase Doppler Anemometry was used to measure the particle distribution and 

particle size under various input pressure 

viii. Experiment parameters are; cutting speed, Vc = 100, 160 and 220 m/min, feed 

rate fr = 0.15, 0.30 mm/rev, depth of cut, d = 0.2 mm. 
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CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

 

There are many important aspects need to be considered before the process can be 

executed. As the technology grows, many improvements has been introduced to 

increase the efficiency and to reduce the cost of machining. Cost reduction is 

contributed by many aspects in machining. For example, by enhancing the tool life 

the machining cost can be reduced indirectly. To prolong tool life, the cutting 

temperature generated during machining process must be reduced. The common 

method used would be by supplying cutting fluid during machining process. 

However, using cutting fluids have been reported to cause many health problems to 

the workers such as skin disease, lungs infections and breathing problems. And the 

improper disposal of the cutting fluids pollutes the environment. Moreover, the cost 

to recycle the cutting fluids is higher compare to the machining cost. Most of the 

chemically modified cutting fluids need to undergo many steps of treatment before 

being disposed. To overcome this problem, many researches have been directed 

towards in minimizing the use of the cutting fluids or to totally eliminate them 

(Sreejith, 2008). Machining in dry conditions is not always favourable since it has 

many constraints and high heat generation. 
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2.2 Coolant Method 

 

The main functions of cutting fluids in machining processes are to cool, to lubricate 

and to make chip transport easier, to improve the tool life, the product surface finish 

and the dimension accuracy (Li et al., 2010). There are several types of cutting fluid 

delivery techniques applied in machining process. Conventional flood cooling 

applicant is a very common method of supplying cutting fluid in a stream flow to the 

tool-work interface. This method uses a large amount of cutting fluid during 

machining to reduce the heat generation. As an alternative to the conventional flood 

cooling method, minimum quantity lubrication (MQL) was introduced.  

 Cutting fluid is supplied in mist form under MQL method. This method is 

also known as near dry machining process which uses only ten to thousands of 

amount of cutting fluids used in flood cooling machining ( Machado and Wallbank, 

1997). This method was introduced to reduce the usage of cutting fluid which is the 

root to a high machining cost. Moreover, this method enables to reduce health 

problem among the workers and reduce environmental problems.  

 In other cases, machining was done without the use of cutting fluid and this 

method is called dry machining process (Groover, 2011). Naturally, a dry machining 

process is especially effective in reducing environmental damage (Yokota et al., 

2014). However, not all materials can be machined easily under dry conditions. Dry 

machining is less effective when operating in higher machining efficiency, better 

surface quality and severe cutting condition is required (Dhar et al., 2006b). There 

are lot of constraint in dry machining and only few types of material can be 

machined using this method. 

 

 

2.3 Minimum Quantity Lubrication (MQL) 

 

Minimum quantity lubrication (MQL) or near dry machining is a very commonly 

used term in machining industry. Gaitonde (2008) refers to MQL in machining as an 

alternative to completely dry or flood cooling method, which has been considered as 

one of the solutions for reducing the amount of cutting fluid to address the 
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environmental, economical and mechanical process performance concerns. The real 

explanation of MQL is a small amount of cutting fluid is mixed in the chamber with 

compressed air under the atomization process to produce small droplets of oil and air 

in mist form. In MQL, this fine mist containing oil droplet is being dispersed in a 

high velocity of air during machining process to the cutting interface. MQL refers to 

the use of cutting fluids of only a small amount of flow rate in the range of 50-500 

ml/h. The amount of cutting fluid used in MQL method is about three to four orders 

of magnitude lower than the amount of cutting fluid used in flood cooling condition 

(Dhar et al. 2006b, Gaitonde, 2008, Thakur, 2009). Less cutting fluid were used 

during machining with more effective results in the reduction of cutting force and 

cutting temperature. MQL also provide good job satisfaction by reducing machining 

cost and creating clean and easy to handle working place. 

 

 

2.3.1 Working principle and Delivery Method 

 

The small quantity of cutting fluid is often supplied to the cutting interface via the 

nozzle in the tiny droplets form. An atomizer blends the cutting fluid with high 

velocity of compressed air. The atomizer will convert the bulky liquid into mist and 

fog. Normally, the formation of droplet size ranging from 1 to 5 µm and it seems 

invisible due to their tiny size. However, the oil mist smaller than 10 µm in diameter 

may cause lung disease. The floating mist can be easily penetrated into the lungs and 

cause health problem such as breathing difficulties and lungs cancer (Obikawa et al., 

2009). Therefore, it is very important to spray an aproperiate amount of oil mist to 

the tool-chip interface. 

 In most cases, the mist is formed at the nozzle throat around the discharge 

outlet of the nozzle. Both oil and compressed air were blended together to create tiny 

particle size. On the other hand, atomizer chambers were used to produce mist. The 

mist was supplied to the tool-workpiece interface using external and internal nozzles.  

Figure 2.1 shows the external nozzle used to supply cutting fluid during turning 

process (Dhar et al., 2011). The coolant used was straight run cutting oil (VG 68) at a 
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flow rate of 60 ml/hr. The oil pressure was set at 2 MPa (20 bar) and the air pressure 

was 1.5 MPa (15 bar). 

 Meanwhile, Obikawa et al. (2009) used internal nozzle to supply cutting fluid 

to the edge of the cutting insert as shown in Figure 2.2. Small oil hole with the outlet 

diameter of 1.2 mm was drilled through in the tool holder from the bottom. A very 

small amount of oil dispensed at a time was mixed and stirred with compressed air at 

the inlet of an oil hole in a tool holder. The oil mist was then sprayed with the 

compressed air from only an outlet of a nozzle on the side of tool flank face. 

 

 

 

Figure 2.1: External nozzle in turning process (Dhar et al., 2011) 

 

 

 

Figure 2.2: Internal nozzle design (Obikawa et al., 2009) 
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2.3.2 MQL Droplets and Distribution 

 

The process of generating drops is called atomization. The process of atomization 

begins by forcing the liquid through a nozzle. The potential energy of the liquid was 

measured as liquid pressure for hydraulic nozzles or liquid and air pressure for two-

fluid nozzles. This potential energy of the liquid along with the geometry of the 

nozzle causes the liquid to emerge as small ligaments. These ligaments are then 

break up further into very small “pieces”, which are usually called drops, droplets or 

liquid particles as shown in Figure 2.3. 

 Each spray provides a range of drop sizes or diameter. This range is referred 

to as a drop size distribution. A simple explanation of this process is the breakup of 

liquid as it emerges from an orifice. Various spray nozzles have different shape of 

orifices and produce various spray patterns such as hollow cone, full cone and flat 

spray as shown in Figure 2.4. The drop size distributions are dependent on the nozzle 

type and vary significantly from one type to another. Other factors such as the liquid 

properties, nozzle capacity, spraying pressure and spray angle can affect the drop 

size as well (Schick, 2006, Rashid et al., 2012). 

 

 

 

Figure 2.3: Atomization process (Schick, 2006) 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



100 
 

 

 

 

REFERENCES 

 

 

Attanasio, A., Gelfi, M. Giardini, C. and Remino, C. (2005). Minimal quantity 

lubrication in turning: Effect on tool wear, Wear, 260(3), 333 – 338. 

Bhowmick, S., Lukitsch, M. J., and Alpas A. T., (2010). Dry and minimum quantity 

lubrication drilling of cast magnesium alloy (AM60). International Journal of 

Machine Tools & Manufacture, 50(5), 444 – 457. 

Bordin, A., Bruschi, S. and Ghiotti, A. (2014). The effect of cutting speed and feed 

rate on the surface integrity in dry turning of CoCrMo alloy. Procedia CIRP, 

13, pp. 219 – 224. 

Bowen, I. G. and Davies, G. (1951). Technical Report Ict 28. Shell Research Ltd. 

Braga, D. U., Diniz, A. E., Miranda, G. W. A. and Coppini, N. L.(2002). Using a 

minimum quantity of lubricant (MQL) and a diamond coated tool in the 

drilling of aluminum–silicon alloys. Journal of Materials Processing 

Technology, 122(1), 127 – 138. 

Broichsitter, M. B., Paulius, I. E., Greiner, A. and Kissel, T. (2015). Modified 

vibrating-mesh nozzles for advanced spray-drying applications. European 

Journal of Pharmaceutics and Biopharmaceutics, 92, 96 – 101. 

Bruce, L. T., Stephenson, D. A., Furness, R. J. and Shih, A. J. (2014). Minimum 

Quantity Lubrication (MQL) in Automotive Power train Machining. Procedia 

CIRP, 14, pp. 523 – 328. 

Byers, J. P. (2006). Metal working fluids, Second edition. Philadelphia: Woodhead. 

Chin, J. S., Nickolaus, D. and Lefebvre A. H. (1986). Influence of Downstream 

Distance on the Spray Characteristics of Pressure-Swirl Atomizers. Journal 

of Engineering for Gas Turbines and Power, 108(1), 219 – 224. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



101 
 

Chong, C. T. (2011). Combustion Characteristics of Alternative Liquid Fuels. 

Cambridge: University of Cambridge. 

Crosby, E. J. (1978). Atomization Considerations in Spray Processing. 1st 

International Conference of Liquid Atomization and Spray System, Tokyo. 

pp. 434 – 448. 

Dantec, D. (2006). BSA Flow Software Version 4.10 Installation & User’s Guide. 

Skovlunde: Denmark Dantec Dynamics A/S. 

D’Errico, G. E. (1998). An adaptive system for turning process control based on tool 

temperature feedback. Journal of Materials Processing Technology, 78, 43 – 

47. 

Dhar, N. R., Ahmed, M. T. and Islam, S. (2007). An experimental investigation on 

effect of minimum quantity lubrication in machining AISI 1040 steel. 

International Journal of Machine Tools & Manufacture, 47(5), 748 – 753. 

Dhar, N. R., Islam, M. W., Islam, S. and Mithu, M. A. H. (2006). The influence of 

minimum quantity of lubrication (MQL) on cutting temperature, chip and 

dimensional accuracy in turning AISI-1040 steel. Journal of Materials 

Processing Technology, 171(1), 93 – 99. 

Dhar, N. R., Kamruzzaman, M. and Ahmed, M. (2006). Effect of minimum quantity 

lubrication (MQL) on tool wear and surface roughness in turning AISI-4340 

steel. Journal of Material Processing Technology, 171(2), 299 – 304. 

Dhar, N. R. and Chowdhury, N. T. (2011). Experimental Analysis and Modeling of 

Tool Wear and Surface Roughness in Hard Turning under Minimum Quantity 

Lubricant Environment. Proceedings of the 2011 International Conference on 

Industrial Engineering and Operations Management. Kuala Lumpur, 

Malaysia. pp. 22 – 24. 

Dimla, D. E. (2004). The impact of cutting conditions on cutting forces and vibration 

signals in turning with plane face geometry inserts. Journal of Materials 

Processing Technology, 155–156, 1708 – 1715. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



102 
 

Dosbaeva, G.K., Hakim, M. A. E., Shalaby, M. A., Krzanowski, J. E. and Veldhuis, 

S. C. (2015). Cutting temperature effect on PCBN and CVD coated carbide 

tools in hard turning of D2 tool steel. International Journal of Refractory 

Metals and Hard Materials, 50, 1 – 8. 

Duchosal, A., Leroy, R., Vecellio L., Louste, C. and Ranganathan (2012). An 

experimental investigation on oil mist characterization used in MQL milling 

process. International Journal of Advance Manufacturing Technology, 63(1), 

77 – 80 

Dynamics, D. (2011). Particle Characterization. Denmark Skovlunde. 

Edward, M. and Trent, P. K. (2000). Metal Cutting, Fourth Edition. Butterworth: 

Heinemann. 

Gaitonde, V. N., Karnik, S. and Davim, J. P. (2008). Selection of optimal MQL and 

cutting conditions for enhancing machinability in turning of brass. 

International Journal of Materials Processing Technology, 204(1-3), 459 – 

464. 

Galván, E.M., Anton, R., Ramos, J. C. and Khodabandeh, R. (2013). Effect of the 

spray cone angle in the spray cooling with R134a. Experimental Thermal and 

Fluid Science, 50 , 127 – 138. 

Gao, Z., Ma, S., Shi, D., Wang, J., Bao, Y. and Cai, Z. (2015). Droplet characteristics 

and behaviors in a high-speed disperser. Chemical Engineering Science, 126, 

329 – 340. 

Groover, M. (2011). Principles of Modern Manufacturing . USA: John Wiley & 

Sons. 

Guan, L., Tang, C., Yang, K., Mo, J. and Huang, Z. (2015). Effect of di-n-butyl ether 

blending with soybean-biodiesel on spray and atomization characteristics in a 

common-rail fuel injection system. Fuel, 140, 116 – 125. 

Hakim, M. A. E. and Shalaby, M. A., Veldhuis, S. C. and Dosbaeva, G. K. (2015). 

Effect of secondary hardening on cutting forces, cutting temperature, and tool 

wear in hard turning of high alloy tool steels. Measurement, 65, 233 – 238. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



103 
 

Hasssan, E. H. (2007). Machining Processes Conventional and Nonconventional 

Processes. UK: Taylor & Francis Group. 

Heinemann, R., Hinduja, S., Barrow, G. and Petuelli, G.(2006). Effect of MQL on 

the tool life of small twist drills in deep-hole drilling. International Journal of 

Machine Tools & Manufacture, 46(1), 1 – 6. 

Hiroyuki, S., Akira, I. and Tomoharu, S. (2006). Effects of Co content and WC grain 

size on wear of WC cemented carbide. Wear, 261(2), 126 – 132. 

Honary, L. A. T. and Richter, E. (2011). Biobased Lubricants and Greases 

Technology and Products. New York: John Wiley & Sons. 

Husted, B. P., Petersson, P., Lund, I. and Holmstedt, G. (2009). Comparison of PIV 

and PDA droplet velocity measurement techniques on two high-pressure 

water mist nozzles. Fire Safety Journal, 44(8), 1030 – 1045. 

Iskandar, Y., Tendolkar, A., Attia, M. H., Hendrick, P., Damir, A. and Diakodimitris, 

C. (2014). Flow visualization and characterization for optimized MQL 

machining of composites. CIRP Annals - Manufacturing Technology, 63(1), 

77 – 80. 

Jae, H. K., Heuy, D. K., and Kyung, A. P. (2006). Computational/experimental study 

of a variable critical nozzle flow. Flow Measurement and Instrumentation, 

17(2), 81 – 86. 

Jayal, A. D. and Balaji, A. (2009). Effects of cutting fluid application on tool wear in 

machining: Interactions with tool-coatings and tool surface features. Wear, 

267, 1723 – 1730. 

Kedar, S. B., Borse, D. R. and Shahane, P. T. (2014). Effect of Minimum Quantity 

Lubrication (MQL) on Surface Roughness of Mild Steel of 15HRC on 

Universal Milling Machine. Procedia Materials Science, 6, 150 – 153. 

Khan M. M. A., Mithua, M. A. H. and Dhar, N. R. (2009). Effects of minimum 

quantity lubrication on turning AISI 9310 alloy steel using vegetable oil-

based cutting fluid. Journal of Materials Processing Technology, 209, 5573 – 

5583. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



104 
 

Kim, J. G., Han, Y. M., Cho, H. S. and Yoon, Y. (2013). Study on spray patterns of 

gas-centered swirl coaxial (GCSC) injectors in high pressure conditions. 

Aerospace Science and Technology, 27(1), 171 – 178. 

Kim, W. I., Lee, K. and Lee, S. K. (2015). Spray and atomization characteristics of 

isobutene blended DME fuels. Journal of Natural Gas Science and 

Engineering, 22, 98 – 106. 

Kuan, M. L. and Shih, Y. (2010). Experimental evaluation of minimum quantity 

lubrication in near micro milling. Journal of Materials Processing 

Technology, 210(15), 2163 – 2170. 

Kumara, W. A. S., Elseth, G., Halvorsen, B. M. and Melaaen, M. C. (2010). 

Comparison of Particle Image Velocimetry and Laser Doppler Anemometry 

measurement methods applied to the oil-water flow in horizontal pipe. Flow 

Measurement and Instrumentation, 21(2), 105 – 117. 

Kyung, H. P., Olortegui, Y. J. and Moon, C. Y. (2010). A study on droplets and their 

distribution for minimum quantity lubricant (MQL). International Journal of 

Machine Tools & Manufacture, 50(9), 824 – 833. 

Lee, S. and Park, S. (2014). Experimental study on spray break-up and atomization 

processes from GDI injector using high injection pressure up to 30 MPa. 

International Journal of Heat and Fluid Flow, 45, 14 – 22. 

Lefebvre, A. H. (1983). Gas Turbine Combustion. Washington, D.C.: Hemisphere 

Publishing Corporation. 

Lefebvre, A. H. (1989). Atomization And Sprays. New West, USA: CRC Press 

Taylor & Francis Group. 

Li, A., Zhao, J., Wang, D., Gao, X. and Tang, H. (2013). Three-point bending fatigue 

behavior of WC–Co cemented carbides. Materials and Design, 45, 271 – 278. 

Liao, Y. S., Lin, H. M. and Chen, Y. C. (2007). Feasibility study of the minimum 

quantity lubrication in high-speed end milling of NAK80 hardened steel by 

coated carbide tool. International Journal of Machine Tools & Manufacture, 

47(11), 1667 – 1676. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



105 
 

Li, L., Li, B., Ehmann, K. F. and Li, X. (2013). A thermo-mechanical model of dry 

orthogonal cutting and its experimental validation through embedded micro-

scale thin film thermocouple arrays in PCBN tooling. International Journal 

of Machine Tools & Manufacture, 70, 70 – 87. 

Liu, C., Liu, F., Yang, J., Mu, Y. and Xu, G. (2015). Investigations of the effects of 

spray characteristics on the flame pattern and combustion stability of a swirl-

cup combustor. Fuel, 139, 529 – 536. 

Machado, A. R. and Wallbank, J. (1997). Effect of extremely low lubricant volumes 

in machining. Wear 210(1-2), 76 – 82. 

Mantari, M. H. (2011). Socio-Economic and Feasibility Study of Utilising Palm Oil 

Derived Biofuel in Malaysia. Oil Palm Industry Economic Journal, 11(1), 23 

– 27. 

Mugele, R. A. and Evans, H. D. (1951). Droplet Size Distribution in Sprays. 

Industrial & Engineering Chemistry, 43(6), 1317 – 1324. 

Nath, C., Kapoor, S. G., DeVor, R. E., Srivastava, A. K. and Iverson , J. (2012). 

Design and evaluation of an atomization-based cutting fluid spray system in 

turning of titanium alloy. Journal of Manufacturing Processes, 14(4), 452 – 

459. 

Nath, C., Kapoor, S. G., Srivastava, A. K. and Iverson, J. (2013). Effect of fluid 

concentration in titanium machining with an atomization-based cutting fluid 

(ACF) spray system. Journal of Manufacturing Processes, 15(4), 419 – 425. 

Naves, V. T. G., Silva, M. B. D. and Silva, F. J. D. (2013). Evaluation of the effect of 

application of cutting fluid at high pressure on tool wear during turning 

operation of AISI 316 austenitic stainless steel. Wear, 302(1-2), 1201 – 1208. 

Obikawa, T., Asona, Y. and Kamata, Y. (2009). Computer fluid dynamics analysis 

for efficient spraying of oil mist in finish-turning of Inconel 718. 

International Journal of Machine Tools & Manufacture, 49(12-13), 971 – 

978. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



106 
 

Obikawa, T., Kamata, Y. and Shinozuka, J. (2006). High-speed grooving with 

applying MQL. International Journal of Machine Tools & Manufacture, 

46(14), 1854 – 1861. 

Obikawa, T., Kamata, Y., Asano, Y., Nakayama, K. and Otieno, A. W. (2008). 

Micro-liter lubrication machining of Inconel 718. International Journal of 

Machine Tools & Manufacture, 48(15), 1605 – 1612. 

Ortman, J. and Lefebvre, A. H. (1985). Fuel Distributions from Pressure-Swirl 

Atomizers. Journal of Propulsion and Power, 1(1), 11 – 15. 

Park, S. H., Kim, H. J., Suh, H. K. and Lee, C. S. (2009). Atomization and spray 

characteristics of bioethanol and bioethanol blended gasoline fuel injected 

through a direct injection gasoline injector. International Journal of Heat and 

Fluid Flow, 30(6), 1183 – 1192. 

Raffel, M. W. (2007). Particle Image Velocimetry a Practicle Guide, Second 

Edition. USA: Journal Aerospacelab 

Rahim, E. A. and Sasahara, H. (2011). A study of the effect of palm oil as MQL 

lubricant on high speed drilling of titanium alloys. Tribology International, 

44(3), 309 – 317. 

Rashid, M. S., Hamid, A. H., Sheng, O. C. and Ghaffar, Z. (2012). Effect of Inlet 

Slot Number on the Spray Cone Angle and Discharge Coefficeient of Swirl 

Atomizer. Procedia Engineering, 41, 1781 – 1786. 

Rogante, M. (2009). Characterisation and tool performance of sintered carbide 

inserts during automatic machining of AISI 1045 steel. Journal of Materials 

Processing Technology 209(10), 4776 – 4783. 

Rosen, J. (2009). Encyclopedia of Physical Science. New York: Infobase Publishing. 

Sai, S. S., Manojkumar, K. and Ghosh, A. (2015). Assessment of spray quality from 

an external mix nozzle and its impact on SQL grinding performance. 

International Journal of Machine Tools & Manufacture, 89, 132 – 141. 

Schick, R. J. (2006). Spray Technology Reference Guide: Understanding Drop Size. 

USA: Spraying Systems Co. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



107 
 

Sharma, V.S., Dogra, M. and Suri, N. M. (2009). Cooling techniques for improved 

productivity in turning. International Journal of Machine Tools & 

Manufacture, 49(6), 435 – 453. 

Shaw, M. C. (2005). Metal cutting Principle, Second Edition. US: Oxford University 

Press. 

Sovania, S. D., Choua, E., Sojka, P. E., Gore, J. P., Eckerle, W. A. and Crofts, J. D. 

(2001). High pressure effervescent atomization: Effect of ambient pressure on 

spray cone angle. Fuel, 80(3), 427 – 435. 

Soares, R. R. and Barbosa, H. C. (2013). Biospeckle PIV (Particle Image 

Velocimerty) for analysing fluid flow. Flow Measurement and 

Instrumentation, 30, 90 – 98. 

Sreejith, P. (2008). Machining of 6061 aluminium alloy with MQL,dry and flooded 

lubricant conditions. Materials Letters, 62(2), 276 – 278. 

Sridhar, H., Hassan, Y. A. and McFarland, A. R. (2005). Computational fluid 

dynamics simulation of a rectangular slit real impactor’s performance. 

Nuclear Engineering and Design, 235(9), 1015 – 1028. 

Suh, H. K., Park, S. W. and Lee, C. S. (2007). Effect of piezo-driven injection 

system on the macroscopic and microscopic atomization characteristics of 

diesel fuel spray. Fuel, 86(17-18), 2833 – 2845. 

Supekar, S. D., Clarens, A. F., Stephenson, D. A. and Skerlos, S. J. (2012). 

Performance of supercritical carbon dioxide sprays as coolants and lubricants 

in representative metalworking operations. Journal of Materials Processing 

Technology, 212(12), 2652 – 265. 

Tasdelen, B., Wikblomb, T. and Ekered, S. (2008). Studies on minimum quantity 

lubrication (MQL) and air cooling at drilling. Journal of Materials 

Processing Technology, 200(1-3), 339 – 346. 

Tawakoli, T., Hadad, M. J. and Sadeghi, M. H. (2010). Influence of oil mist 

parameter on minimum quantity lubrrication MQL grinding process. 

International Journal of Machine Tools & Manufacture, 50, 521 – 531. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



108 
 

Tawakoli, T., Hadad, M. J. and Sadeghi, M. H. (2010). Investigation on minimum 

quantity lubricant-MQL grinding of 100Cr6 hardened steel using different 

abrasive and coolant–lubricant types. International Journal of Machine Tools 

& Manufacture, 50(8), 698 – 708. 

Taylor, B. N. (1994). Guidelines for Evaluating and Expressing the Uncertainty of 

Nist Measurement Results: Nist Technical Note 1297. In Commerce, USDo, 

ed. Gaithersburg, Maryland: National Institute of Standards and Technology. 

Thakur, D. G. (2009). Optimization of Minimum Quantity Lubrication Parameters in 

High Speed Turning of Superalloy Inconel 718 for Sustainable Development. 

World Academy of Science, Engineering and Technology, 54(5), 224 – 226. 

Thepsonthi, T., Hamdi, M. and Mitsui, K. (2009). Investigation into minimal-cutting-

fluid application in high-speed milling of hardened steel using carbide mills. 

International Journal of Machine Tools & Manufacture, 49(2), 156 – 162. 

Tomohiro, Y., Takekazu, S., Yokouchi, M., Tozawa, K., Anzai, M. and Aizawa, T. 

(2014). Frictional properties of diamond-like carbon coated tool in dry 

intermittent machining of aluminum alloy 5052. Precision Engineering, 

38(2), 365 – 370. 

Wang, B., Liu, Z. and Yang, Q. (2013). Investigations of yield stress, fracture 

toughness and energy distribution in high speed orthogonal cutting. 

International Journal of Machine Tools & Manufacture, 73, 1 – 8. 

Wang, X. F. and Lefebvre, A. (1987). Mean Drop Size from Pressure Swirl 

Atomizer. Journal of Propulsion, 3(1), 11 – 18. 

Wang, X., Huang, Z., Kuti, O. A., Zhang, W. and Nishida, K. (2010). Experimental 

and analytical study on biodiesel and diesel spray characteristics under ultra-

high injection pressure. International Journal of Heat and Fluid Flow, 31(4), 

659 – 666. 

Wang, X., Huang, Z., Kuti, O. A., Zhang, W. and Nishida, K. (2011). Effects of 

ultra-high injection pressure and micro-hole nozzle on flame structure and 

soot formation of impinging diesel spray. Applied Energy, 88(5), 1620 – 

1628. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



109 
 

Wang, Y., Yan, X., Li, B. and Tu, G. (2012). The study on the chip formation and 

wear behavior for drilling forged steel S48CS1V with TiAlN-coated gun drill. 

International Journal of Refractory Metals and Hard Materials, 30(1), 200 – 

207. 

Wit, G., Damian, K. and Krzysztof, Z. (2013). A new mechanistic friction model for 

the oblique cutting with tool wear effect. Tribology International, 6, 49 – 53. 

Wu, Z., Huang, Z. and Hao, L. (2002). An image-shifting technique based on grey-

scale classification for particle image velocimetry. Optics and Lasers in 

Engineering, 38(6), 567 – 575. 

Xavior, M. A. and Adithan, M. (2009). Determining the influence of cutting fluids on 

tool wear and surface roughness during turning of AISI 304 austenitic 

stainless steel. Journal of Materials Processing Technology, 209(2), 900 – 

909. 

Yea, G. G., Xue, S. F., Ma, W., Jiang, M. Q., Ling, Z., Tong, X. H. and Dai, L. H. 

(2012). Cutting AISI 1045 steel at very high speeds. International Journal of 

Machine Tools & Manufacture, 56, 1 – 9. 

Zeilmann, R. P. and Weingaertner, W. (2006). Analysis of temperature during 

drilling of Ti6Al4V with minimal quantity of lubricant. Journal of Materials 

Processing Technology, 179(1-3), 124 – 127. 

Zhang, Z., Zhao, C., Xie, Z., Zhang, F. and Zhao, Z. (2014). Study on the Effect of 

the Nozzle Diameter and Swirl Ratio on the Combustion Process for an 

Opposed-piston Two-stroke Diesel Engine. Energy Procedia, 61, 542 – 546. 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH




