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ABSTRACT 

The growing demand for higher productivity, product quality and overall economy in 

manufacturing by machining, particularly to meet the challenges thrown by liberalization and 

global cost competitiveness, insists high material removal rate, high stability and long life of 

cutting tools. However, machining of advanced engineering materials like Ti-6Al-4V alloys is 

intrinsically associated with high heat and cutting temperatures. In modern industry, mechanical 

parts are subjected to friction and wear, leading to heat generation, which affects the reliability, 

life and power consumption of machinery. Although cutting fluids are employed to control the 

high machining zone temperatures, their usage possesses health hazards and in addition leading 

to higher machining cost. To encounter this problem, in recent years, solid lubricant assisted 

machining concept has been introduced to achieve enhanced lubricity and increased tool life in 

demanding tribological applications. 

This work attempts to fill some of the gaps in contemporary research in improving the 

machining performance. On the experimental front, in the first phase an attempt has been made 

to investigate and evaluate the tribological (friction and wear) characteristics of various solid 

lubricants like molybdenum disulfide (MoS2), graphite and boric acid at different sliding 

conditions. An experimental set-up has been developed for effective supply of solid lubricants to 

the pin-disc interface zone. The results show that friction coefficient increases with increase in 

applied load for all the considered environments. The tribological properties with MoS2 solid 

lubricant exhibit larger load carrying capacity than that of graphite and boric acid. Very few and 

sparse efforts have been made to investigate the role of solid lubricant film thickness and its 

measurements during sliding condition. This research work is carried out with an aim to develop 

optimum MoS2 solid lubricant suspension with different weight fractions and particle size to 
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analyze the tribological properties to assess its suitability for various industrial machining 

applications. To accomplish this, an experimental set-up has been developed to examine and 

measure the lubricant film thickness at various particle size and concentration of solid lubricants. 

A four-ball tester machine is used to assess the wear prevention (WP) and extreme pressure (EP) 

properties of lubrication oils. Experiments were performed on four-ball tester to determine WP 

properties and EP properties of solid lubricant additives of lubricated sliding surfaces using a 

variation of standard ASTM D2783 (WP test) and ASTM D4172 (EP test). The results obtained 

from the experiments showed that use of MoS2 solid lubricants with lesser particle size provided 

effective thin film thickness in comparison to solid lubricants with large particle size. Results 

revealed that optimum particle size and concentration of suspended MoS2 solid lubricants in base 

oil improve the tribological properties with an intended life time of the surfaces. 

Hard turning is associated with high heat generation at tool-chip interface zone causing 

an adverse effect on the surface quality of the final product. The current investigation deals with 

studies concentrated on the usage of MoS2 as solid lubricant in order to reduce friction 

coefficient for improving the machining process performance. In this direction, in the present 

research work, the feasibility of a novel approach for developing a new generation of machining 

technique namely electrostatic high velocity solid lubricant (EHVSL) experimental set-up has 

been envisaged with an aim to improve process performance and to eliminate cutting fluid usage 

in machining process. To investigate the role of developed EHVSL system, turning experiments 

are conducted on Ti-6Al-4V alloy at varying speed, feed and depth of cut considering surface 

roughness, cutting force and tool wear as performance indices. A detailed comparison has been 

made with other cooling techniques like minimum quantity solid lubricant (MQSL), minimum 

quantity lubricant (MQL), wet and dry cutting conditions using carbide cutting tool inserts with 
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an objective to reduce overall machining cost and improve machining performance. Results 

indicate that EHVSL with supplying MoS2 solid lubricant mixture at a constant flow rate and  

lower volume results in a better penetration of solid lubricants into the tool-chip-workpiece 

interface, achieving improved surface roughness and long life of the cutting tool more effectively 

than MQSL, MQL, wet and dry machining at high cutting speed conditions. 

In order to reduce the cutting temperature in the machining process, lubricant must 

adequately cover the tool-chip-workpiece interface. Different process parameters (air pressure, 

quantity of lubrication, position of nozzle, and nozzle distance) of the developed EHVSL spray 

method have various effects on the machinability performance. The cutting force and surface 

roughness, which are closely related to lubrication and coolant, play significant role in 

improving/reducing the machinability of a workpiece and extending/shortening the tool life. This 

work investigates the effect of optimum machining process parameters. The results revealed that 

the penetration ability of EHVSL spray system has a significant effect on cutting force and 

surface roughness. It was observed that when the nozzle tip spraying distance and compressor air 

pressure were either too large or too small, it is not effective for lubricant mist to penetrate into 

the tool-chip and tool-workpiece interface zone. The nozzle position (spraying angle) has found 

minimum impact on penetration ability of lubricants in the contact zone. Further, effective 

delivery of sufficient amount of solid lubricant to high temperature zone is the most important 

part of EHVSL application.  

Modeling of machining process to associate/predict cutting parameters with cutting 

performance is very important for the manufacturing industry. Optimization of machining 

process is an essential part in improving the performance of machining since these parameters 

majorly influence on production cost, quality and time of the finished products. Due to wide 
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spread application of sophisticated and highly automated machine tools, manufacturing 

industries constantly seek for models and methods that are highly reliable for predicting the 

machining process performance. Group Method of Data Handling (GMDH) technique has been 

used for correlating interactions of various cutting parameters on surface roughness during 

turning operation. Consequently such a self-organizing modelling approach is useful in both 

modeling and prediction in an advanced manufacturing system where it is necessary to model 

and predict the surface roughness during machining operations.  

The current research work also includes modeling of metal cutting process and its 

simulation to comprehend physical cutting process variables, such as, cutting force, and chip 

thickness by relating the same with practical conditions during dry and lubricant machining 

conditions. A 2D (two dimensional) finite element model was developed for orthogonal 

machining process for the current study. A Johnson-Cook material model with an energy-based 

ductile failure criterion is presented to predict Ti-6Al-4V alloy with the effect of different 

coolant supply strategy (dry, lubricant) on cutting performance in turning process. A comparison 

between experimental and predicted cutting force and chip thickness at varying speed and feed 

conditions was proposed and discussed. The results showed a good agreement with the predicted 

cutting force and chip thickness with varying friction coefficient at tool-chip interface. 

The present research work is expected to form a scientific basis towards developing 

EHVSL technique for reducing the impact of difficulty in the machining of aerospace 

components made of difficult-to-machine materials like Ti-6Al-4V alloy in terms of both 

machinability and environmental perspectives. 

Keywords: Ti-6Al-4V alloy, solid lubricant, friction, wear, FEM simulation, Abaqus/Explicit, 

cutting force, surface roughness, tool wear. 
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CHAPTER 1 

INTRODUCTION 

Contemporary manufacturing industries undergo rapid changes due to the ever 

increasing demands of customers for variety of reliable and sophisticated parts and 

products. Machining of advanced engineering materials like titanium alloys are used 

mostly in automobile and aerospace industries has been a topic of great curiosity for 

industrial production and scientific world. In modern industry, mechanical parts are 

subjected to friction and wear, leading to heat generation, which affects the reliability, 

life and power consumption of machinery. Effective cooling and lubrication in the 

machining zone are essential to improve friction and temperature by efficient heat 

dissipation which increases tool life and surface quality. New machining techniques 

are to be investigated to achieve this objective. Therefore, there is a need to 

concentrate efforts in this direction to overcome the above stated drawbacks and to 

look into new machining methods to achieve sustainable machining system. The 

current chapter describes the background, aim and scope of the present research. 

Research methodology, over view and organization of the thesis is also included. 

1.1 Background 

Machining is one of the most important and challenging tasks across the 

manufacturing community which involve controlled material removal from the 

workpiece using a cutting tool. Machining of advanced engineering materials like 

titanium alloys is receiving increasing attention in industrial production and scientific 

world. This is because of their superior physical and mechanical properties such as 

medium to high temperature strength, high strength-to-weight ratio, fracture and 
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corrosion resistance and bio-compatibility. This unique set of properties makes them 

ideal for a variety of engineering applications including automotive engine 

components, aerospace, turbines, biomedical devices, etc. However, great challenge is 

posed in the process of machining with poor thermal conductivity and low  

elongation-to-break ratio of Ti-6Al-4V alloys, because of the development of extreme 

temperature with relatively small tool-chip interface zone. Ezugwu and Wang [1] 

reported that high cutting temperature acting close to the tool-chip interface during 

high speed machining of Ti-6Al-4V alloy is the principal reason for rapid tool wear. 

During past several decades in industries, low cutting speeds were used to 

reduce the possibility of high tempering of tool materials. The challenges imposed by 

liberalization and global cost competitiveness have led the contemporary 

manufacturing industries to meet the increasing demand of higher productivity, 

product quality and overall economy in machining processes like turning, grinding, 

milling, and drilling in terms of high material removal rate, high stability and long life 

of cutting tools [2]. With increasing demand for components with high accuracy and 

precision, the field of machining of high strength materials required to be significantly 

developed [3]. In order to achieve the present requirement of productivity and product 

quality, high cutting speed for hard-to-cut materials is now recognized as one of the 

key processes in advanced machining technology to achieve high material removal 

rate (MRR), increased machining accuracy, low cutting forces, decrease in workpiece 

distortion, increased part precision and better surface finish. Manufacturers 

continually strive for ways and means to achieve better quality and higher 

productivity in any machining operation to maintain their competitiveness. It is also 

required to reduce lead-time and manufacturing cost. Workpiece and cutting tool 
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surface undergo thermal damage due to the excessive temperature at the cutting zone. 

These high temperatures also have adverse effect on the metallographic properties of 

the machined surface. 

Hard turning process is often associated with high heat generation at 

machining zone due to friction and plastic deformation of work material at tool-chip 

interface [4]. However, machinability of Ti-6Al-4V alloy is extremely complex due to 

its low thermal conductivity; high work hardening ratio and high chemical affinity 

with most of the tool materials accelerate tool wear, poor surface quality and diminish 

productivity [1]. Titanium alloys tend to adhere onto the tool surface due to high 

temperature presented at cutting edge during machining (>1000°C), and at low cutting 

speed conditions, the built-up edge (BUE) is frequently observed [5]. High cutting 

forces acting in shearing zone promote high friction with high heat generation and 

consequently develop high temperature that accelerates tool wear [6]. Effective 

counter measures to govern heat generation at cutting interface is strongly required to 

ensure simultaneous improvement of productivity and product quality of machining 

operations. Thus, use of proper lubrication in machining processes is critically 

important to modify the conditions of contact area by effective control over frictional 

interaction which should ensure change in tool-chip interface and machining 

mechanics [7].   

Application of cutting fluid in machining processes has two main objectives: 

(i) diminish friction by lubricating action and (ii) reduce cutting temperature by 

cooling action [6]. As lubricant is delivered in machining zone, cutting fluid must be 

present at tool-chip-workpiece interface and be active (preferably combining with the 
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materials) to form layers with reduced shearing strength and friction. Application of 

cutting fluid increases thermal convection. The combination of these lubri-cooling 

actions reduces tool wear, improves surface quality and augments productivity [6]. It 

is normal practice to use cutting fluids in large quantities while machining to exploit 

cooling, lubrication and chip removal. Using large quantity of cutting fluids leads to 

difficulties in procurement, disposal, storage and maintenance. Increase in pollution-

preventing measures at a global level and consumer focus being directed towards 

environmental friendly products has increased pressure on industries to minimize or 

eliminate the cutting fluid usage [8]. Conventional metalworking fluids are not 

economic as they consume 7-17% of the total machining cost and eventually 16-20% 

of the total product cost. This percentage is quite high in contrast to the cost of cutting 

tool which accounts to 2-4% of total product cost. [9]. Cost of cutting fluid is often 

higher than cost of cutting tools. So, strict regulations on environmental protection are 

restrictive to the use of metalworking fluids. 

Further, application of metalworking fluids extensively in machining process 

results in substantial volume of scrap/waste. In order to be friendly with environment 

like water bodies, water sources etc., use of cutting fluid and handling of its 

scrap/waste should be handled responsibly, through precautionary steps like prior 

treatment and proper handling of fluid wastes. It is worth mention the fact that the 

pre-treatment cost of the cutting fluid is often more than the price of the cutting fluid 

and since completely effective treatment is always not ensured, disposal may cause 

advertent contamination of water [10].  

Besides the potential risk to environmental diseases caused by handling of 
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used cutting fluid waste stream, the use of fluids also pose serious threat to health as 

emphasized earlier. The statistics of National Institute for Occupational Safety and 

Health (NIOSH) reveal that around 12 lakh employees expose themselves to metal 

working fluids, working in areas like forming, machining and allied metal work.  Use 

of cutting fluids in machining gives rise to airborne mist which has been medically 

linked to the workers’ health concerns like respiratory illnesses and several types of 

cancer [11]. This makes cutting fluid usage a potential health concern of both long 

and short term consequences. Therefore, problems associated with these cutting fluids 

on environmental concerns forced manufacturers to seek possible elimination of them 

in order to meet the demands of environment free manufacturing. There is a tradeoff 

between using either dry machining or flood cooling machining [8]. In order to 

sustain the competition across the marketing community, one should focus on 

reducing the cutting cost and minimizing the associated environmental pollution [12].  

However, machining without cutting fluid finds industrial acceptance only 

when it is possible to guarantee good surface quality without compromising the rate 

of MRR. Dry machining leads to poor outcome with rough surface finish and less 

accuracy, while cooling machining faces environmental issues and increased 

machining cost [8]. Few attempts were made to reduce the overall machining cost and 

to prevent environmental pollution while seeking to eliminate/minimize the usage of 

large quantity of cutting fluids and improve the machining properties (reduction in 

tool wear, friction, cutting force and surface roughness and improvement in 

metallurgical properties) during dry machining. However, cutting tools do not sustain 

the high heat generated at the machining zone during the machining of advanced 

engineering materials like Ti-6Al-4V alloy.  
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Machining without the use of large quantity of cutting fluid (green machining 

or sustainable machining or dry machining) as environmental protection is becoming 

increasingly important due to the apprehension about safety of environment. Dry/near 

dry cutting has the advantage of non-polluting atmosphere or water bodies, with 

reduced costs of cleaning and disposal; no hazard to health as they are non-allergic to 

skin [6]. To address cutting fluid penetration issue, high-pressure cooling (HPC) has 

been proposed for hard machining applications in which a high pressure spray of 

cutting fluid is directed to tool-chip interface [13]. However, HPC is a wasteful and 

energy-intensive cooling technique that requires both high pressures and flow rates of 

70-160 bar and 2-20 l/min respectively.  

To increase cooling potential beyond flood and high-pressure cooling, 

cryogenic cooling systems have been developed in which liquid nitrogen (LN2) is 

sprayed into the tool-chip interface or into a pre-machined hole in the tool during 

titanium machining [14]. However, cryogenic cooling is often prohibitively expensive 

due to use of LN2 which also requires high system flow rate (i.e. 0.75-4 l/min), 

making this process energy intensive requiring a specialized high flow rate pump 

[15]. Hence, there is a need to concentrate efforts in this direction to overcome the 

drawbacks mentioned above, and to look into new cooling and lubrication system that 

effectively penetrates cutting fluid into the tool-chip interface and increases tool life 

during titanium alloy machining while more efficiently utilizing cutting fluid and 

system energy. Hence, to achieve acceptable response level of cooling effect while 

maintaining flow rate at minimum, it is well sufficient to apply coolant to the        

tool-chip interface effectively by using controlled and focused jets. [6]. 



7 

 

Increasing the productivity in any manufacturing industry through reduction in 

cost by the elimination of cutting fluids will decrease the environmental hazards and 

at the same time improving tribological properties are the main concerns. 

Accordingly, to overcome the above drawbacks and to look into new machining 

methods for controlling high heat generation, and for achieving sustainable machining 

system, there is a need for concentrated efforts in terms of applying lubricants 

effectively in the machining zone. In demanding, the improvement of productivity 

and product quality of machining process, use of solid lubricant in the machining zone 

is suggested as one of the necessary alternative machining technique to apply 

lubricants effectively to the high temperature zone [16]. 

Increasing demands for more accurate and precise components with high 

integrity and high machining technology of hard materials need to be significantly 

developed. Evolution in modern machining process has identified many economic and 

eco-friendly solid lubricants, which are able to withstand lubricity over a wide range 

of concentration and temperatures. Solid lubricants are also attractive in promoting as 

dry machining [6]. The application of solid lubricants include free from pollution of 

the atmosphere which result in reduced cleaning and disposal cost and cause no 

danger to health as they are non-allergic to skin [8]. During the machining of  

AISI 1040 steel workpiece with carbide cutting insert, parameters such as cutting 

force, specific energy and surface roughness are improved due to the usage of solid 

lubricants in the machining process [17]. Also, solid lubricant assisted machining 

produced lower rates of tool wear when compared with dry and wet machining 

conditions. MoS2 and graphite are used as coolants during milling of AISI 1045 steel. 

It was observed that MoS2 served as better coolant over graphite as it resulted in 
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significantly lower friction values at tool-workpiece interface. [18]. 

Internally layer structured solid lubricant additives have broadly been studied 

and offer excellent machining performance in terms of improved tool life and surface 

roughness [8]. Solid lubricants being used as anti-wear and extreme additives in base 

oil, graphite and MoS2 [18] of small size were interacted more readily with the sliding 

surfaces of the friction pairs to form a thin protective film, which increases anti-wear 

ability of sliding surface. By virtue of low shear strength of materials and their 

intrinsic crystalline structures, good friction and wear reduction performances were 

noticed, where, bonding among molecules within each layer is a strong covalent 

whereas every two adjacent layers are bonded together by weak Van der Waals forces 

[6]. A good improvement in cutting force, tool wear reduction performances was 

observed due to the low shear strength of the materials as a result of their intrinsic 

crystal structure [17 &18]. Substantial improvement was observed in the tribological 

properties of the base-oil as a consequence of application of solid lubricants on the 

sliding interface [4]. 

Solid lubricants with thin film formation can adequately work under extreme 

conditions of temperature, load and speed [18]. Use of solid lubricant suspension with 

thin viscous lubricant along with sliding interface can effectively work under extreme 

conditions. [8]. To achieve improved performance in terms of better tool life and 

surface roughness, solid lubricants need to be applied effectively at the too-chip 

interface [6,8 & 16-18]. Solid lubricants are also attractive in promoting dry 

machining and environment-friendly process.  

Turning is of utmost importance in manufacturing industries like aerospace, 
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automotive, and forging sectors that give significant importance to surface roughness 

of the final product. Surface roughness plays a crucial role in the machining process 

as it significantly impacts on friction coefficient, fatigue strength and wear and 

corrosion resistance of the machined surface. However, there are several factors in the 

machining process that influence surface roughness, such as, feed rate, cutting speed, 

depth of cut, cutting tool, use of coolants etc. [19]. 

Modeling of turning process has been an important research issue for nearly a 

century. The prediction of surface roughness is a major task in the optimization of the 

cutting process. To develop a new model for predicting the surface roughness, it is 

vital to comprehend the various methods that are being used to estimate the surface 

roughness. Due to the extensive use of high automation in the machine tool industry, a 

system to predict machining parameters is important in manufacturing process. 

The prediction of optimal cutting condition for higher productivity, good 

surface quality, dimensional accuracy and cost saving products plays a key role in 

process planning. Higher MRR would increase production but, if increased beyond a 

limit will affect surface roughness. Thus, it is necessary to determine machining 

conditions that result in high MRR while maintaining better surface finish. Therefore, 

accurate model of turning process is required both for the analysis and prediction of 

the quality of machining operations.  

Finite element method (FEM) employs a scientific approach wherein the entire 

machining process can be simulated using various data inputs and simulated results 

can be further optimized to understand the physics involved in cutting process. In 

order to improve the efficiency and quality of the machining process before resorting 
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to costly and time consuming experimental trials, it is necessary to model and 

simulate the metal cutting process using finite element method. FEM simulations 

provide adequate information on various critical parameters such as angle of shear, 

chip generation and its thickness, interaction between flow stress and cutting tool, 

temperature profile at chip-tool interface, cutting forces, plastic deformation of the 

cutting edge and stresses acting on it that lead evaluation of tool wear [20]. 

1.2 Aim and scope of present work 

Ti-6Al-4V alloys offer excellent properties such as high strength-to-weight 

ratio, fatigue strength, fracture toughness, corrosion resistance and ability to withstand 

higher working temperatures, due to which they are chosen over the conventional 

metals and alloys. Implementation of sustainable practices with an aim to 

minimize/eliminate the use of cutting fluids in machining process has always been a 

point of interest to the manufacturers. In the core machining phase, use of cutting 

fluids and energy consumption during the machining process directly influences the 

environmental impact of the cutting process involved in producing a certain feature.  

Study of tribological properties which play significant role in manufacturing 

processes is primarily focused to reduce losses occurred by friction coefficient and 

wear of components of the tribo-mechanical system. In order to identify suitable solid 

lubricants for improving tribological properties, there is a need to test solid lubricant 

particles used in the current manufacturing applications. To characterize the same, an 

experimental setup has been developed to observe and measure the lubricant film 

thickness at various particles size and concentrations of solid lubricants. To determine 

the tribological properties of applied solid lubricant, EP (ASTM D2783) and WP 
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(ASTM D4172) tests will be performed on a four-ball tester. 

In view of the above, the present research work shows the effective supply of 

micrometer sized MoS2 solid lubricant suspensions on the rake and flank face of the 

cutting tool insert with novel EHVSL experimental set-up. Selection of the machining 

conditions effectively contributes to simultaneous improvement of quality and 

productivity. It is, therefore, vital to choose optimal machining parameters to enhance 

machinability for a given material without affecting the production timelines. The 

current research presents attempts made to investigate the influence of EHVSL on 

machining of Ti-6Al-4V alloy (grade 5) with tungsten carbide insert. Owing to its 

highly viscous and lubricating properties, SAE 40 oil is selected as base oil (i.e 

suspension medium for solid lubricant particles) for MQSL. 

Surface roughness is an extremely complex phenomenon, affected by 

numerous factors such as cutting parameters, work material, cutting tool properties, 

structural rigidity of the machine, cutting temperature, status of lubrication etc., which 

are more difficult to detect and quantify. It is possible to apply Group Method of Data 

Handling (GMDH) technique to a great variety of areas for data mining and 

knowledge discovery, forecasting and systems modeling, optimization and pattern 

recognition. GMDH algorithms can automatically find inter-relations of data; it also 

selects an optimum structure of model or network in order to have better accuracy of 

existing algorithms. 

FEM has been widely used to simulate metal cutting process. Numerous 

cutting force models have been established to predict the machining parameters. 

Although simulations were carried on dry machining conditions, very few attempts 
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were made to perform simulation on coolant assisted machining of hard to cut 

materials such as Ti-6Al-4V alloy. Metal cutting process involves high temperature 

and strain rates, which make Johnson-Cook (J-C) material, model the preferred 

material model that can simulate these exceptional conditions. 

1.3 The objectives of present work 

Applications of cutting fluids improve machinability and productivity by 

extending cutting tool life, due to its effective cooling and lubrication action. 

However, cutting fluids pose serious threats to ecology and operators health, and thus 

there is a great necessity to significantly concentrate for pollution-free and operator-

friendly coolants/lubricant alternative for sustainable machining. The present research 

focuses on  

● To develop a novel EHVSL assisted machining for sustainable machining of 

advanced engineering materials. 

● To evaluate the effect of EHVSL cooling technique with application parameters, 

i.e lubricant flow rate, air pressure, angle impingement of nozzle, and spot 

distance on cutting force and surface roughness, while turning Ti-6Al-4V alloy. 

● To investigate the performance of EHVSL assisted machining in terms of surface 

integrity and machining properties during machining of difficult-to-cut  

Ti-6Al-4V alloy and to compare the same with existing conventional and  

un-conventional techniques under the same operating conditions. 

● To analyze the tribological performance of solid lubricants and to understand its 

influence in sliding conditions. 
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● To gain an understanding of the thin lubricant film development under sliding 

condition via experimental investigation. 

● To perform EP tests and WP tests of applied solid lubricants using four-ball 

tester. 

● To optimize the output response (surface roughness) during turning operation 

under EHVSL condition using GMDH technique and thus to identify a 

combination of most optimal parameters to obtain superior performance 

characteristics to achieve high productivity and MRR. 

● To achieve development of 2D FE model for orthogonal cutting process to 

predict the chip thickness and cutting force. 

1.4 Methodology  

Investigations will be made to evaluate the tribological behaviour of various 

solid lubricants in depth at different sliding conditions and also, to investigate solid 

lubricant film thickness with respect to particle size and concentration on a  

pin-on-disc wear and friction monitor. Further, to check the extreme load capacity of 

the obtained solid lubricant with various particle size and concentration, EP and WP 

tests were performed on a four-ball tester. 

The present work concentrates on the fabrication of a novel set-up in order to 

facilitate effective lubricant supply at tool-chip-workpiece interface. This system is 

specially designed, fabricated at Tribology Laboratory, Mechanical Engineering 

Department, BITS Pilani Hyderabad Campus, Hyderabad, India. Detailed procedure 

of the experimental set-up is discussed in Chapter 3. In the current study turning 



14 

 

operation was carried on Ti-6Al-4V alloy at different combinations of speed, feed and 

depth of cut machining parameters. Tungsten carbide tool was used to perform 

turning under 

● Dry condition 

● Flood cooling condition 

● Minimum quantity lubricant (MQL) 

● Minimum quantity solid lubricant (MQSL) 

● Electrostatic high velocity solid lubricant (EHVSL) 

 The prediction of optimal cutting parameters is one of the major tasks to 

achieve good surface finish and dimensional accuracy and plays a key role in process 

planning. Due to the widespread use of highly automated machine tool in the industry, 

manufacturing requires methods for the prediction of machining processes. Machining 

conditions will further be optimized to improve MRR. 

 In addition to the above, Johnson-Cook constitutive equation with an energy-

based ductile failure criteria is developed to create FEM for Ti-6Al-4V alloy. A series 

of FEM simulation of machining process will be carried out at various speed and feed 

conditions in dry and lubricant conditions to compare simulation results with the 

experimental results.   

1.5 Over view of thesis 

The thesis written in compilation format includes six sections divided into 

seven chapters and is outlined as below: 
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Section 1 

Chapter 1 provides a brief introduction to the metal cutting process and possible 

lubrication approaches, importance of tribology in current industrial practice and 

FEM simulation of machining process that sets the stage for research objectives and 

methodology to be carried out for the current research work. 

Section 2 

Chapter 2 provides an overview of literature on the experimental and theoretical 

aspects of difficult-to-machine materials for understanding various process parameters 

like surface roughness, cutting force, tool wear, tool life, cutting temperature, 

tribological properties etc., for advanced engineering materials and summarizes with a 

review of the literature gaps. 

Section 3 

Chapter 3 describes the development of novel electrostatic high velocity solid 

lubricant spray system process and its working principle for sustainable machining 

process.  

Section 4  

In Chapter 4, sliding experiments are conducted on pin-on-disc tribometer to measure 

the tribological properties of various solid lubricant particles at different conditions. 

The thin lubricant film developed with solid lubricant spray system is empirically 

measured at various particle size and concentration of selected solid lubricant. 

Further, WP properties and EP properties tests were performed using four-ball tester. 
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Chapter 5 deals with detailed description of experimental tests conducted and the 

results obtained while machining Ti-6Al-4V alloy at various speed, feed and depth of 

cut conditions. A comparative study between EHVSL and wet, dry, MQL and MQSL 

environmental condition have been presented. GMDH technique is used to predict the 

boundary conditions of machining variables and machining performance. 

Section 5 

Chapter 6 presents the FEM predictions for cutting force, chip thickness and 

comparison of the same with experiments to assess the modeling capability of the 

material models in describing the machining deformation characteristics of Ti-6Al-4V 

alloy material during dry and EHVSL conditions.  

Section 6 

Chapter 7 concludes with providing the summary and specific contributions of the 

current study. Further, future scope has also been presented. 

1.6 Organization of dissertation 

Fig. 1.1 outlines the structure of the dissertation. It is organized in to six 

sections, with each covering various chapters. Each of the chapters presents the 

methodology adopted to achieve the objectives of the work. 
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 Fig. 1.1: Structure of the thesis 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter provides an overview of the available literature concerning the 

application of cooling and lubrication in machining process, and available research 

concerning existing literature on wet, dry, MQL, and solid lubricant assisted 

machining. It includes the tribological studies on friction coefficient, rate of wear and 

physical characteristics of various solid lubricants at different sliding conditions. A 

reliable and structural identification method used to optimize cutting parameters has 

also been reported in the current chapter. The chapter also describes the FEM 

modeling and simulation studies of machining carried in the past. The chapter 

concludes with the review of literature gaps and summary of the chapter. 

2.1 Introduction 

Turning is one of the most widely used processes of removal of excess 

material from a component in order to impart the required dimension and quality in 

manufacturing industries. Surface roughness greatly influences the functional 

characteristics of the workpiece such as its compatibility, surface friction, fatigue 

resistance, etc., and thus, plays a crucial role in determining workpiece quality. Chip 

formation during metal cutting process consumes most of the energy and major 

information needed to evaluate the cutting parameters such as cutting force, surface 

roughness, tool life etc., is closely associated with it [10]. The energy supplied to 

deform the metal is dissipated in the form of heat in both primary and secondary 

deformation regions (shown in Fig. 2.1) [21]. In the manufacturing industry, 

machining performance is generally characterized by parameters like surface 

roughness, cutting force, tool wear, chip thickness, etc. Machining performance 
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through improved machinability parameters has long been recognized as they have 

considerable impact on productivity, product quality and overall economy. Such 

parameters largely depend on several parameters such as workpiece material 

properties, tool geometry, tool material, cutting fluid, method of applying coolants 

and cutting conditions [6].  

 

 

 

 

 

 

Fig. 2.1: Heat generation in machining process in primary deformation and secondary 

deformation zone [21] 

In fact, the frictional interaction between the tool-chip at the rake face has 

major influence in determining tool wear and characteristics of the machined surface. 

It is believed that any change in contact conditions, as a means of better control over 

frictional interaction, results a change in the tool-chip contact interface and mechanics 

of machining, thereby influencing the contact temperatures, tool wear, cutting forces 

and energy consumption [18]. Research into this field is mainly driven by the need to 

improve sustainability performance of cutting processes. The challenge of modern 

machining industries has to fulfill increasingly high demands with regard to quality of 

machined workmaterial and productivity with a possible environmental impact. 

Among the several factors which intensely affect such goals, cutting fluids play 



20 
 

crucial role in reducing the contact temperature, friction, cutting force and tool wear 

during machining process.  

During past decade in industries, low cutting speeds were used to minimize 

the possibility of high tempering the tool materials [4]. Increasing demand for more 

accuracy and precision components with high integrity components, the machining of 

hard materials need to be significantly developed. High speed machining technology 

for hard-to-cut materials is now recognized as one of the key processes in advanced 

manufacturing technology to achieve higher MRR, increased machining accuracy, 

decrease in workpiece distortion, increase part precision, low cutting force and better 

surface finish [22-24]. The high cutting forces acting in the shearing zones promote 

high friction with high heat generation and consequently develop high temperature 

that accelerates tool wear [22]. The friction arising during the machining operation 

and the wear on cutting tool is major loss factors. According to the German Society 

for Tribology [25], a loss of about 5% of gross social product arises annually in 

industrialized countries through the effects of friction and wear alone. 

The quantity of heat developed as a result of higher temperature at tool-chip 

interface largely depends on cutting parameters i.e feed rate, cutting speed and depth 

of cut. Shaw [26] found that at a cutting speed of 1.5 m/min, the Built-up edge (BUE) 

was formed, but this can be retarded by employing cutting fluid. BUE is a small 

portion of the workpiece material that becomes the cutting edge during the machining 

process. However, considered cutting speed is too low for conventional machining. 

 Korkut and Dinertas [27] provided a more defined theory about the 

tendency for BUE formation in face milling process. They underlined that the BUE 

formation occurred at cutting speeds ranging from low to moderate. In this range, the 
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BUE tends to remain stable. Subsequently, if the cutting speed increases above the 

moderate magnitude then the BUE becomes less stable. In machining processes, 

cutting fluids are mainly required to serve two major purposes;  

(1) minimize/eliminate friction (i.e lubrication action) (2) reducing contact zone 

temperatures (i.e cooling action). 

Therefore, use of cutting fluid in cutting operation is also beneficial in order  

1. To serve the purpose of cooling the hot cutting zone by carrying away some of 

the heat generated. 

2. To flush off chips on the machined surface thereby preventing them from 

causing scratches on machined surface. 

3. To reduce friction for ensuring lower cutting force and minimize chatter. 

4. To create a protection layer by creating thin film over the machining surface 

and to prevent chips from being welded onto the machined surface. 

5. To minimize the effect of welding on the tool rake face to reduce its cause of 

failure. 

Higher cutting speeds often cause cutting fluids to fail from being able to 

provide the necessary cooling and lubrication action at tool-chip interface effectively. 

As these high cutting speeds generate high temperatures, it is important to ensure the 

correct combination of the type of cutting tool material and cutting fluid to arrest a 

possible tool failure. Although proper cutting conditions can reduce chatter and  

work-hardening, they cannot effectively reduce the extreme cutting temperatures that 

accelerate tool wear. In order to resolve this problem, there is a need for cooling and 

lubrication systems that effectively penetrate the cutting fluid into the tool-chip 

interface and reduce the thermal wear during titanium alloy machining [1 & 5]. 
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2.2 Types of cutting fluids and their performance 

The process of machining involves a shearing mechanism to transform a 

workpiece to an end shape. This fundamental mechanism creates a high friction load 

between the cutting tool and the workpiece, which significantly increases the cutting 

temperature. In addition, friction dissipates energy thus generating heat, which if it is 

not properly controlled might have a detrimental effect on the cutting tool and 

machined component. The main sources of heat are normally generated at the  

(i) primary heat source from the a shearing zone, due to plastic deformation takes 

place, (ii) secondary heat source from a shearing zone along tool-chip interface and 

(iii) third source from rubbing zone along tool-workpiece interface. If proper and 

efficient cooling and lubrication methods are employed in the machining process, 

there is a possibility of lowering the temperature at machining zone which leads to 

reduction in frictional force. In order to improve the product quality and extend tool 

life, cutting fluids are applied in the high-temperature zone. Some of these are: 

2.2.1 Effect of wet lubricant (flood cooling) in the machining process 

In manufacturing industries, the common method to apply cutting fluids 

includes flooding, misting, spraying, dripping and brushing [28 & 29]. Among them, 

flood cooling is the most universal way. Flood cooling with nozzles or jets has been 

used as standard method for coolant application for more than a century [30]. The 

general machining of condition of flood cooling is shown in Fig. 2.2. The cutting 

fluids are arrayed out through nozzle to the workpiece and quantity of cutting fluid is 

pretty high. Using large quantity of cutting fluids leads to pose difficulties in 

procurements, storage, disposal and maintenance. As referred before, the disposal of 

the huge quantity of waste metalworking fluids brings about big problems to 
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environment and human health [31 & 32]. Although flood cooling delivers a 

relatively high volume flow rate of cutting fluid, studies have found that the cutting 

fluid fails to penetrate quickly and effectively upon to the critical location i.e tool-chip 

and tool-workpiece interface in a short period of time [33]. Abundant application of 

cutting fluids may increase production cost and cause environmental and health 

damages, particularly when not properly managed. 

 

 

 

 

 

 

Fig. 2.2: Flood cooling system in machining process [26] 

Traditionally, cutting fluids are used to provide cooling and lubrication in 

terms of improving the tool life by reducing tool temperature and the friction between 

the tool-chip-workpiece interfaces during cutting operation. In high speed machining 

process, conventional cutting fluid loses its cooling properties and fails to control high 

temperatures generated in cutting processes (as they get evaporated at the high 

temperatures that are generated close to the cutting zone) upon film boiling and that 

the boiling temperature of conventional coolants are lower than that of biodegradable 

coolants and coolant free machining [34]. The cost of cutting fluid is often higher than 

the cost of cutting tools.  
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Increasing pollution-preventing initiatives globally and consumer focus on 

environmentally conscious products has put increased pressure on manufacturing 

industries to minimize or eliminate the use of cutting fluids. Since, the cutting fluid 

application is not biological friendly, as the workers are continuously exposed to 

cutting fluids, they are mostly under the impact of toxic fluids, which cause severe 

health harms like genetic diseases, respiratory problems including occupational 

asthma and hypersensitive pneumonia [35 & 36], dermatological disorders such as 

irritation, oil acne and skin cancer [37]. 

Fig. 2.3: Machining cost breakdown [21] 

However, governments of most countries are demanding industries to reduce 

or if possible abolish the indiscriminate use of environmentally hazardous cutting 

fluids, due to possible environmental and health damages that they might cause [38]. 

Further, consuming large quantities of cutting fluids in cutting process leads not only 

to the above problems but also requires storage, disposal and maintenance.  



25 
 

Conventional metal working fluids are regarded as one of the top health risks 

in the machining processes [39 & 40]. Surveys carried out by German automotive 

industries show (Fig. 2.3) that the cost incurred on conventional metalworking fluids 

ranging from 8-16% of the total machined workpiece cost [22] and 16-20% of the 

total product cost [38] as compared to the tool cost which is only 2-4% [41]. The cost 

of cutting fluid is often higher than the cost of cutting tools. However, this flood 

lubrication technique has become obsolete due to its harmful impact on the 

environment [10]. Conventional lubricant fluids (CLF) in these applications are not 

effective in terms of decreasing the cutting temperature, reducing machining costs and 

improving environmental sustainability. Therefore, the significant improvement 

towards sustainability will be one of the most important challenges in near future. 

Manufacturers and researchers continuously strive to minimize or eliminate the usage 

of cutting fluids to make the processes eco-friendly and to achieve green 

manufacturing [4]. 

2.2.2 Effect of dry machining 

The negative environmental impact of metalworking fluid, as previously 

discussed, has forced manufacturers to use alternative technique for more sustainable 

and economically feasible; particularly in industrialized countries with strict 

environmental regulations [42]. This leads to the implementation of dry machining 

which is ecologically desirable and reduces machining cost as fluids need not be 

disposed. Dry machining consumes less power and produces fine surface of the 

machined workmaterial than conventional machining [43]. The benefit of dry cutting 

includes: non-pollution of the atmosphere or water; no residue on the swarf which 

will be reflected in reduced cleaning and disposal costs, no danger to health and 

increased tool life by eliminating thermal shocks [44 & 45]. 
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Decreasing the cost of the cutting process and associated reduction of 

environmental pollution by dry machining is the main key to remain competitive [46]. 

However, machining without cutting fluid finds industrial acceptance only when it is 

possible to guarantee good surface quality without compromising the rate of material 

removal [40]. Therefore, it is important to compare machining with and without using 

cutting fluids.  However, higher friction between tool-chip and tool-workpiece leads 

to high machining zone temperatures in dry machining [46]. Due to high friction with 

heat generation and consequently develop high temperature in the machining zone, 

the workpiece is subjected to large thermal stresses leading to dimensional inaccuracy 

and the tool is also subjected to large thermal loads which can result in higher levels 

of oxidation, diffusion, etc., that accelerates tool wear. 

The other primary solutions are using appropriated materials for tools (coated 

cutting tools). Those coated tools may withstand high temperatures, reduce cutting 

energy or even provide a lubricant effect for decreasing friction. For tool coating 

technologies, Schramm et al. [47] has tried to improve the properties of tool coating 

materials by reducing the spatial scale of the material system to nanometer 

dimensions. These studies include that nano-coating which significantly improve the 

hardness, toughness and modules of the tool so that they are able to behave better in 

friction, wear and lubrication.  

Similarly, Umamaheshwar Reddy et al. [48] have developed coating 

electrostatic experimental set-up to coat the cutting tools. MoS2 solid lubricants have 

been used as coated material. Further, in order to assess the performance of developed 

coated cutting tool, turning experiments were performed, in comprehending the 

results on cutting force, surface roughness, tool wear and compared the results with 

un-coated cutting inserts. Machining with coated cutting tools resulted in lower 
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frictional values at tool-chip interface zone leading to lower cutting force than those 

machining with un-coated cutting tools. Surface quality of the machined workpiece 

using coated cutting tool showed a much better improvement compare with uncoated 

cutting tool. There are still a lot of difficulties in the adoption of high-speed dry 

cutting of difficult-to-cut materials, because of the high cutting force and temperature 

in the machining area [2]. Without using cutting fluid, the function of cooling and 

lubrication will not exist, and this will cause severe friction and adhesion, reduce tool 

life and affect surface quality of workpiece [49]. 

2.2.3 Effect of minimum quantity lubricant in machining process 

To overcome the economical and environmental related problems in the metal 

cutting process, manufacturing industries impose new demands and one possible 

solution is the use of MQL [50]. Being intermediate between dry machining and flood 

cooled machining; MQL is a plausible alternative to majority of machining processes 

[34]. While flood cooling machining uses excess of lubricant to achieve cooling by 

heat absorption, MQL uses limited quantity of lubricant which targets on reducing 

friction between tool and workpiece to obtain cooling. A cost effective alternative 

would be to reduce the consumption of cutting fluid whilst maintaining the same 

productivity and quality. Techniques to reduce the quantity of cutting fluids have been 

investigated during the last decade focused on MQL and near dry machining (NDM) 

[51]. The technique uses compressed air that carries oil droplets in a mixture that is 

pumped and directed to the cutting regions to exert its role adequately [52]. Fig. 2.4 

shows the typical photographic view of machining with MQL system. The lubricating 

action is ensured by the oil droplets while the cooling action is given by the 

compressed air. The oil droplets are either of vegetable oil or mineral-based oils, and 

the flow rates are very small (usually ranging from 50 to 500 mL/h).  
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Fig. 2.4: Machining with MQL system [10] 

MQL has been widely used in many machining processes such as turning, 

milling, drilling and grinding. Schematic view of MQL set-up is shown in Fig. 2.5. 

The small amount of oil is enough to reduce the tendency of work material to adhere 

onto the tool surfaces and diminish friction. Typically, the lubricants are sprayed 

through external supply system with one or more nozzles.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.5: Schematic view of MQL technique [2] 
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Test results indicate the amount of MWF’s in MQL is nearly 3 to 4 order of 

magnitude lower than that of conventional system including flood cooling. Taking 

advantage of this technology, a little fluid can make a significant difference. In MQL, 

expert for cutting performance, secondary characteristics are also important including 

safety properties, biodegradability, and oxidation. Filipovic and Stephenson [53] 

summarize that external spray and through-tool are the two basic types of MQL 

delivery systems. In the external spray system, a cutting fluid reservoir is usually 

assembled besides the machine and nozzles are directed to the cutting zone and are 

connected to coolant reservoir through hoses. This kind of system of MQL is 

economical and portable for most of the machining operations. For through-tool 

system, there are two configurations available according to the way to create air-oil 

moisture. The first configuration is external mixing of oil and air and piping the 

mixture through the spindle or tool to the cutting zone. The other method is internal 

mixing of oil and air. The most common structure of it is two parallel tubes rotating 

through the spindle to bring to an external mixing device besides the tool holder 

where the mist can be created. The first method is simple and inexpensive. 

Nevertheless, the second way has less dropouts and dispersion and can deliver mist 

with larger droplets sizes. The internal system offers more effective cooling and 

lubrication for workpiece than the external spray [52]. 

Varadarajan et al. [54] have studied the performance of Hard Turning with 

Minimal Fluid application (HTMF) in comparison with that of conventional hard 

turning in wet and dry form. It was found that the obtained results of minimum cutting 

fluid are encouraging in terms of cutting force to that of conventional machining 

conditions. Rahman et al. [50] applied 42 l/min (flood coolant) as coolant; the results 

are compared with MQL of 8.5 ml/h and the comparative effectiveness was 
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investigated in terms of surface finish, cutting force and chip formation. From the 

obtained results, it is revealed that better surface finish has been found in MQL 

condition when compared with dry and flood cooling application. From the above 

studies it has been observed that MQL may be considered to be an economical and 

environmentally compatible lubrication technique. Machodo and Wallbank [55] has 

performed experiment on turning using lubricant amounting to 200-300 ml/hr, which 

was applied in a fast-flowing air stream at a pressure of 2 bar. Results observed that, 

surface finish, chip thickness, and force variation are all affected beneficially 

compared to those obtained by flood coolant flow of 5.2 l/min. 

Klocke and Eisenblatter [56] have investigated the cutting process without 

cutting fluids. According to Klocke et al. [45] cutting fluids help to achieve a 

specified result in terms of tool life, surface finish and dimensional accuracy, facilitate 

chip breaking and transport. However, they also impose problems related to waste 

disposal and environmental problems. Hence, with dry cutting, all the problems 

related with wet machining can be eliminated.  

Another example is that Barczak et al. [57] conducted a study of plane surface 

grinding under MQL conditions comparing with traditional flood cooling. They found 

that low friction conditions, reasonable specific MRR and better workpiece quality 

can be achieved under MQL conditions. Although the findings above, MQL cannot be 

universally applied since it does not provide sufficient cooling for many operations 

[9]. Also, very hard materials and high cutting speed may not be suitable for MQL.  

The main limitation of MQL is its limited effectiveness in cooling the cutting 

surface. This could be due to the fact that in high speed cutting conditions lubricants 

have difficulty in reaching the machining zone. If the fluid can be applied in a more 
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defined way, exactly to the machining zone, improved results can be expected [58].  

Most of the researches have studied to control the effect of tool wear using different 

machining techniques; however, they were unable to achieve better results in 

increasing the tool life. In MQL there is a sudden vaporization of the water upon 

reaching the machining zone decreasing the cooling and lubrication aspects thereby 

affecting the tribological properties [8]. Hence, MQL may be considered as an 

economical and environmentally compatible lubrication technique for limited 

applications at low speed, feed, and depth of cut machining condition. Control of 

machining zone temperature is achieved by providing effective cooling and 

lubrication [2,6,8,16-18,38  & 50]. Machining without the use of any cutting fluid 

(dry or green machining or sustainable machining) is becoming increasingly more 

popular due to the concern regarding the safety of the environment [50]. Hence, there 

is a need for concentrated efforts in this direction to overcome the above stated 

drawbacks and to look into new machining methods to achieve sustainable machining 

system. 

2.2.4 Effect of solid lubricant assisted machining in the machining process 

 High production machining of titanium alloys inherently generates high 

cutting zone temperature. Such high temperature causes dimensional deviation and 

premature failure of cutting tools [22]. It also impairs the surface integrity of the 

product by inducing tensile residual stresses and, surface and subsurface micro-cracks 

in oxidation and corrosion [59]. Due to the fact that the higher the tool temperature, 

the faster it wears. The use of cutting fluids in machining process has its main goal, 

the reduction of the cutting region temperature, either through lubrication, reducing 

friction, wear, or through cooling by conduction, or through the combination of these 

functions [60]. However, the application of conventional cutting fluids create several-
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techno-environmental problems such as environmental pollution due to chemical 

disassociation of cutting fluids at high cutting temperatures, biological problems to 

operators, water pollution and soil contamination during disposal [61]. The initiatives 

of government to achieve anti-pollutant products are due to the interest of customers 

to have environmentally conscious products. This has increased the pressure to 

minimize waste streams. Hence, it is absolutely necessary to eliminate the use of 

cutting fluids and also to use an environmentally acceptable coolant in manufacturing 

industries. All the factors prompted investigations into the use of biodegradable 

coolants or coolant free machining. Hence, as an alternative to cutting fluids, 

researchers experimented with solid lubricants [8]. Minimum quantity solid lubricant 

assisted machining technique (shown in Fig. 2.6) has recently been proposed as an 

effective cooling and lubrication solution for a wide range of machining applications, 

including micromachining, and machining of hard-to-cut materials [6]. 

 

 

 

 

 

 

 

 

Fig. 2.6: Schematic diagram of MQSL experimental set-up [6] 
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 The use of solid lubricant in machining is one of the most effective strategies 

in this direction. In demanding the improvement of productivity and product quality 

of machining process, use of solid lubricant thin film were suggested as one of the 

necessary alternative machining technique to apply lubricants effectively to the high 

temperature zone [18, 62-64]. The solid lubricant spray system consists of a high-

velocity compressed-air nozzle positioned inside a co-axial nozzle. The desire to 

control solid lubricant flow rate accurately and improve the particle size of lubricants 

sprayed from a spray nozzle has been a challenge for manufacturers to apply 

lubricants more effectively to the machining zone. Air atomizing spray nozzle 

produce fine mist spray with the help of compressed air, liquid breaks into small 

droplets as air provides sharing effects on liquid droplets. Liquid and air streams meet 

with in the nozzle and are mixed together and expelled through the same orifice. The 

solid lubricants are directed towards the exit of the nozzle where compressed-air inlet 

is fixed. When both the solid lubricant particles and compressed-air enters in to the 

mixing chamber, atomized solid lubricant particles entrain themselves with the high-

velocity solid lubricant particles that are supplied via the nozzle tip to produce a 

focused axisymmetric jet of solid lubricant particles. During the machining process, 

the nozzle tip is directed towards the tool-chip interface to form a fast moving thin 

fluid film capability of effectively penetrating and cooling the tool-chip interface. The 

solid lubricant assisted machining does not require high-pressure pump and can run at 

a very low flow rate (i.e. 40 ml/hr) which is negligible amount of magnitude than that 

of flood, cryogenic and high-pressure cooling. The solid lubricants penetrate into the 

tool-chip interface by means of the thin fluid film appears to be the mechanism by 

which tool life is extended with solid lubricant spray system. 
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Solid lubricants assisted machining could be a viable alternative method to 

increase the life of the cutting tool. Solid lubricant additives with layered structure 

have been extensively studied and excellent machining performance has been 

observed in terms of improved tool life and surface finish [18]. The use of solid 

lubricant in powder form [63] can be applied in the machining process or solid 

lubricants suspended with base oils. Solid lubricants can be applied by different 

substrate such as graphite, by mixing with compressed air and directing the flow to 

the cutting region [65] or by an electrostatic field that attracts the solid lubricant 

powder onto the cutting region [58]. Good results were found in terms of reduction in 

cutting forces and improved surface roughness and tool lives when using these 

techniques. Using an automatic feeder, solid lubricants in a powder form have been 

applied directly to the machining zone [18]. Although sufficient coolant is applied in 

the machining zone, there is still a need for flushing action for cleaning of 

components which makes solid lubricants less attractive than conventional cooling 

techniques. Instead of using solid lubricant in powder form, semi-fluid lubricant 

containing a thickening agent of solid lubricant mixed with water-based soluble oil 

and grease has been used [68].  

However, the application of solid lubricants in powder form produced 

significantly low cutting forces, due to the ineffective removal of semi-solid lubricant, 

and formed chips is the major limitation of this method. Finally, the application of 

water-based oils has been envisaged and successfully experimented under MQL 

conditions [62]. The mixture of solid lubricants (MoS2 and graphite) with mineral 

based oils with an average particle size of 250 nm at various concentrations of solid 

lubricants (5% and 20wt% with respect to oils) has been used. The obtained results 

are very encouraging in terms of reduction in cutting force and better improvement in 
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tool life; however usage of solid lubricants (nano-materials) significantly increases the 

overall cost. The authors have investigated the possibility of using different solid 

lubricants as graphite, MoS2 and boric by weight mixed with base oil SAE-40 as a 

minimum quantity lubricant, to reduce the heat generated in the machining zone 

(chip-tool interface) in turning process. Different process parameters like cutting 

forces, cutting temperatures, chip thickness, and surface roughness were observed and 

reported to be reduced as compared to dry machining. For the similar machining 

conditions higher reduction in the cutting forces, cutting temperatures, chip thickness 

and surface roughness in the presence of solid-liquid lubricant is possible, because the 

lubricant in the metal cutting process will provide the lubricating and cooling effects. 

They introduced a new concept of applying the solid-liquid lubricant with a brush to 

the work-piece surface that seeped with the cutting zone. It may be considered as real 

near dry machining condition. 

Marques et al. [6] found that the size and quantity of the solid lubricant 

particles play a dominant role in the lubrication process. Further, the application 

process of solid lubricant at the tool-chip interface influences the lubrication 

characteristics during machining process. Mixed with oil, the solid lubricant can also 

be applied by the MQL technique. Some work has shown good results, for example, 

Rahmati et al. [64] applied the mixture of MoS2 nanoparticles (20-60 nm) with oil at 

different concentrations (0, 0.2, 0.5 and 1.0%wt) with a flow rate of 20 mL/h, on 

Al6061-T6 (work material) and conducted experiments on end milling process. The 

results indicate that nanoparticles of MoS2 at 0.5%wt, improved the surface quality of 

the workpiece when compared with other concentrations. The nanoparticles of MoS2 

improved the surface quality of the workpiece and the concentration of 0.5%wt 

presented the best result. 
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Dilbagh et al. [65] carried out experiment on turning operation and applied 

graphite and MoS2 solid lubricant as coolants. Surface finish and cutting force results 

are all influenced beneficially under MoS2 assisted machining and are compared with 

graphite assisted machining and flood coolant. The inferior results of surface 

roughness obtained by MoS2 can be attributed to its strong adhesion tendency 

compared to graphite. Applying solid lubricants (graphite and MoS2) as coolants in 

the machining operation is one alternative method to conventional wet and dry 

machining. Solid lubricant–assisted machining produces low value of cutting force 

and surface finish compared to dry turning process. 

Deshmukh et al. [67] studied the performance of different solid lubricants like, 

MoS2 based grease, graphite based grease and silicon compound mixed with SAE-20 

base oil at different proportions while machining aluminium and brass with carbide 

cutting tool. The results showed that improved surface quality as compared to wet 

machining of aluminium and brass. 

Vamsi et al. [68] studied the performance of solid lubricants like graphite and 

boric acid with SAE-40 oil while machining AISI 1040 steel with cemented carbide 

tool. After conducting one-factor-at-a-time experiment the results showed that 

minimum tool wear, surface roughness and cutting forces were observed during 

turning of AISI 1040 steel, when compared to wet and dry machining. Among the 

lubricants 20wt% boric acid in SAE-40 oil provided better performance for the 

selected work-tool material combination and cutting conditions. However, there was 

not much comparison between predicted chip-tool interface temperatures and 

measured chip-tool interface temperatures. 
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Increasing demands for more accurate and precision components with high 

integrity and the machining technology of hard materials need to be significantly 

developed. Reddy et al. [58] have been working in the area of MQSL to achieve 

sustainable manufacturing using clean machining processes, such as graphite and 

MoS2 [17,58  &  69]. The surface characteristic results obtained by MQL are in terms 

of reduction in cutting zone temperature due to its favorable changes in tool-chip and 

tool-workpiece interaction. In MQL process, the widely used solid lubricants are 

graphite and MoS2 due to their crystalline lattice structure in the form of dry powder 

are effective lubricant additives. The layers of the structures can be easily sheared in 

the direction of motion over each other resulting in reduction in friction. Larger 

particle size has high number of layers which can be more suitable for relative rough 

surfaces at moderate speeds, whereas smaller particle sizes are suitable for smoother 

surfaces for low-speed conditions. Other components that is useful as solid lubricants 

in addition to the earlier widely used graphite and MoS2 include boron nitride, 

polytetrafluorethylene (PTFE), talc, calcium fluoride, cerium fluoride and so on. 

It is important that solid lubricant be applied effectively to the machining 

region in order to accomplish improved results. In view of this condition,  

Reddy et al. [58] has designed and developed electrostatic solid lubricant system with 

an aim to reduce eradicating the usefulness of cutting fluid when applying solid 

lubricants as a high velocity jet in machining at low flow rate. The authors did a 

relative evaluation analysis of wet machining and dry machining environments with 

the proposed method. An outstanding result obtained from the study is that solid 

lubricant machining used with the developed experimental set-up resulted in 

numerous improvements in surface roughness and tool life. Surface roughness and 

tool life improves intensely owing to the ability of the solid lubricant to be able to be 
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delivered appropriately into the tool-chip boundary region and achieve both 

lubrication and cooling tasks adequately. 

The previous research work [6] clearly specifies that there is a need to 

concentrate efforts in the direction of applying high viscous lubricants effectively at 

the tool-chip and tool-workpiece interface to overcome high heat generation in 

machining of advanced engineering materials. It has been observed from research 

review that machining of advanced engineering materials like Ti-6Al-4V alloy causes 

high heat generation due to its poor thermal conductivity. It has also been revealed 

from the literature review that better cutting performance could be achieved when the 

lubricants are penetrated quickly and effectively upon to the critical location i.e  

tool-chip-work interface in a short period of time [70-73]. Evolution in modern 

machining process has identified many solid lubricants with low cost and  

eco-friendly, which can able to withstand high temperatures and pressures. 

In order to overcome the tribological losses under machining condition, 

lubricants with high viscosities, lower evaporation loss and a potential to improve 

lubricity are used in the sliding interface zone, and the high viscosity lubricant should 

remain constant over the operating temperature range [74]. The better penetration 

ability of the lubricant is mainly determined by the lubricant viscosity to adhere onto 

the tool-workpiece interface, the velocity to impinge lubricants effectively into the 

tool-chip contact surface and the wetting ability to reduce the tool-chip contact 

temperature. The goal of the lubricant film is to establish an effective thin film which 

can support the applied load while reducing friction between the sliding surfaces [75]. 

To achieve better results in terms of tool wear and surface roughness, solid lubricants 

need to be supplied effectively to the machining zone [6,8,18,20,50,54,63 & 74]. 
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Solid lubricants are also attractive in promoting dry machining, an environment-

friendly process [8].  

2.3 Tribological characteristics of solid lubricants 

In modern industry, where mechanical parts are subjected to friction and wear, 

leading to heat generation, which affects the reliability, life and power consumption of 

machinery, the study of lubricant film formed between various geometric shapes is 

inherently complicated and interconnected [72 & 76]. Tribological characteristics 

quantify the performance of a system in terms of reliability, life and power loss, 

especially in case of automobiles and industrial machinery. Industrial lubricants are 

primarily used to improve quality of component life over decreased material wear rate 

and surface friction [77]. 

Since lower friction among sliding parts is a standout amongst most basic 

properties in manufacturing parts and tools, one conceivable solution to this is 

applying lubricant adequately in the sliding zone. A lubricant can significantly change 

the tribological properties of the sliding surface and is also capable of altering the 

nature of surface interaction between sliding conditions [78-80]. Majority of the bio-

based oils was typically petroleum-based lubricants [77]. Environmental concerns call 

for the reduced use of environmental effective cutting fluids in machining processes 

due to hazards to operator's health. [72]. However, when temperature is elevated 

under extreme conditions, the failure of boundary films may cause direct contact with 

sliding surface and lead to adhesion, the surface damage may cause on the sliding 

components. 

Liquid lubricants achieve this by forming a lubricant film which separates the 

sliding surface and thus limits their contact and adhesion [80]. The primary function 
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of the lubricant is to create and maintain a thin layer of lubricant between sliding 

surfaces, for which the viscosity of the base oil is the most significant property [81]. 

Many researchers have tried to improve the tribological lubrication characteristics to 

decrease coefficient of friction and wear rates. In order to overcome the tribological 

losses under sliding condition, lubricants with high viscosity, lower evaporation loss 

and potential to improve lubricity are used in sliding interface zone. The high 

viscosity property of the lubricant should remain constant and adhere over the 

operating temperature range [72]. The goal of the lubricant film is to establish an 

effective thin film that will support the applied load while reducing friction between 

the sliding surfaces [80]. To improve the lubricant characteristics for effective cooling 

and lubrication in the machining process, one approach is to use extreme pressure 

additives in the base oil [82]. Use of solid lubricant additives in the base oil can 

effectively work under extreme conditions. Effective lubricity with sufficient thin film 

thickness in the sliding zone depends on particle size [83-85]. The efficiency of solid 

lubricant particles strongly depends on the type of lubricant used, solid lubricant 

particle size, as well as filler concentration [86]. Also, lubricant lifetime is limited by 

the overlay thickness of solid lubricant particles supplied on the sliding interface [87]. 

The additive grain size and lubricant film formation are significant parameters to be 

matched to the surface finish of the substrate [84]. Size of the solid lubricant particles 

need to be optimal. Increase in particle size may result in abrasive wear due to 

abrasion caused by contamination in MoS2, whereas smaller particles may result in 

accelerated oxidation [83]. Results showed that low size solid lubricant particles were 

expected to intermingle with surfaces of the sliding pairs to form a surface protective 

film, which increases the anti-wear ability. 
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Solid lubricant additives with layered crystal structure have been extensively 

studied and excellent tribological performance has been observed [88]. These solid 

lubricant additives, including graphite [89], MoS2 [85], tungsten disulphide [90] and 

boron nitride [91], have a lamellar crystalline structured, in which bonding between 

molecules within each layer is strong covalent, while each two layers is bonded 

together by weak Van der Waal's forces. Good friction and wear reduction 

performances were observed due to low shear strength of materials as a result of their 

intrinsic crystal structure [88]. Results demonstrated that solid lubricants deposited on 

the sliding surface had improved the tribological properties of base oil. Micrometer 

sized particles of solid lubricants with certain hardness have also been reported to lead 

to abrasive friction [92]. MoS2 and graphite are used as coolants and recognized to be 

good solid lubricants because of significant reduction in friction generation between 

sliding components. This could have contributed to reduction of cutting forces [18]. 

From the previous studies it was observed that MoS2 (lamellar material) generally has 

good load carrying capability with a corresponding low friction coefficient under 

sliding condition [92 & 93]. If the lubricants are applied effectively to the sliding 

zone, there is a possibility of reducing the sliding temperature which leads to 

reduction in friction force [95]. Solid lubricants with thin film formation can 

adequately work under extreme conditions of temperature, loads and speeds [88]. 

According to Reddy and Nouari [96], lower friction coefficient and layered lattice 

structure of MoS2 are key factors to this performance. Ease of chip formation 

increases due to reduction in tool-chip contact area; this change is driven by reduction 

in frictional force. The considerable reduction of machining force by applying MoS2 

and graphite assisted machining can be attributed to the formation of thin lubricant 
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film, thus, reducing material's shear strength in the interface zone and hence, making 

the machining easier [95]. 

Reddy et al. [96] performed experiments on turning of AISI 1040 steel 

applying MoS2 as lubricant with varying particles (the particle sizes were 2, 6, 10, 20, 

40, 70 and 75 μm). Results showed that tangential cutting force was constant for 

particle sizes of 2 to 20 μm. From the results it was concluded that solid lubricant with 

20 μm is required MoS2 particle size to impinge the solid lubricant in the interface 

zone for achieving better results in terms of improving cutting force. Though low 

sized particle i.e. below 20 μm, has also shown desirable performance, the reason for 

not selection is due to the possibility of excessive fineness that tends to work against 

performance in terms of difficulty to maintain constant and defined amount of powder 

flow to machining zone. Because, a constant and continuous supply of required solid 

lubricant powder to the machining zone can reduce friction coefficient.  

Sentyurikhina et al. [97] has suggested that solid lubricants with particle size 

of 0.5-1, 2, 0.5-2, 6, 10, 40, 70 and 75 μm have been recommended for use in friction 

components. Dilbagh et al. [65] has observed the performance of solid lubricant 

assisted machining on AISI 52100 steel. The results showed that cutting force 

obtained while applying graphite was about 7% greater than that of MoS2. The 

obtained performance influences the effect of lubricant and lubrication parameters, 

when the same size of solid lubricants is used. Richard et al. [95] has performed 

experiments with solid lubricant assisted machining considering 20% by weight ratio 

of MoS2 (particle size of 6 μm), graphite mesh 625 (particle size of 20 μm), and 

graphite mesh 325 (particle size of 40 μm). Results were observed that superiority of 

MoS2 solid lubricants has improved the life and quality of tool wear and surface 

roughness when compared with graphite 625 and graphite 325. The results also 
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indicate that solid lubricant assisted machining may be a viable alternative to dry and 

wet turning process. Experimental results show that among various types of soft 

layered solid lubricants, MoS2 is the most commonly used solid lubricant in different 

process performance improvement applications. This is because it offers very low 

coefficient of friction, relatively high wear resistance and ability to withstand higher 

load conditions. It also requires low-maintenance requirement and accommodates 

wide range of operating temperatures up to 300°C [83-85].  

Devine Lamson [98] and Stalling have investigated the effect of solid 

lubricant particle size and also examined the load carrying capacity of lubricating 

grease. It was observed that there was no significant difference between MoS2 with 

mean particle sizes of 0.7 μm to 7 μm whereas particle of 0.3 μm caused a noticeably 

diminished load carrying capacity. In addition to low coefficient of friction, the 

deposited layer should have a long wear life which depends on additive concentration, 

particle size and distribution of solid lubricants [99]. Bartz [83] studied the effect of 

particle size on lubricating performance of MoS2 solid lubricant and observed that 

using larger size solid lubricant particles at increasing load condition, wear rate 

increases; with low size particle at aggravating sliding conditions, lubricating 

effectiveness improved. The author also explained that at a given concentration, low 

size solid lubricants particles applied effectively to the sliding zone and form a 

complete and continuous film component of large size particles, due to availability of 

more number of particles. 

It has been revealed from the literature review that minimum film thickness 

plays a vital role in improving tribological properties at any sliding condition [83]. 

The thickness of the lubricant film generated depends on operating conditions such as 

velocity, load, lubricant viscosity and relationship of pressure to viscosity. Very few 
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and sparse efforts have been made to investigate the role of lubricant film thickness 

and its measurements during sliding condition. Hence, there is a need to look into this 

direction. 

2.4 Group Method of Data Handing 

Surface roughness monitoring and estimation are essential for improved 

productivity of manufacturing systems. Surface finish of turned components has 

found to be influenced by various factors which include work material characteristics, 

tool material, work hardness, unstable BUE, machining time, tool geometry, cutting 

speed, feed rate, depth of cut, chatter, and use of cutting fluids. During such 

operations, the optimum process input parameters have to be used in order to have the 

best products that meet customer requirements. The GMDH [100], a heuristic  

self-organizing method of modelling, has been used to integrate evidence from 

different sensors and the cutting conditions to obtain estimations of surface roughness. 

The prediction of surface roughness is very important in the optimization of 

the machining process. In order to develop a new model for predicting the surface 

roughness, it is essential to understand the various methods that are being used to 

predict the surface roughness [101 & 102]. Need for prediction in machining is 

necessitated by the widespread use of highly automated machine tool, and to have 

optimal cutting conditions for better finish, accuracy in dimensions etc. Hence, the 

need for determining machining conditions for maximum MRR during surface finish 

falls under the desired range. 

Mukherjee and Basu [103] applied multiple regression technique in processing 

the results obtained from metal cutting experiments. By the use of multiple regression, 

the authors arrived at a general relationship between tool wear and various other 
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cutting parameters. The model was developed for turning operation by conducting the 

experiments on mild steel specimens. The expression shows the relations between 

flank wear of a single point cutting tool and the various cutting parameters. The 

experiments were conducted at very low speed and feed conditions using HSS tools. 

However, now a days 80% of machining tasks are conducted by coated inserts at very 

speed and feed conditions. The effect of tool geometry and cutting temperature has 

not been considered. 

Godfrey C. Onwubolu et al. [104] developed a model for predicting the tool 

wear using GMDH technique. The experimental data was obtained by conducting the 

experiments on a milling machine by varying cutting speed, the engage angle, the 

width of workpiece and the net cutting time. The prediction error fell with in ±10% 

at more than 90% of predicting points. Ravinder et al. [105] conducted experiments 

for spheroidal graphite (SG) cast iron as the workpiece material and coated carbide as 

the tool material. The pattern regression technique was used to model progressive tool 

wear with dynamic tangential force and tool holder vibrations at different speeds and 

depth of cuts, keeping the feed constant. 

Takesh Yoshida et al. [106] identified a grinding wheel wear equation by 

GMDH algorithm with successive determination of polynomial trend containing 

interactive terms, considering chemical composition and mechanical properties of 

work materials, abrasive grains, grain size, wheel speed and feed rate. The established 

model enables the grinding ratio to be predicted for all combinations of workpiece 

materials, grinding wheels and grinding conditions, and serves as an aid in the 

optimization of the grinding process. 
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In recent years, researchers [107-109] have concentrated in various methods 

for system identification. Among the widely used methods for empirical analysis of 

data and model building, multiple regression analysis is a well-known technique to 

identify and predict the linear systems based on input-output data. However, it is also 

well known that reliable mathematical models are not easy to express dynamic 

analysis of non-linear real systems have many problems in the selection of model 

structure and variables. Therefore, many methods for recognizing and modeling  

non-linear systems were projected. To estimate the parameters for identifying and 

modeling non-linear systems in higher order, most of the methods like genetic 

algorithm, fuzzy inference, neural networks and polynomial classifiers require large 

amount of data. Majorly, to predict and identify non-linear systems based on 

experiential data fuzzy logics and neural network methods were used. When building 

such model, the non-linear dynamically are not explicitly expressed as a mathematical 

model. Hence, to obtain a mathematical model for non-linear systems, polynomial 

classifiers and networks are introduced. On the other hand polynomial classifiers 

often require vast memory for storage and can lead to unpredictability when it uses 

higher order polynomials. Subsequently, the GMDH technique is introduced to 

predict metal cutting experimental results [19]. GMDH is based on a multilayered 

network of second order polynomial structure, with features that express non-linear 

dynamics as a mathematical model and stable polynomial of higher order. Therefore, 

GMDH provides an effective approach to identification of higher order non-linear 

systems [112]. Consequently, such a self-organizing modelling approach is useful in 

both modelling and prediction in an advanced manufacturing system where it is 

necessary to model and predict the surface roughness during machining operations 

[104]. 
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2.5 Finite element modeling approach for machining process 

Ti-6Al-4V alloys have attracted significant attention in recent years for 

applications in aerospace, automotive etc., due to their excellent combination of high 

specific strength (strength-to-weight ratio), their fracture-resistant characteristics, and 

their exceptional resistance to corrosion. Conversely, these materials are regarded as 

difficult-to-cut material because of their high chemical reactivity with cutting tool and 

low thermal conductivity of the material [112]. Theory of deformation process 

causing chip formation and tribological aspects of tool-chip contact and very high rate 

of plastic deformation in cutting operation are quite complex as it involves material, 

physical and thermo-mechanical issues. Clear understanding of physical phenomenon 

of cutting process needs a simplified machining model [113]. In the recent years, 

FEM based modeling and simulation of cutting operations is continuously attracting 

researchers for better understanding the chip formation mechanisms, heat generation 

in cutting zones, tool-chip interfacial frictional characteristics and integrity on the 

machined surfaces [114-115]. 

Many approaches have been used in order to predict the relation between these 

parameters and the resulting cutting coefficients. Some researchers used empirical 

models to estimate the cutting coefficients [116]; others used analytical models [117]. 

Over the last two decades researches used either mechanistic models [118] or FEM 

models [119]. FEM models have improved through years, and today it is showing 

relatively accurate and repeatable results when simulating metal cutting process. One 

advantage for using FEM models is the ability to include as many cutting parameters 

as possible including very complex parameters such as cutting edge radius. Therefore, 

FEM tool can help in modelling metal cutting process to understand the cutting 
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conditions, tool wear mechanisms, tool-chip temperature, residual stresses, etc., which 

cannot be measured directly. 

Modelling and simulation of orthogonal machining process of Ti-6Al-4V alloy 

requires workmaterial flow characteristics such as high temperatures  

(1000 to 1400 0C), strain-rate factors (104 s-1 to 106 s-1) and plastic strain ration of 0.5. 

These conditions can be usually obtained by SHPB bench equipped with high energy 

heating device [120 & 121]. Even though these devices can achieve higher 

temperatures, they fail to meet typical strain rate and plastic strain requirements. 

Hence, extrapolation material behaviour regulations to the cutting conditions must be 

valid.  

The main differences observed between experimental and FEM results are the 

chip morphology, cutting force and feed force; which could be more than 50% for the 

variables when FEM results are compared with experimental results [122-125]. 

During orthogonal machining of AISI 4142 steel under dry condition, at a cutting 

speed of 50 m/min, feed rate of 0.1 mm/rev, depth of cut of 3 mm, a feed force of  

920 N was observed. However, FEM analysis with the same cutting conditions 

resulted in a feed force of 340 N. 

Owing to strong sensitivity to parameters like strain rate and temperature, the 

mechanical features observed in Ti-6Al-4V are quite complex. It is critical to 

understand these variations to have clarity of deformation modes and to interpret the 

relationship among microstructure and processing variables along with its properties 

in diverse loading conditions. To simulate the orthogonal cutting with accuracy, flow 

stress behaviour of workpiece material should be modelled with maximum accuracy.  
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Researchers have come out with constitutive material equations to precisely describe 

flow stress behavior of the workpiece. 

The flow stress material model defines the flow stress as a function of strain, 

strain-rate and temperature such that, it not only considers the strain rates over a large 

range but also temperature changes due to thermal softening by large plastic 

deformation. These models include the Oxley model [126], the J-C model [127], 

Zerilli–Armstrong model [128], the Usui model [129], the Mechanical Threshold 

Stress model [130], Litonski–Batra model [131], Maekawa model [132], etc. J-C 

equation is a popular constitutive relation widely used in material modeling in 

theoretical and numerical terms defined in a wide range of strains, strain rates and 

temperatures. 

Researchers like Ozel and Zeren [133] Umbrello et al. [134], choose to use  

J-C constitute equation for modelling Ti-6Al-4V alloy as workpiece material, because 

it is capable of accommodating high strain, strain rates and temperatures. According 

to Arrazola et al. [123] accuracy of predicted results largely depends on the modeling 

method, constitutive model for flow stress, boundary conditions (heat transfer) and 

sliding friction at tool-chip machining area. 

In particular, the material J–C constants in model [120] were found under a 

constant strain rate of 2000 s−1 within the temperature range 700 to 1100 0C and a 

maximum true plastic strain of 0.3. In order to determine the basic mechanical 

properties, room temperature was also considered. Umbrello [134] carried out a finite 

element simulation-based study on high speed machining of Ti-6A1-4V alloy. The 

focus of study was on predictability of cutting forces, chip segmentation and chip 

morphology. The experimental results were in agreement with simulation results. 
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SHPB is used to assess values of J-C parameters. According to literature [133] SHPB 

should be considered the starting point for identifying J-C parameters. For accuracy in 

prediction, SHPB is recommended in combination with machining tests and 

segmentation models of analytical chip. A possible reason could be that the constants 

for J-C model in Lee and Lin [120] work are identified using both results from SHPB 

tests through high strain rate typically in the range of 102–104 s-1 and plastic strain 

ratio of 0.5 which permit a good prediction in both for conventional machining and 

HSM. 

Friction coefficient between tool and chip lubrication of machining, having 

been subjected to limited studies, is an important input for modeling the machining 

operations, and it affects chip formation and hence tool life, surface quality and 

energy consumption of cutting processes. Previously friction coefficient in finite 

element simulations was used as a constant term specifically to match results of 

experiments rather than study it by a tribological approach. Coolant is meant to 

enhance machinability conditions of work material. Also it should improve the tool 

life and surface quality of the workpiece by lubricating at tool-chip and tool-

workpiece interface. Various efforts were taken to estimate the coefficient of friction 

at the tool-workpiece interface during difficult-to-cut material machining under both 

dry and lubricated conditions. In one of the recent investigation Wang et al. [135] 

studied the cutting forces with different coolant supply strategies, friction coefficient 

in the sliding region at the tool-workpiece interface and used in FEM to simulate 

metal cutting process. However, such studies have limitations in terms of lubrication 

condition governed by fluid flow parameters, and machining parameters. 

  Although many studies on Ti-6Al-4V alloy chip segmentation phenomenon 

have been published, including experimental, theoretical and FE simulation  
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[130-134], only a few accurate studies on FE modelling involving the prediction of 

both cutting force and chip thickness have been found under different cutting 

conditions. In addition, most of finite element analysis results under different cutting 

conditions which show good agreement with experimental results are proposed by 

modifying FE model such as critical failure criteria. Therefore, a method which can 

be used to accurately simulate same kind of material at different cutting conditions 

needs to be developed. 

2.6 Identified gaps in the literature and thesis contribution 

Literature from reputed national and international scientific journals and 

conference across the fields such as solid lubricant assisted machining, tribological 

characterization, FEM simulation has been made. The gaps identified and objectives 

proposed based on the literature establish a solid framework to carry research work. 

The literature review summarizes key research gaps as follows. 

 Several investigations tried to achieve eco-friendly sustainable machining or green 

machining using minimum quantity of mineral based cutting fluids, vegetables 

oils based cutting fluids in machining processes. However, problems associated 

with these fluids on environmental concerns forced manufactures to seek possible 

elimination of them in order to meet the demands of sustainable manufacturing. 

Development of advanced machining method is one of the alternatives in this 

direction. 

 To attain high production machining with high cutting speed, feed and depth of 

cut are inherently associated with generation of high cutting temperature. 

Sufficient amount of cutting fluid is important to achieve better process 

performance in terms of improving tool life and surface quality. Advancement in 
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modern tribology has identified use of solid lubricant in oil suspension with low 

cost and eco-friendly, which can sustain and provide lubricity over a wide range 

of temperature in controlling heat and frictional effects on machining zone.  

 Literature survey indicates that MQSL spray system creates a thin fluid film that 

spreads on the pin-disk sliding surface interface; there has not been experimental 

investigation that defines solid lubricant film thickness with varying particle size 

and concentration. An experimental investigation will require a novel 

experimental set-up to collect the entire development of thin fluid film, from 

impingement to break-up as the current experimental techniques have narrow field 

of view.  

 Solid lubricant spray system has demonstrated an improvement in surface 

roughness over flood cooling, dry, wet and MQSL during Ti-6Al-4V alloy 

machining. However, the effect of EHVSL spray system on the tool-chip interface 

cutting force and tool wear machining parameters during Ti-6Al-4V alloy 

machining has not yet been investigated.  

 The literature studies reveal that optimization plays a key role at the end of any 

predictive modeling. Efficient handling of any machining process requires 

selection of optimal cutting conditions. Close study of literature reveal substantial 

evidence to support accuracy of surface roughness prediction which may be 

improved using GMDH technique. 

 A series of finite element analysis for machining Ti-6Al-4V alloy in varying 

cutting speed and feed rate conditions is carried out under dry and lubricant 

condition. FEM chip formation has proved great sensitivity to tool-chip friction 

coefficient. There are only limited number of studies existing in machining 

applications due to its difficulties and complex nature of machining processes.  
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Hence, the current research gaps motivate the researchers and manufacturers 

to study and concentrate on efforts in this direction to overcome the above stated 

drawbacks and to look into new machining methods to achieve sustainable machining 

system and to study possible routes to achieve clean machining processes. 

Development of advanced machining method is one of the alternatives in this 

direction. In view of this, future research work should be carried out with an aim to 

identify ways of machining as well as machining without cutting fluids as the 

environmental protection is going to be the key issue in near feature. 

2.7 Summary 

The continuous increasing demands for high productivity in modern industries 

have led to a need for high MRR, dimensional accuracy and high surface finish. High 

production requirements in the metal removal processes are met by incorporating high 

cutting velocity, depth of cut and tool feed. This leads to the development of high 

temperature and pressure in the primary and secondary cutting zones. If proper and 

efficient cooling methods are not employed, the heat developed will adversely affect 

the efficiency of cutting process. 

The above literature survey clearly indicates that, there is a need to 

concentrate efforts in the direction of solid lubricant assisted machining to overcome 

the high heat generation in machining of advanced engineering materials. Further, if 

the lubricant can be applied in a more refined and defined way, just sufficient for 

effective lubrication, improved process results (reduction in machining cost, 

improvement in tribological properties, improvement in surface integrity; thereby 

overall increased productivity) may be expected. In addition, research studies 

highlighted that although the resulting lubrication is sufficient with solid lubricants, 
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there is still a need to look into flushing action and tool cleaning methods to make the 

solid lubricant more attractive than conventional liquid lubricant method. In this 

context, there is a need to look into novel development of electrostatic solid 

lubrication experimental setup. Among different solid lubricant materials highlighted 

in the review, MoS2 is the most commonly used solid lubricant due to its highest load 

carrying capability with a corresponding low friction coefficient and easy of shearing 

action between contact surfaces. The study of lubricant film formed between various 

geometric shapes are inherently complicated and interconnected, making it necessary 

to understand the concepts of tribological phenomena. To overcome the tribological 

losses due to friction and wear, a significant portion of lubricant with high viscous 

properties allows very smooth relative motion between two sliding surfaces. Further, 

FEM and fundamental aspects of metal cutting simulations with existing constitutive 

material models and tool-chip contact friction modelling were discussed. It has been 

concluded here that in order to improve efficiency of metal cutting processes by 

lowering part cost and improving machining quality, it is necessary to model metal 

cutting processes and material behaviour. This research work aims at filling the gap 

with FE modelling and fundamental aspects of metal cutting simulations of Ti-6Al-

4V alloy.  
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CHAPTER 3 

DEVELOPMENT OF ELECTROSTATIC HIGH 

VELOCITY SOLID LUBRICANT SPRAY SYSTEM 

  The set objective of present research and impetus to overcome the research 

gaps in the existing literature (listed in chapter 2) establishes a framework to fabricate 

sustainable and innovative lubricant technology to facilitate the supply of solid 

lubricant particles effectively to the tool-chip interface at constant flow rate. In order 

to fulfill the objective of sustainable development, the current research work 

introduces a novel approach for developing effective minimal fluid application 

technique namely EHVSL assisted machining spray system. This chapter covers 

detailed information about the development of electrostatic spray system. The present 

chapter also presents the selection of work material used, cutting tool, experimental 

conditions, instrumentation, planning of experimental conditions and the procedures 

adopted for the study are described. 

3.1 Introduction 

The major challenge before modern machining industries is to achieve higher 

production rates by improving the quality of product in terms of closer tolerance, 

improved surface quality and enhanced performance while meeting the environmental 

and sustainable manufacturing principles. Manufacturers continually strive for ways 

and means to achieve better quality and higher productivity in any machining 

operation to maintain their competitiveness. Advanced studies in modern tribology 

have introduced several self-lubrication (or) solid lubricants with low cost and  

eco-friendly, which can withstand and provide lubricity over a broad spectrum of 
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temperatures [18]. It has been revealed from literature review that better cutting 

performance can be achieved when lubricants are penetrated quickly and effectively 

upon the critical location i.e. tool-chip-workpiece interface in a short period of time 

[58 & 136]. Development of advanced machining methods is one of the alternatives in 

this direction to apply lubricants effectively to high temperature cutting region to 

achieve better results. 

Electrostatic spraying is advancement in atomization technology where 

droplets act as charge carriers when subjected to an electrostatic field of high-voltage. 

This technique is currently employed across various fields such as chemical, 

automotive, agriculture industries. Li et al. [137] made an effort to evaluate the impact 

of electrostatic spray technique on automobile finish mechanism and experimentally 

obtained reduction in exhaust emission rates with reduced average fuel droplets size. 

Ghanshyam et al. [138] developed electrostatic spray assisted system for coating thin 

films and unlike in chemical vapor deposition technique, obtained deposition 

efficiency as high as 80%. Law [139] presented a review on applications of 

electrostatic spray system in various sections of agriculture. The authors proposed that 

using this technique increased adsorption and penetration droplet rates can be 

achieved while minimizing waste. Besides, numerous researchers have developed 

novel machining systems where lubrication and cooling of cutting zone is done 

electrostatically [58, 136]. Reddy and Yang [58] developed an electrostatic lubrication 

(EL) technology to supply a defined quantity of cutting fluid at constant rate that uses 

on electricity to create droplets. Their study included a thorough comparison between 

MQL and dry drilling based on tool wear, diameter of the hole, thrust force and 

surface finish. The experimental results of the study proved EL to be an effective 
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technology and its potential to be used as a viable alternative. Studies were conducted 

by Liu et al. [140] on dry electrostatic cooling (DEC) assisted machining of hardened 

steel. The influence of DEC on cutting force and tool life were investigated and 

results showed that, unlike dry cutting, corona treated compressed air technique 

provides better lubrication and cooling and as a consequence, cutting force and tool 

wear decrease. 

Keeping the necessary conditions in view, the current research work envisages 

the possibility of developing a novel experimental setup for effective supply of solid 

lubricant particles to the machining zone. In this direction, the present research work 

envisages the feasibility of developing a new generation of machining technique 

namely EHVSL spray system with an aim to abolish the application of cutting fluid 

and to minimize frictional force at tool-chip interface in the machining operation. This 

approach is based on the concept of supplying solid lubricant suspension (MoS2 and 

base oil) as a thin lubricant film with high velocity jet along the cutting edge of inserts 

and with an aim to give a significant reduction in flow rate (20 ml/hr) while 

maintaining constant supply for specific hard turning of Ti-6Al-4V alloy, thus 

meeting environmental requirements. It is a novel technique introduced in the 

manufacturing process to supply micrometer sized solid lubricant particles effectively 

to the machining zone while satisfying sustainable issues in terms of enhancing tool 

life, resulting in higher productivity and ability of using higher cutting speeds, thus 

reducing surface roughness. 
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3.2 Development of EHVSL experimental set-up 

Sufficient amount of cutting fluid and delivery method is very important in 

machining process to achieve better process performance in terms of improving tool 

life and surface quality [8 & 135]. The primary objective of the present research work 

is to fabricate the novel experimental set-up i.e. EHVSL system as shown in Fig. 3.1. 

It is a new technique introduced in the manufacturing process to improve process 

performance in turning operation. Detailed explanation about EHVSL supply system 

and nozzle design is explained below. 

 

Fig. 3.1: Photographic view of developed electrostatic high velocity solid lubricant 

spray system 

3.2.1 Electrostatic high velocity solid lubricant set-up 

The EHVSL system consists of a syringe pump, high voltage power supply, 

spray nozzle, and air compressor as shown in Fig. 3.2. Effective cooling and 

lubrication in machining process is very crucial to control friction and extreme heat 
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generation involved in the process. In the present research work, the feasibility of the 

novel approach for developing a new generation of machining technique namely 

EHVSL with an aim to improve process performance and to eliminate the use of 

cutting fluids in machining process.  

Fig. 3.2: Schematic illustration of the EHVSL spraying setup 

The system uses contact electrification to charge lubricant in the nozzle and an 

electric field to aid in uniform lubrication at tool-chip-workpiece interface. It makes 

use of electrostatic charging principle to charge suspension of solid lubricants passing 

through specially developed nozzle. Syringe pump is used to maintain steady flow 

rate of lubricants. Air hoses were used to supply compressed air to the nozzle for 

lubricant atomization. To create a required electrostatic force within the sprayed solid 

lubricant particles, a high voltage (negative) potential of 0-10 kV was employed and 

connected by cable to the tip of the nozzle. The applied voltage is varied from 3 to 8 

kV. When the lubricant particles reach the nozzle tip, they instantly get charged and 

are broken into smaller droplets by the compressed air. These charged-broken solid 
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lubricant particles quickly penetrate on to the rake and flank face of the  

tool-workpiece interface and create a thin lubricant film. 

The electrostatic field created at tip of the nozzle, serves to ensure charging of 

lubricant particles owing to ionized air flow in the stream, and consequently, in-line 

air supply through nozzle provides easy transfer of solid lubricant particles towards 

the grounded tool-chip-workpiece interface. When solid lubricant particles come close 

to the grounded part (workpiece and cutting tool), an electrostatic attraction between 

the charged lubricant particles creates a temporary adhesion between solid lubricant 

particles and grounded tool-chip interface. 

The function of high voltage supply is to create required electrostatic charge 

within sprayed lubricating particles to facilitate the adhesion of lubricant particles to 

the grounded part of tool-workpiece interface. The high velocity spray system is 

projected along cutting zone, so that solid lubricant suspension influences effectively 

on to the tool-chip-workpiece interfaces as possible. The electrostatic field created at 

the tip of the nozzle ensures charging of solid lubricants owing to ionized airflow in 

the stream, and consequently, the in-line air supply through nozzle provides easy 

transfer of lubricants towards the tool-workpiece interface.  

3.2.2 Electrostatic high velocity solid lubricant process 

Electric potential is a very important factor in the electrostatic lubrication 

process as it directly relate to the charge of lubricant particles. To achieve better 

process performance in terms of improving product quality and tool life, a spray of 

monodisperse solid lubricant particles (droplets) is achieved by passing a high viscous 

lubricant with necessary electrostatic charge within the sprayed lubricant particles to a 

high potential with a short distance away with respect to a ground electrode. In 
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supplying solid lubricants, a very small amount of lubricant particles will be applied 

in the form thin yet even lubricant mist droplets with high penetrability and 

wettability to the machining zone within a short time duration which is functionally 

important. Under the influence of an electrostatic field, solid lubricant particles 

meniscus takes the shape of a cone from the tip of which a thin lubricant film forms, 

primarily to cone-jet mode. These lubricant particles break into a stream of charged 

particle droplets that ultimately spread to form a uniform spray.  

If the lubricants are uncharged, unlike in an electrostatically charged system, 

the process spray may lead to splash, spread, or rebound. Specifically, during high 

temperature condition, lubricant droplets tend to rebound because the pressure of the 

vapor below the liquid partially lifts the droplet. Because of this, the conventional 

spray cooling systems are not effective. Droplet coalescence is taken care by spray 

self-dispersion Columbic repulsion which also improves suspension by producing 

droplets of uniform size even at nanoscale [143]. The system uses contact 

electrification charge principle to charge the lubricant particles in the nozzle and an 

electric field to aid uniformly charged lubrication at chip-tool-workpiece interface 

surface. The nozzle tip diameter of spray system is 0.2 mm which is larger than the 

sprayed droplet particles, which diminishes the threat of clogging and intensely 

reduces the lubricant pressure drop. 

3.2.3 Nozzle 

Nozzle is one of the significant components of EHVSL supply system, as seen 

in Fig. 3.3. For a developed experimental set-up, the nozzle is developed in such a 

way to effectively reach and cool/lubricate localized “hot-zones” (tool-chip-

workpiece interface) in the cutting area with MQSL consumption as discussed early in  
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Chapter 2, Section 2.2.4. The nozzle tip is impinged onto the rake and flank face of 

the cutting tool. The nozzle fixture is attached to the tool holder support and so 

positioned that it applies charged solid lubricant mixture particles coming out of the 

nozzle reaches to machining zone with a constant flow rate of 20 ml/hr.  

 

Fig. 3.3: Schematic diagram of nozzle 

The impact energy of majority of solid lubricant particles is controlled by 

EHVSL spray constraints (e.g. flow rate, air pressure, nozzle development, 

impingement angle, electrostatic voltage) to obtain ‘spreading’ droplet particles 

impingement regime, ideal for machining applications. Nozzle position is so adjusted 

as to supply charged solid lubricant suspension selectively to tool flank and rake face 

of cutting tool. Tool flank and rake face are the two important faces of cutting tool, 

where most flank wear and crater wear occur respectively. Enhancing its effectiveness 

as a lubricant, high velocity thin pulse jet electrostatic solid lubricant may create thin 

film that spreads over tool-chip-workpiece interface. Solid lubricants are firstly 

charged at nozzle tip and the charged solid lubricant particles are broken into 

micrometer sized droplets by the compressed air. The charged solid lubricant particles 

will quickly penetrate and adhere to the surface of tool-chip-workpiece interface to 

form thin lubricant film in the machining area. 
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3.2.4 Syringe pump 

As the name indicates, the main component of syringe pump is syringe. 

Syringe pumps (Fig. 3.4) either pull the lubricant in or push it out via a syringe 

attached to it to obtain the volume quantity by the size of syringe. In this study, 

syringe pump is used for smaller quantity of lubricant and to maintain steady flow rate 

of solid lubricants. Using syringe pump it is quite easy to know the flow rate of 

lubricants. In order to allow the flow of lubricants from syringe pump, pressure is 

applied to the syringe plunger and syringe-pump-motor moves a block forward. It 

holds one syringe pump from micro-liter size up to 60 ml with a low flow rate of  

1-1100 ml/hr. 

 

 

 

 

 

 

Fig. 3.4: Photographic view of syringe pump 

3.2.5 High voltage system 

High voltage power supply system is a key component in electrostatic 

application. The fundamental principle of operation of an electrostatic precipitator is 

that the lubricant particles are initially charged by passing them through an electric 

field; these charged lubricant particles get deflected across the particle collection field 

of the earthed plate. This basically comprises of a suitably designed and insulated 

setup transformer, from which the output can be controlled by adjusting incoming 



64 
 

mains supply voltage level. The transformer output is then rectified to produce a high 

negative voltage. In this study, a HV (High Voltage) DC power supply with output 

voltage range from 0 to 10 kV with output current up to 2000 A is used. The HV 

power supply is designed, developed and fabricated by Ionics Power Solutions Pvt. 

Ltd., Hyderabad (Fig. 3.5). 

 

 

 

 

 

 

Fig. 3.5: High voltage power supply system 

3.3 Structure of EHVSL spray system 

Electrostatic spraying system has attracted great interest in recent studies for 

preparation of thin lubricant films. This supplies higher amount of lubricant at  

tool-chip-workpiece interface to enhance the process of adsorption film and oxide 

layer formation in the shortest available time. Developed EHVSL spray system 

comprises of a negative HV (High Voltage) power supply, spray nozzle, syringe 

pump, air pressure controller and air compressor. All the main components are 

connected with hoses and cables, with all necessary regulators and fittings. The 

technique uses compressed air that carries lubricant particles in a mixture that is 

pumped and directed to the cutting regions to exert its role adequately. The purpose of 

air compressor is to atomize solid lubricant particles by an air hose through the 

mixing chamber and then to supply the same to spraying nozzle. The high-velocity 
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thin pulse jet of EHVSL spray system nozzle was directed towards auxiliary cutting 

edge of the tool-chip interface, as indicated in a frame within Fig. 3.6. MoS2 solid 

lubricant particles are initially charged at tip of the nozzle from where they are broken 

into droplets with air pressure to effectively cover tool-chip-workpiece interface. 

Electrostatically charged (negatively charged) solid lubricant particles will quickly 

penetrate and adhere on the surface of tool-chip interface to form thin solid lubricant 

film. However, larger particles give varying lubricant film thickness between the 

sliding interface zones. Particle size and voltage have significant effects on lubricant 

droplet particles and lubricant film thickness.  

 

Fig. 3.6: Schematic view of nozzle with EHVSL spray system 

For the developed EHVSL spray system, MoS2 solid lubricant particles are 

used as lubricants. Solid lubricant particles were primarily charged at the nozzle tip 

and the charged lubricant particles were broken into lubricant droplets by air 
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compressor. To select the optimum value of charging voltage, trial experiments have 

been implemented, in order to attain a fine chargeability and uniform spray of solid 

lubricant droplets at the exit end of the nozzle tip. 

The mechanism of charging particles will be discussed in detail in section 3.4. 

Solid lubricant particles are propelled by means of electrostatic force which transports 

the charged solid lubricants at the interface zone, which is earthed and enclosed. A 

component of typical electrostatic lubricant process is shown in Fig. 3.7. The charge 

on lubricant particle is attracted to the substrate where it is held by various adhesive 

forces. In order to accomplish a successful lubricating in the machining interface, this 

method uses a combination of the below listed elements. 

(i) Delivery of solid lubricants 

(ii) Charging of solid lubricants 

(iii) Transfer of solid lubricants from charging region (nozzle tip) to high 

temperature interface (tool-workpiece interface) 

(iv) Adhesion of solid lubricant particles at tool-chip interface  

 

 

 

 

 

 

Fig. 3.7: Components of typical electrostatic lubricant process 
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3.4 Electrostatic charged properties 

The function of high voltage supply is to generate necessary electrostatic 

charge within the sprayed lubricant particles and to facilitate adhesion of solid 

lubricant particles to tool-chip-workpiece interface (hot-zones). Strength of the 

electric field required to transfer lubricant particles towards the grounded workpiece 

is evaluated by calculating mean charge to mass ratio (qmax/m) of lubricant particles. 

Calculated particle mean charge to mass ratio and transfer efficiency of the developed 

lubricant spraying system are given by Eqn. 3.1. The particles pass through a highly 

charged and ionized electric field at the nozzle tip applying a strong negative charge 

to each particle. Schematic view of EHVSL with cloud of tiny charged solid lubricant 

particles is shown in Fig. 3.8. 

 

 

 

 

 

 

 

 

Fig. 3.8:  Schematic view of EHVSL with cloud of tiny charged solid lubricant 

particles 

  In electrostatic charging spraying process, the amount of charge acquired by 

the solid lubricant particles not only determines their trajectories but also their 

adherence tendency to metal substrate [141 & 142]. Studies revealed that the particle 
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adherence tendency is the function of mean surface charge to mass ratio (
𝑞𝑚𝑎𝑥

𝑚
)of 

solid lubricant particles (Eqn. 3.1).  

𝑞𝑚𝑎𝑥

𝑚
=  

12 𝜋 𝑟2𝜀𝑜𝐸

(
4

3
)𝜋 𝑟3 𝜌

 ------------------------------ (3.1) 

Where 𝑞𝑚𝑎𝑥/𝑚 = mean charge to mass ratio, r = radius of the particles,  

𝜀0= permittivity of space, E = strength of electric field, 𝜌 = density of the particle. 

Measurement of this mean surface charge to mass ratio is very helpful in 

electrostatic solid lubricant process as it provides and indicates how effectively a 

particular lubricant experimental setup works, which in turn perhaps used to evaluate 

transfer efficiency of the system.  

3.5 Other tools and equipment 

Machining process is completely carried with dry, wet, MQL, MQSL and 

EHVSL lubrication techniques. Tools and other equipment used in the present 

research work are as follows. 

3.5.1 Force measurement 

A considerable amount of investigation has been carried out for predicting and 

measuring the cutting forces. This owes to the fact that the developed cutting forces 

during machining have a direct impact on heat generation, which in turn has a direct 

influence on tool wear and surface roughness. In this study, piezoelectric lathe tool 

dynamometer is used for determining the machinability of the materials. 

3.5.1.1 Dynamometer 

The three component piezoelectric dynamometer helps to perform force 
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measurement in any machining processes (shown in Fig. 3.9). This is a multi-

component transducer having three output channels with piezoelectric transducers 

designed to resolve the forces which are acting along the three mutually perpendicular 

axes. Dynamometer was mounted on specially designed fixtures as shown in Fig. 3.3. 

The cutting force is split into three namely the radial thrust force (Fx), tangential 

(main) cutting force (Fy), and feed force (Fz) which are taken as output. Table 3.1 

shows the specifications of dynamometer used in the present work. 

 

 

 

 

 

 

 

Fig. 3.9: Schematic view of lathe tool dynamometer 

Table 3.1: Specifications of dynamometer 

 Fx Fy Fz 

Measuring Range (N) 2224 2224 4448 

Sensitivity (Pc/N) -7.78 -7.92 -3.72 

Linearity  %FSO 0.3 0.3 0.3 

 

For each of the three force components, a proportional charge signal is 

produced in the measuring element. These charge signals are fed to the charge 

amplifiers where they are converted into voltages that may be indicated or registered 

as desired. These low cross-talk sensors are highly sensitive and offer high stiffness 
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with excellent repeatability and long term durability. With the help of a tool holder, 

the tool insert is fixed to the dynamometer which is then placed on the machine tool 

turret using an adopter.  

3.5.1.2 Charge amplifier 

 A charge amplifier is included in the setup for effective utilization charge 

difference that appears when piezoelectric sensors are loaded. It consists of an inner 

amplification unit which converts the input charge difference into voltage signals. A 

reliable connection is very essential between charge amplifier and dynamometer for a 

better quality of measured signals. Industrial charge amplifier 5007 A311 type is 

employed for amplifying the out of transducers into proportional voltage. The 

mechanical unit per unit volt for each channel is set according to force components 

connected to the channel. The specifications of the charge amplifier are as follows 

(Table 3.2). Ground-insulated cables are sealed with a metal hose to ensure safety 

when working in raw operative conditions on a machine tool. Stable connectors 

provided at both ends of the cable to achieve a protection of IP67 class at the 

connection to the stationary dynamometer. 

Table 3.2: Specifications of a charge amplifier 

Measuring ranges ± 100 to 1000000 pC 

Voltage output full scale -10 to ±10V 

Output current ±5 m A 

Transducer sensitivity 0.1 to 11000 Pc/MU 

Linearity < ± 0.05% 

Frequency response error, with standard 

filter 180 KHz (at 100 KHz) 
< ±5% 
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3.5.1.3 Acquiring/Analyzing software 

NK Instruments offers optimized software for data acquisition and analysis 

with cutting force measurement. With the cutting force measurement (CFM) V 1.0.2, 

it is possible to set all of the constraints of the corresponding charge amplifiers that 

are important for data acquisition. The acquired data is presented in a graphics form 

and facilitate, together with various functions, the signal processing and analysis of 

the measurement signals. With Dyno Ware, it is easy to document and export the data. 

3.5.2 Precision balance 

A high-performance analytical balance (AUW 220D) measures sub-micron 

range masses with a minimum display 0.01 mg and has excellent response capabilities 

as shown in Fig. 3.10. In this study precision balance is used for measurement of total 

solid lubricant particles (maximum 20 g and minimum scale is 0.04 mg). 

 

Fig. 3.10: Photographic view of weighing balance during weighing lubricant samples 

3.5.3 Surface roughness measurement 

In this investigation, surface roughness (Ra) measurements are taken using 

Talysurf-6; at an angle 90° to the direction of turning. Surface roughness is measured 

at three random points along the workpiece circumference. Average of these three 
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points is taken as the surface roughness of the machined workpiece. The 

specifications of surface roughness are shown in Table 3.3. A sample measure of 

surface finish on machined work material using surface profilometer (Taylor Hobson 

Surtronic S25) is shown in Fig. 3.11. 

 

 

 

 

 

 

Fig. 3.11: A sample measure of surface finish on machined work material using 

surface profilometer (Taylor Hobson Surtronic S25) 

Table 3.3: Specifications of Talysurf profilometer 

Maximum height of stylus 

above traverse unit 

340 mm 

Work table 620x40 mm 

Tee slots Two (685x400x700) 

Maximum length of traverse  120 mm between adjustable ends 

Traverse speed 1 mm/s at Vh X5 

Vertical magnification X100, X200, X500, X1000, X 2000, X5000,  

X 10000, …….  X100000. 

Horizontal magnification X2, X5, X20, X50 … X1000. 

Skid force (adjustable) 0.5 N maximum for all pick-up attitudes 

Stylus tip size 2 𝜇𝑚  (normal) 

Skid radius 50.8 mm 
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3.5.4 Computer numerical control (CNC) turning machine 

CNC is a special class of machine tool category used widely in turning, milling, 

drilling, grinding etc. CNC provides control over cutting tool and workpiece motions, 

and enables the operator to accurately employ the cutting condition such as feed, 

depth of cut, speed and miscellaneous functions. The basic objective behind the use of 

CNC turning machine is reduction of the cost of production and improvement in 

product quality. Machining by CNC turning can be done to very precise limits, which 

normally is very difficult by a conventional lathe. CNC turning machine  

(HMT PVT 260) used for experiments is (shown in Fig. 3.1) and its specifications are 

given in Table 3.4. 

Table 3.4: Specifications of CNC lathe machine 

Specifications HMT-PRAGA PTC200  

Spindle speed 100-4000 rpm 

Maximum turning diameter 200 mm 

Distance between centers 300 mm 

Turning tool size 20x20 mm 

Power cont/15min 5.5/7.5 kw 

Tool holders 8 

 

3.5.5 Infrared (IR) & Thermal Imaging Camera 

The operation of an IR camera is based on the principle of conversion of heat 

into electrical signals. During operation the IR camera (shown in Fig. 3.12) detects 

infrared rays and suitably converts them into electronic signals. These signals are 

processed in the next step to generate thermal images on a small video monitor and to 

perform temperature measurements. IR camera precisely quantifies sensed heat and 

thus helps to monitor thermal performance. Besides it also helps to evaluate thermal-
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related problems. The detailed specifications of IR camera are shown in Table 3.5. A 

thermal infrared camera (FLIR E60) with 320 x 240 pixels with thermal sensitivity of 

less than 0.05°C at 30°C is used to measure pin-disc contact temperature during the 

experimental conditions.  

 

 

 

 

 

 

 

 

Fig. 3.12: FLIR E60 Infrared thermal imaging camera 

Table 3.5: FLIR E60 Infrared Camera specifications 

 

 

 

 

 

 

3.6 Experimental details  

To assess the performance of developed EHVSL experimental set-up, 

experiments were carried out by properly selecting the concentration and flow rate of 

solid lubricant suspension in terms of improving machining properties, surface 

Resolution 320 x 240 pixels 

Total pixels 76,800 

Thermal sensitivity < 0.05°C 

Accuracy ± 2°C or ± 2% of reading 

Temperature measurement range -20 to 650°C 

Display screen 3.5” 

Video Camera w/Lamp 3.1 MP 

Zoom 4x Continuous Digital 
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integrity of machined part and comparing the same with existing cooling/lubrication 

methods. 

3.6.1 Workpiece material 

Each test to evaluate cutting performance was carried on Ti-6Al-4V grade 5 

alloy bar of 300 mm length and 65 mm diameter. The chemical composition of  

Ti-6Al-4V alloy is given in Table 3.6. 

Table 3.6: Chemical composition of Ti-6Al-4V alloy 

Element Al V Fe C Ti 

Composition 

(wt. %) 
5.560 4.070 0.185 0.022 89.997 

 

During turning operation, possibilities of workpiece being subjected to 

vibrations are high. These vibrations may cause reduction in cutting speed which is 

not desirable. This negative effect can be minimized by properly supporting the 

workpiece at the tailstock by drilling a hole on its face before the start of the 

experiment. A 1 mm deep precut was made using tungsten carbide tool on each of the 

workpiece before the actual turning was performed to eliminate oxidation surface or 

top hardened surface. Prior to actual experiments, trials were conducted on CNC lathe 

machine at different cutting conditions. A dial indicator was used to check the extent 

of wobble in the workpiece during cut which was later minimized by proper 

adjustment of chuck. 

3.6.2 Solid lubricant additive 

Solid lubricant additives have gained significant popularity due to the 

excellent tribological performance they offer [14]. From the previous studies it was 

observed that, generally MoS2 (lamellar material) possesses good load bearing 
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capacity corresponding to a low friction coefficient under sliding condition [19 & 21]. 

MoS2 is one of the mostly well-known and widely used solid lubricants, although 

initially intended to be used for aerospace and military applications, now a days has 

increasingly been found in various lubrication techniques. Large particles may cause 

excessive abrasion wear due to impurities present in MoS2; accelerated oxidation may 

result when smaller particles are used. It can be efficiently utilized to minimize wear 

and friction in fluid lubricants within the specified boundary conditions, to facilitate 

higher load bearing capability and during the instances of oil loss may 

slowdown/prevent any catastrophic seizure that may occur. In the present research 

work MoS2 solid lubricant particles were chosen as an additive in the base oil with an 

average particle size of 10 𝜇𝑚. Thin films of MoS2 added solid lubricants binds firmly 

to the sliding surfaces and effectively bring down friction and wear to lower levels. 

3.6.3 Base oil 

SAE 40 (Society of Automotive Engineers) oil has good lubricating properties 

owing to its higher viscosity. Thus, in the current study it is chosen as suspension 

medium for the solid lubricant. Table 3.7 lists out the properties of SAE 40 oil.  

Table 3.7: Properties of base oil (SAE 40) 

 

 

 

 

 

Flash point  260°C 

Fire point  300°C 

Kinematic viscosity  at (40°C)  220 cSt 

Kinematic viscosity at (100°C)  15.87 cSt 

Specific density 865 
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3.6.4 Planning of experimental condition 

An experimental program is designed to achieve the proposed objective in a 

simple manner. The planning and execution of the same has been discussed in the 

foregoing section.  

3.6.4.1 Selection of process parameters 

A large number of interacting variables increase the complexity of turning 

operation. Process variables such as feed, speed depth of cut etc., will have major 

influence on the geometry of the workpiece produced during turning operation. 

However, to ease the data collection process, only three of the variables are chosen for 

the experimental studies. From the review of the past literature, tool geometry (rake 

face and flank face) and cutting conditions (feed rate, cutting speed and depth of cut) 

were considered as process parameters and their effect on the cutting force, surface 

roughness, tool wear and chip thickness is investigated in the current research. 

Experiments were carried out keeping these factors at different levels. The range of 

individual factor was selected keeping in view the requirements of the present day 

industries. 

3.6.4.2 Design of experiments 

It is necessary to have a well-constructed design procedure to carry 

experiments since the way experimentation is designed majorly affects the number of 

experiments required. To investigate all the possible interactions occurring between 

independent variables such as feed, speed and depth of cut, a full factorial design of 

experimentation was employed to conduct the experiments. Responses measured were 

cutting force, tool wear, surface finish and chip thickness ratio. In the first stage of 

experimentation, each factor has three levels (shown in Table 3.8). Based on full 
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factorial design approach, 27 (33) experiments were conducted in all the considered 

environmental condition, each having a set of different factor levels, as given in  

Table 3.9. 

Table 3.8: Process variables and their levels 

 

Table 3.9: 33 Factorial design matrix for experimentation 

Test 

No. 

Cutting 

speed (Vc) 

m/min 

Feed rate 

(f) 

(mm/rev) 

Depth of 

cut (ap) 

(mm) 

Test 

No. 

Cutting 

speed (Vc) 

m/min 

Feed rate 

(f) 

(mm/rev) 

Depth of 

cut (ap) 

(mm) 

1 100 0.1 0.5 15 150 0.15 1.5 

2 100 0.1 0.5 16 150 0.2 0.5 

3 100 0.1 0.5 17 150 0.2 0.5 

4 100 0.15 1 18 150 0.2 0.5 

5 100 0.15 1 19 200 0.1 1.5 

6 100 0.15 1 20 200 0.1 1.5 

7 100 0.2 1.5 21 200 0.1 1.5 

8 100 0.2 1.5 22 200 0.15 0.5 

9 100 0.2 1.5 23 200 0.15 0.5 

10 150 0.1 1 24 200 0.15 0.5 

11 150 0.1 1 25 200 0.2 1 

12 150 0.1 1 26 200 0.2 1 

13 150 0.15 1.5 27 200 0.2 1 

14 150 0.15 1.5     

 

3.6.5 Experimental procedure 

Turning experiments were carried on HMT PVT 260 CNC lathe machine at 

constant feed, speed and depth-of-cut. In the present study, the material used in all the 

experiments was Ti-6Al-4V alloy with an average hardness of 64 HRC. Cutting tool 

holder is attached to a piezoelectric dynamometer for measurement of cutting force 

Sl. No. Parameter 
Level-I 

(Low) 

Level-II 

(Medium) 

Level-III 

(High) 

1 Cutting speed (vc) m/min 100 150 200 

2 Feed (f) mm/rev 100 150 200 

3 Depth of cut (ap) mm 0.5 1 1.5 
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and three channel amplifiers was used to amplify signals for measuring cutting forces. 

Signals obtained from the sensor are sent to a PC where the data is processed by a 

data acquisition and analysis system and stored into the PC. Before actual machining, 

a pre-cut of 2 mm depth was carried on workpiece surface to remove irregularities if 

any, and to provide a similar surface for all tests. Photographic view of EHVSL 

system is shown in Fig. 3.1. Tungsten carbide tool inserts with ISO designation 

CNMG120412 were used as cutting tools. MoS2 solid lubricant particles with  

10 micrometer sized were used as solid lubricant substance. SAE 40 oil is used as 

base oil. Syringe pump is used to supply solid lubricant suspension through hose into 

the nozzle.   

Based on the preliminary findings, and considering the influence of machining 

parameters, experiments for performance assessment of turning operation were done 

with constant feed rate, cutting speed, and depth of cut. Factors selected to carry 

performance studies were surface roughness, tool wear, cutting force and chip 

thickness ratio. Water-soluble cutting oil (Milacron ct 100, 10:1 dilution) was used in 

the conventional cooling condition i.e. wet machining (flood cooling). Variables like 

changes in set-up, machine condition etc., were kept constant throughout the 

experimentation. During MQL process, compressed air with minimum quantity of  

water-soluble cutting oil was used and applied at a flow rate of 500 ml/hr. In case of 

MQSL assisted machining, 20wt% concentration of MoS2 solid lubricant particles  

(10 𝜇𝑚) were selected as an additive in SAE 40 oil to prepare a solid lubricant 

suspension. 

3.6.6 Software for analysis of results 

ABAQUSTM/CAE, Computer Aided Engineering is a software used for 
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designing modelling, visualizing products and machinery in fields such as aerospace 

and automotive industries. Also, this software is widely used in academic and 

research organizations due to its capability to design and customize a wide range of 

materials models. ABAQUSTM offer a multi-physics platform making it suitable for 

simulations which require multiple fields. In the present work a two-dimensional (2D) 

FEA model is used to simulate orthogonal cutting of Ti-6Al-4V alloy using 

commercially available ABAQUSTM software and to analyze phase transformation of 

the cutting force and chip thickness during dry and EHVSL lubrication condition. 

3.7 Operating process parameters for EHVSL assisted machining 

It is essential in EHVSL assisted machining process that lubricant particles 

must effectively cover the hot-machining contact area. Another important variable is 

wettability of solid lubricant particles on tool-workpiece surface. Selection of 

machining conditions effectively contributes to the simultaneous improvement of 

quality and productivity. Therefore it is vital to choose optimal machining parameters 

of EHVSL spray system to enhance machinability for a given material without 

affecting production timelines. To achieve this goal, the current research work is 

carried to investigate the effect of high pressure cooling/lubrication with EHVSL 

technique and high velocity jet application parameters, i.e. concentration of lubricant 

to weight ratio, flow rate of lubricant, lubricant pressure, angle of the impingement of 

the jet, and spot distance of the nozzle on cutting force and surface roughness, while 

turning Ti-6Al-4V alloy. Experiments have been conducted to select the process 

parameters in hard turning with MoS2 as a lubricant media and SAE 40 oil as a base 

lubricant. The smaller droplets, which can provide better penetration into the cutting 

surface, are more preferable especially in terms of applying lubricants effectively in 
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the machining zone. 

3.8 Experimental details 

Trial tests have been performed to select optimum values of charging voltage 

in order to achieve a fine chargeability and jet of lubricant droplets at the exit end of 

the nozzle. The selected trial domain is as follows: air pressure (1, 3, 5, 8, and 10 bar), 

nozzle spray distance (10, 20, 30, 40 and 50 mm), nozzle spray angle (30°, 60°), 

lubricant flow rate (5, 10, 20, 30, and 40 ml/hr), and electric potential (2, 4, 6, 8, and 

10 kV). Huang et al. [84] observed an increase in surface adhesive force lubricant 

activity when the lubricants were charged. Further, reduction in surface tension and 

contact angle of lubricant droplets were also identified. A dramatic decrease in 

atomization resistance was also seen after charging the lubricants leading to reduction 

in their average diameter. 

Further, in the present work attention has been made on effects of different 

process parameters in machining operation. EHVSL technique is a synergetic 

combination of electrostatic spraying and MQSL were a small quantity of lubricant is 

electrostatically charged (negatively) by contact charging method; these charged 

particles of the lubricant are directed into the machining zone in the form of thin yet 

even lubricant mist droplets with high penetrability and wettability. The focus of the 

present work is to identify the optimal spraying process parameters of EHVSL 

technique including compressed air pressure, lubricant flow rate, nozzle position, and 

nozzle distance on surface roughness and cutting force while machining Ti-6Al-4V 

alloy with portable low cost industrial equipment that can be easily installed, operated 

and maintained. 
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3.9 Results and discussions 

For the effective application, the chargeability of electrostatic lubricant sprays 

can be improved by having a combination of electric voltage, lubricant flow rate and 

air pressure. The combined effect of these parameters further improves machinability 

performance i.e. cutting force and surface roughness. Within the framework of an 

optimization of cutting process, the knowledge of surface and subsurface 

characteristics is essential to understand machinability of any material. All the above 

cutting conditions are used to analyze the machinability characteristics of  

difficult-to-cut material considering surface roughness and cutting force. A cutting 

speed of 100 m/min with a feed rate of 0.1 mm/rev and a depth of cut of 0.5 mm was 

chosen based on the present industrial requirement and kept throughout the 

experiments. 

3.9.1 Effect of air pressure 

It is evident that fatigue life of a machine component depends strongly on 

surface of the workpiece which significantly affect its properties and characteristics. 

Fig. 3.13 and 3.14 compares the mean values of surface roughness and cutting force 

as a function of compressed air pressure under different air pressure conditions.  It can 

be apparent that inferior surface roughness and cutting force is accomplished with 

increasing air pressure. This is due to decrease in cutting temperature in the interface 

zone. Fig. 3.13 and 3.14 shows, among all the considered air pressures employed, air 

pressure at 5 bar observed lowest cutting force and surface roughness. This may result 

due to the formation of smaller uniform droplets with high air pressure. Droplet with 

small size has a better ability to penetrate quickly and effectively in a short period of 

time into the machining zone [99]. This provides more wettability near the frictional 
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pair interface and helps to promote the formation of thin film of lubricant. It is very 

important in the cutting operation to reduce friction at tool-chip-workpiece interface, 

as reducing kinetic friction coefficient not only results in decreased frictional work, 

but also results in decreased shear work. 

 

 

 

 

 

 

Fig. 3.13: Effect of cutting force with different air pressure 

 

 

 

 

 

 

Fig. 3.14: Variation of surface roughness under different air pressure 
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However, it is evident that, higher pressure lubricant enables better surface 

finish primarily by governing the damage taking place due to abrasion, chipping and 

BUE formation at the auxiliary cutting edge. Consequently, the amount of blemishes 

caused by the cutting chips on the workpiece surface is reduced. In one of the 

previous study [6] it was observed that minimizing the main force and specific energy 

affected the surface quality and tool performance improved to a great extent. In fact, 

reducing the temperature by cooling action and friction by lubrication action 

eventually results in improving the surface roughness. 

High pressure cooling in machining process is a very promising technology 

for enhancing tool life and productivity via appropriate cooling and lubrication. The 

continuous, high-velocity flow of the coolant breaks the chip into smaller segments. 

Increase in air pressure results in an adverse effect on the lubricant mist. According to 

momentum and mechanical energy conservation principal larger velocity causes 

spring back [10]. Because, higher air pressure produces higher speed droplets, which 

leads to spring-back of droplets from the surfaces of the workpiece and cutter, causing 

a lower effect on the form boundary of the lubricant film by physical adsorption on 

the surface of the metal.  

3.9.2 Effect of spraying distance 

Effective cooling and lubrication is necessary to ensure that temperature levels 

do not become excessive. This is because the lubricant mist fails to reach tool-chip 

contact region. During the machining process the behavior of average cutting force 

components under variant nozzle tip distance is shown in Fig. 3.15. Application of 

solid lubricants when targeted to rake face and flank face with varying distance, 

reduces the cutting force and surface roughness. Fig. 3.15 shows that the resultant 
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cutting forces for various nozzle distances range from 475 N to 574 N (10 mm to  

50 mm). Further, the minimum cutting force (resultant force 468N) and surface 

roughness (1.48 microns) (as seen from Fig. 3.16) have obtained when the nozzle is 

positioned at the spraying distance of 20 mm. This is because, as the nozzle distance 

increases from interface zone the lubricant flow wide area increases, as the distance 

increases from interface zone, lubricant mist flow increases. 

 

 

 

 

 

 

 

 

Fig. 3.15: Effect of cutting force under different nozzle distance 

 

 

 

 

 

Fig. 3.16: Variation of surface roughness under different nozzle distance 
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Investigations by Park et al. [28] suggested that larger distances lead to 

smaller amount of droplets on the tool-chip interface. This is because larger spraying 

distances reduce the spraying velocity and penetration rates which ultimately results 

in increased friction [14]. It was also observed that with the increase of in-situ 

distance of nozzle tip to machining zone the lubricant is applied on the un-required 

portion wastage of lubricant takes place. The shorter distance has benefit for the 

droplets as it helps to effectively lubricate the contact area of the tool-chip-workpiece 

[57]. However too-short distance results in rebounding of droplets from obstacles 

leading to a poor physical adsorption of the lubricant film. 

3.9.3 Effect of spraying angle 

Effective cooling and lubrication is necessary to ensure temperature levels do 

not become excessive. Wetting angle plays an important role to elucidate lubricant 

performance as it is assumed that better wettability can be achieved with smaller 

wetting angles. The nozzle was located at two different position i.e. at  

30° angle (nozzle position 1), 60° (nozzle position 2). The result showed that locating 

the nozzle at 30° angle (nozzle position 1) results in cutting force value of 440 N, 

lower than locating the nozzle at 60° angle (nozzle position 2). In addition, the cutting 

force has a similar tendency at two different positions of the nozzles. At the assumed 

positions 1 and 2, large amount of solid lubricant droplets adhered to the  

tool-workpiece interface during the cutting process. The high viscosity property of the 

lubricant should remain constant and adhere over the operating temperature range [1]. 

The variation of cutting force for different nozzle positions is shown in  

Fig. 3.17. From Fig. 3.17, it was observed that the wetting angle of the nozzle has a 

minimal impact on the penetration ability. The penetration ability of the lubricant mist 
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is mainly determined by the viscosity, the velocity and the wetting ability [27]. 

Therefore, when using high viscosity lubricant, the spraying angle of the nozzle has a 

minor effect on the cutting force (Fig. 3.17) and the surface roughness (Fig. 3.18). 

 

 

 

 

 

 

 

 

Fig. 3.17: Effect of cutting force under different nozzle positions 

 

 

 

 

 

 

Fig. 3.18: Variation of surface roughness at different nozzle position 

 

 



88 
 

3.9.4 Effect of solid lubricant flow rate 

The present investigation is an attempt to identify optimum flow rate of solid 

lubricant based machining. It is paramount in the machining process to supply 

sufficient amount of coolant/lubricant in the hot-machining zone (chip-tool-workpiece 

interface). Optimum supply of coolant/lubricant reduces the high temperature at 

cutting zone and friction forces, which subsequently improves the quality of the final 

product. The variation of cutting force and surface roughness with varying flow rate 

of solid lubricant conditions is shown in Fig. 3.19 and 3.20 respectively. A decrease in 

cutting force is observed with an increase in flow rate from 10 to 20 ml/hr. No 

significant variation was seen beyond the flow rate of 20 ml/hr. The applied lubricant 

(5 ml/hr) in the machining zone is not adhered for a long period, as the work piece 

rotates the applied lubricants slips away.  

 

 

 

 

 

 

 

 

 

Fig. 3.19: Effect of cutting force with different flow-rates of solid lubricant 

It has been clearly observed that the size of the droplets increases as the flow 

rate of the solid lubricant increases (Fig. 3.20). For an ideal lubrication system, it is 
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recommended to have a higher count of minimum sized droplets, covering the surface 

area as maximum as possible. It is found from the obtained results that for the selected 

base oil, a flow rate of 20 ml/hr is optimum to produce good quality lubricant mist. It 

was also observed that when high flow rate of lubricants applied in the machining 

zone, the lubricants applied on the tool-workpiece interface zone splashes (put away 

lubricant from work-tool interface zone). Hence from the obtained results it can be 

concluded that 20 ml/hr is the best flow rate for MoS2 assisted machining of  

Ti-6Al-4V alloy. The cause of reduction in cutting force during increase in flow rate 

may reasonably be attributed that the cooling and lubrication effect of solid lubricants 

which results in improving the friction conditions at the machining interfaces. 

 

 

 

 

 

 

Fig. 3.20: Variation of surface roughness with different flow-rate of solid lubricant 

Fig. 3.20 presents the variation of surface roughness with respect to the flow 

rate of solid lubricant. It can be seen from the Fig. 3.20 that, surface roughness 

decreases with increasing flow rate. However, surface roughness was not affected 

under lower flow rates. It was also revealed from experimental findings that there are 

no significant changes in the surface roughness when the flow rate of the solid 
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lubricant technique was increased from 20 to 40 ml/h. The lubricating action of the 

MoS2 reduces the friction at tool-workpiece interface and thereby reduces the 

interface temperatures which subsequently results in improved tool life and surface 

roughness. 

It was found that reducing the cutting force and specific energy will affect the 

surface quality to a great extent. In fact, reducing the temperature by cooling action 

and friction by lubrication action eventually results in improving the surface 

roughness. If the lubricant action prevails at chip-tool interface zone, the workpiece 

typically have a higher shear resistance, affecting the surface roughness. This 

phenomenon ultimately leads to easy chip removal and results in good surface finish. 

Better penetration of droplets was observed with the application of low quantity of 

cutting fluid. Also, lower cutting fluid quantities help droplets to adhere to the work 

surface and promote plastic flow on the rear side of the chip due to Rehbinder effect 

[15]. 

3.9.5 Analysis of droplet quality with varying flow rate 

Fig.3.21 shows the droplet distribution with varying flow rate conditions. As 

observed, increasing flow rates result in droplets size expansion. For an ideal 

cooling/lubricating system, it is always recommended that there must be a higher 

count of minimum sized droplets, with the surface area being covered by the solid 

lubricant droplets to the maximum possible extent. It is found from the obtained 

results that for the selected base oil, a flow rate of 20 ml/hr is optimum to produce 

good quality lubricant mist. 
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Fig. 3.21: Average droplet particle size and number of droplets 

 

The high-velocity thin pulse jet of solid lubricant system was projected 

primarily to strike the rake and flank surface of the insert to protect the auxiliary 

cutting edge to enhance dimensional accuracy. The continuous, high-velocity flow of 

the coolant breaks the chips down into very small segments. Titanium and nickel-

based alloys [16] have been machined to investigate the coolant's effect on 

machinability. 

3.9.6 Effect of electrostatic voltage 

The combined effect of the above parameters improves the machinability 

performance i.e. cutting force and surface roughness. Fig. 3.22 clearly shows that at 

higher charging voltages, the cutting force decreases compared with lower voltage. 

This perhaps attributed to the point that highly negative charge carrying lubricant 

droplets adhere and penetrate into the tool-chip interface, promoting plastic flow on 

the backside of the chip caused due to plasticization of crystals having basal 

orientation. Generally increased voltage results in a larger spray angle of the lubricant 

mists and smaller droplets [44]. This may impair the droplet distribution and adhesion 
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on the small machining area. In electrostatic machining process, a very small quantity 

of charged solid lubricant improves the flank wear rate. Electrostatic charging with 8 

kV observed lower cutting force and surface roughness.  

 

 

 

 

 

 

 

 

 

Fig. 3.22: Effect of cutting force with different charging voltages 

 

 

Fig. 3.23: Variation of surface roughness with different charge voltage 

Fig.3.22 clearly shows that at higher charging voltages, the cutting force 

decreases compared with lower voltage. This is attributed to the improved 
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penetration, wetting, and spraying capabilities of the lubricant droplets, and their 

decreased average diameter, which facilitate a more effective entry of the charged 

lubricant into the machining area. Enhanced lubrication makes sure that cut chips 

slide easily on the surface of the tool and thus reduces chip-tool adhesion. Further, 

tool wear is prevented and as a result, tool life is increased with improved surface 

quality (Fig. 3.23). A reduction in cutting force is followed by a decrease in specific 

energy requirement and therefore improves the machinability. Li et al. [54] observed 

increase in tool life at higher charging voltages (20 kV). Park et al. [28] suggested that 

lubricant performance can be affected by droplet distribution. Obikawa et al. [66] 

reported that the lubricant droplets must escape from the stream of the air to reach the 

cutting interfaces. 

 

3.10 Summary 

The primary objective of the current investigation is to achieve the effective 

supply of solid lubricants in machining process through the development of novel 

EHVSL assisted machining set-up with overall machining performance enhancement 

and manufacturing cost by employing sustainable principles. The development of a 

novel near-dry experimental setup for effective supply of electrostatic micro-solid 

lubricant on cutting tool has been carried. Efforts have been made to evaluate the 

optimal process performance of EHVSL spray system during turning of Ti-6Al-4V 

alloy in terms of cutting force and surface roughness to obtain the most effective 

solution from the point of view of cost and energy consumption in machining process. 

The influence of EHVSL spray process parameters such as air pressure, flow rate, 

electrostatic voltage, nozzle position and nozzle distance is determined based on trial 

experimental study. 
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Air pressure and droplet deposition distance have been shown to be critical in 

order to enhance the effective application of electrostatic charged solid lubricant 

penetration into the tool-chip interface. It was observed that the spraying angle of the 

nozzle position has negligible impact on the mist penetration ability on machining 

zone. On the other hand with the reduction of cutting force and surface roughness, 

lower air pressure of 0.5 MPa is more effective in terms of higher deposition rate of 

lubricant droplet particles on the cutting interface. The lubricant flow rate and 

electrostatic voltage intensity are optimized at 20 ml/hr and 8 kV, respectively, so that 

the lubrication is achieved with the minimum possible lubricant usage and 

consequently the minimum cost and eco-friendly machining. In addition, it was 

concluded that under the influence of high electrostatic voltage (8 kV), with air 

pressure (5 bar), flow rate (20 ml/hr), nozzle distance (15 mm), solid lubricant 

particles meniscus takes the shape of a cone from the tip of which a thin lubricant film 

forms. The obtained results help in selecting the optimal machining parameters in 

turning Ti-6Al-4V alloy materials.   

The research presented have characterizes the development of thin film 

created by solid lubricant spray system and investigates the resulting change in 

friction and wear during pin-on-disc sliding experiments. To accomplish this, an 

experimental set-up has to be developed to observe the nature of the spreading film 

with respect to particle size and concentration, sliding experiments are performed to 

determine the friction and wear reduction in sliding interface, respectively. To 

evaluate the performance of EHVSL process, tribological and machining studies have 

been carried out over a wide range of industrial test conditions and experimental 

investigations were presented in chapter 4 and chapter 5 respectively. 
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CHAPTER 4 

TRIBOLOGICAL STUDIES TO ANALYZE THE EFFECT 

OF SOLID LUBRICANTS 

4.1 Introduction 

In modern industry, mechanical parts are subjected to friction and wear, 

leading to heat generation, which affects reliability, life and power consumption of 

machinery. Hence, study of lubricant film formed between various geometric shapes 

is inherently complicated and interconnected [76 & 144]. Tribological characteristics 

quantify the performance of a system in terms of reliability, life and power loss, 

especially in case of automobiles and industrial machinery. To overcome the 

tribological losses due to friction and wear, a significant portion of lubricant with high 

viscous properties allows very smooth relative motion between two sliding surfaces. 

In the boundary lubrication regime, tribological properties (friction and wear) are 

minimized by the development of a surface chemical reaction film. Advancement in 

modern tribology has facilitated the use of applying solid lubricants in various 

industrial applications. Solid lubricant additives with high viscous thin film formation 

between the sliding surfaces can adequately wet and adhere to a work surface.  

It has been revealed from literature review that minimum film thickness plays 

a vital role in improving tribological properties at any sliding condition [76]. The 

lubricant film thickness relies on operating conditions like sliding velocity, input load, 

and viscosity of the lubricant and pressure-velocity relationship. Very few and sparse 

efforts have been made to investigate the role of lubricant film thickness and its 

measurements during sliding condition. The current research work carried with an aim 
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to develop optimum MoS2 suspension with different weight fractions and particle size 

and to analyze tribological properties to assess its suitability for various industrial 

applications. Comparative studies have been made in terms of tribological 

characterization to illustrate the effectiveness of MoS2 solid lubricant over graphite 

and boric acid. To characterize the lubricant film behavior between pin-disc interface 

zone, an experimental set-up has been developed to examine and measure lubricant 

film thickness at various particle size and concentrations of solid lubricants. To 

determine WP and EP properties of applied solid lubricants of varying particle size 

and concentration, WP (ASTM D4172), EP (ASTM D2783) experiments were 

performed on four-ball tester. 

4.2 Experimental details and operating conditions 

The aim of the current analysis is to understand the tribological characteristics 

of various solid lubricants at different sliding conditions. In the present work the 

factors considered for the study were sliding speed and normal load. Worn track 

observations on the surface of the disc were observed using tool maker’s microscope. 

4.2.1 Materials  

Cylindrical Tungsten Carbide (WC) specimens of Ø6 mm and 30 mm length 

were used as pins against Ti-6Al-4V alloy disc specimen of Ø165 mm with 8 mm 

thickness to perform sliding experiments on pin-on-disc tribometer (Fig. 4.1). Pin and 

disc specimens were mirror polished and finished on a felt-polishing wheel using  

0.6 µ𝑚 diamond grit.The chemical composition of Ti-6Al-4V disc of the tested 

material is given in Table 4.1. Specimen surface topography was further not 
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quantified. Before the test, the specimens were thoroughly cleaned using an ultrasonic 

cleaner having anhydrous methyl alcohol. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1: Schematic view of pin-on-disc wear and friction monitor 

Table 4.1: Chemical composition of Ti-6Al-4V alloy 

Element Al V Fe C Ti 

Composition 

(wt. %) 
5.560 4.070 0.185 0.022 89.997 

 

4.2.2 Base oils 

The base oil used in this study was SAE 40 oil with a viscosity of 220 cSt at 

40°C. The detailed properties of the lubricants are shown in Table 3.7. 

4.2.3 Solid lubricant additives 

In recent years, due to the advent of new materials and processing techniques, 
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manufacturing industries have now focused its attention on solid lubricants for the 

cutting tool applications, because of their excellent tribological properties and  

good environmental friendly feature when compared with conventional lubricant 

additives. Solid lubricant additives find a variety of applications in manufacturing 

industries [10]. Solid lubricant as additives in base oil acts as key factor in influencing 

high performance anti-friction lubricant. Based on literature review, MoS2, graphite, 

and boric acid solid lubricant particles were selected as an additive in base oil. Solid 

lubricant additives with varying concentration in the base oil were taken as 0%, 10%, 

20%, 30%, 40% and 50% by weight ratio. 

4.2.4 Preparation of solid lubricants 

To overcome the tribological losses due to friction and wear, a significant 

portion of lubricant with high viscous properties allows very smooth relative motion 

between two sliding surfaces. An ultrahigh shear homogenizer was used at a speed of 

10,000 rpm for about 10 minutes to suspend solid lubricant additives in base oil. 

4.2.5 Properties of lubricants 

The properties are important in determining of suitable additives for use of 

solid lubricant in sliding interface. The additives (MoS2, graphite and boric acid) 

consist of different proportions of solid lubricants (0%, 10%, 20%, 30%, 40%, 50%) 

by weight ratio are suspended with SAE 40 oil. Measurement of kinematic viscosity 

(cooling and lubricating properties) of solid lubricant suspension is a key parameter to 

evaluate the effectiveness of a fluid as a lubricant. Subsequently, the blend was heated 

from room temperature to 55°C and the same temperature was maintained for 5 min 

while stirring using a rotor-stator homogenizer at a speed of 2000 rpm. Kinematic 
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viscosity is an important parameter to measure the effectiveness of a fluid (solid 

lubricant). In the current work a Capillary tube viscometer is used to determine 

kinematic viscosity of various lubricant mixtures. 

4.2.6 Tribological studies on pin-on-disc tribometer 

To investigate the tribological characteristics of various solid lubricants, 

experiments were performed on pin-on-disc wear and friction monitor as shown in 

Fig. 4.2, keeping all other test parameters constant. The tribometer consists of rotating 

disc (Ti-6Al-4V), stationary pin (WC) fixed at a specified location, loading system 

with a normal load applied by attaching weights along the pin’s support arm, and 

friction and temperature measurement systems.  

 

 

 

 

 

 

 

 

 

Fig. 4.2: Pin-on-disc tribometer experimental set-up 
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The details of the experiments have been shown in Table 4.2. Primarily, the 

micrometer sized solid lubricant particles were suspended in the base oil. Further, the 

prepared solid lubricant particles are used as lubricants in the sliding contact surface 

of pin-on-disc tribo-tester, and parallelly coefficient of friction was measured during 

the test. First experiment was performed at the initial track radius of 30 mm away 

from the center point. After each and every experiment the disc was cleaned with 

acetone. Suitable test conditions were selected based on the literature study.  

Table 4.2: Spray parameters 

 

 

 

 

 

 

Surfaces of discs were polished with diamond slurry. In the present test MoS2, 

graphite, and boric acid solid lubricants were used as additives in the base oil and the 

obtained results are compared with dry sliding condition. By comparing the test 

results from various solid lubricant additives, identification of wear, friction 

coefficient and sliding temperature properties of the solid lubricants and the associate 

mechanisms becomes possible. Because of its superior viscosity and improved 

lubricating characteristics, SAE 40 oil was chosen as the suspension medium for solid 

Spray parameters Value 

Normal load (N) 10, 30, 50 

Sliding time  300 sec 

Sliding speed (m/min) 100, 150, 200 

Solid lubricant  MoS2, graphite, boric acid 

Solid lubricant particle size 10  µ𝑚 

Air pressure 3 bar 

Fluid flow rate 20 ml/hr 

Impingement angle 30° 

Spray distance 20 mm 
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lubricant particles [95]. 

An experimental set-up (Fig. 4.2) has been developed to supply solid 

lubricants effectively to the pin-disc interface. Syringe pump is used to supply solid 

lubricant suspension with a constant flow rate of 20 ml/hr to the interface zone. To 

assist solid lubricants effectively in the sliding zone, a constant and continuous air 

pressure of 3bar is used. The stand-off distance of 20 mm was maintained from nozzle 

tip to pin-disc sliding interference throughout the experiments. To elude the impact of 

residual lubricant of previous experiment, the specimen was cleaned with acetone. All 

tests were performed at room temperature. Experimental apparatus working in 

combination with contact potential technique provides lubricant film thickness 

measurements in sliding point contact condition. A worn track on the surface of the 

disc was observed using tool maker’s microscope. Further, to ensure and measure 

actual pin-disc contact temperatures, thermal infrared camera (FLIR E60) with  

320 x 240 pixels with thermal sensitivity of less than 0.05°C at 30°C was employed. 

4.2.7 Electrical contact potential  

A device named electrical contact resistance (ECR) was designed to analyze 

the changes in contact conditions between pin and disc during the sliding test under 

lubrication process (shown in Fig. 4.3). It consists of two cables; one being connected 

to the pin holder and other being to the base plate. These two cables together are 

connected to resistance card. Output from the resistance card is connected to data 

acquisition card which is further displayed on software screen. When the top 

specimen makes a full contact with disc surface, the value is 100% indicating metal 

full contact, while in non-contact condition, the value displayed is 0%. 
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Fig. 4.3: Schematic drawing of the electric contact resistance 

4.2.8 Characterization of thin fluid film measurement on pin-disc interface 

On the sliding interface, solid lubricant particles form a thin film that 

penetrates into the pin-disc interface to improve the tribological properties. 

Investigation has to be conducted to characterize the solid lubricant film of various 

particle size and concentration. The experimental set-up has been developed to 

measure the MoS2 solid lubricant film thickness. 

4.2.8.1 Solid lubricant film thickness measurement procedure 

In the present study solid lubricant film thickness deposited between two 

sliding surfaces was determined using the developed experimental set-up. A lighting 

scheme was applied to make the WC pin (orange) distinguishable from the fluid film 

(green) and the background (grey). Profile images of the thin fluid film taken by 

Canon slow motion camera represent the behavior of film along the pin-disc interface.  
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4.2.8.2 Solid lubricant film thickness observation procedure 

Using the regulation provided by experimental set-up, the camera was 

arranged in a proper manner to capture the profile of thin fluid film formation, 

illuminating the lubricant film thickness development at various particle size and 

concentration. Using the adjustment provided by the experimental set-up the camera 

was adjusted in such a manner to capture the sliding zone of lubricant form a 

perspective normal to the pin and the disc surface (shown in Fig. 4.4) on which the 

thin lubricant film is obtained. In order to make formation of thin film during the 

sliding process, negligible (0.01g) amount of fluorescent was introduced into the solid 

lubricant. The resulting fluorescent lubricant film was illuminated using UV 

(Ultraviolet) light source [75]. Areas that are darker, experience a thinner film are 

brightly illuminated by the UV light. The details of the experiments have been shown 

in Table 4.3. 

 

 

 

 

 

 

 

 

Fig. 4.4: Experimental set-up for lubricant film thickness measurement 
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Table 4.3: Film thickness test parameters 

 

 

 

 

 

 

 

 

 

4.3 Tribological studies on four-ball tester 

In trying to elucidate the effect of particle size and concentration on 

lubrication efficiency of MoS2 solid lubricant, wide tests with different MoS2 

suspensions have been studied. Four-ball tester shown in Fig. 4.5 has been used to 

determine WP properties, EP properties and friction behavior of lubricants. The 

widely acceptable test results of four-ball tester make it an excellent choice to 

benchmark products.  

 

 

 

 

 

Fig. 4.5: Stationary steel balls mounted on the cup 

Spray parameters Value 

Spray distance 20 mm 

Impingement angle 350 

Air pressure 3 bar 

Fluid flow rate 20 ml/hr 

Solid lubricant MoS2 

Particle size (µ𝑚) 10, 30, 50 

Concentration (wt%) 0, 10, 20, 30, 40, 50 
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4.3.1 Material 

Test pieces consisting of four hard steel balls should be chromium alloy steel, 

made from AISI 52100, with ½ inch (12.7 mm) in diameter, Grade 25 EP (extra 

polish) and Rockwell C hardness 58 to 63 (Table 4.4). 

Table 4.4: Chemical composition of Chromium steel ball material (AISI 52100) 

 

 

4.3.2 Test fluid  

The base oil used in this study was SAE 40 oil with a viscosity of 220 cSt at 

40°C. Detailed properties of lubricants are shown in Table 3.7. 

4.3.3 Additives 

MoS2 solid lubricant particles were chosen as an additive due to their higher 

load carrying capacity and excellent resistance to friction [85]. Three additives of 

MoS2 solid lubricants with varying particle size were designed as 10 µ𝑚, 30 µ𝑚, and 

50 µ𝑚. The concentrations of MoS2 solid lubricant additive in the base oil were taken 

as 10%, 20%, 30%, 40%, and 50% by weight ratio.  

4.3.4 Experimental procedure 

The study examines tribological properties of different solid lubricant particle 

size and concentration of MoS2 solid lubricants on four-ball tester (shown in Fig. 4.6). 

There is agreement relating to admirable performance of solid lubricant additives as 

dry lubricants; however, there exist controversies regarding effectiveness of solid 

Element C Mn Si P S Cr 

Composition 

(wt. %) 
0.95-1.10 0.20-0.50 0.35 0.025 0.025 1.30-1.60 
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lubricant additive particles present in liquid lubricants. Therefore, efficient size of and 

proper concentration of solid lubricant particles in base oil is of major importance in 

terms of effective lubricant penetration in the machining zone. In the present study, 

10, 30, 50 µ𝑚 MoS2 solid lubricant particles were suspended in base oil. Solid 

lubricant additives with varying concentration in the base oil were taken as 0%, 10%, 

20%, 30%, 40% and 50% by weight ratio.  

Fig. 4.6: A schematic view of four-ball test machine 

In the current study, EP and WP tests were carried on a four-ball tester to 

evaluate the extreme pressure and wear prevention properties of solid lubricants. 

MoS2 with varying particle size and concentration were suspended in SAE 40 oil. The 

assembly consists of four steel balls with three of them being coupled together to 

create point contact with the fourth ball that rotates on the top with respect to vertical 

axis; these four balls are covered by the lubricant oil under investigation and a load is 

applied and a timed test was performed (Fig. 4.6). Experimental parameters such as 

normal load, rotation speed and temperature were chosen as per the ASTM standards. 

The wear scar diameters (WSD) are measured and examined under microscope to 
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evaluate the WP behaviour of the lubricant. The applied load at which steel balls weld 

together is measured to evaluate the EP capacity of the lubricant. To elude the impact 

of residual lubricant of previous experiment, specimen was cleaned with acetone. 

4.3.4.1 Wear Prevention test 

The experiments are carried according to ASTM D4172 test standards. The 

contact surfaces of the ball specimens are completely covered with test lubricant i.e. 

MoS2 solid lubricant. A timed test is performed with constant load of 40 kgf (392 N) 

and the upper ball is rotated at a constant speed of 1200 rpm for a period of 60 min. 

Temperature of the lubricating oil is regulated at 75°C (167°F). As per  

ASTM D4172 standards, the friction coefficient is then computed by taking the 

average normal and the tangential load (392 N, LC -1 N). Tool maker’s microscope 

with a resolution of 0.01mm was used to measure WSD. 

4.3.4.2 Extreme pressure test 

According to ASTM D2783 standards, a set of tests were performed where 

each test was conducted for duration of 10 sec at a constant speed of 1200 rpm with 

increasing load until the balls get welded. Primarily the experiments were started at 

160 kgf and additional runs were carried out consecutively at higher loads according 

to the ASTM D2783 (shown in Table 4.5) standards until the four balls get welded. 
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Table 4.5: ASTM D 2783 standards for extreme pressure condition 

Sl. No Load (kgf) 

1 50 

2 63 

3 80 

4 100 

5 126 

6 160 

7 200 

8 250 

9 315 

10 400 

11 500 

12 620 

13 800 

 

4.4 Results and discussions 

In order to develop a method to assess the performance of solid lubricants, a 

set of pin-on-disc tribological tests were performed. Measured friction coefficient and 

rate of wear results were plotted as a function of applied load for all the considered 

lubricant conditions. To elucidate the impact of the particle size and concentration 

upon the lubricating effectiveness of MoS2 solid lubricant, experimental set-up was 

developed to measure the lubricant film thickness at sliding interface. The measured 

friction coefficient and rate of wear plotted as a function of particle size and 

concentration of solid lubricant in all the lubricant conditions were considered. 

Further, to check the extreme load capacity and anti-wear properties of particle size 
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and concentration obtained, EP tests and WP tests were performed on four-ball tester. 

4.4.1 Solid lubricant suspension properties 

The effectiveness of the lubricant viscosity and required concentration of 

lubricants are of excessive importance in the presence of additives in base oil. As 

mentioned in the above section, to analyze the physical properties of suspension of 

solid lubricants in base oil, experiments have been carried out. From Table 4.6-4.8, it 

was observed that, there is an increase lubricant viscosity when the concentration of 

solid lubricant in the base oil increases. This shows that, lubricating property 

increases as the solid lubricant concentration in the base oil increases.  

Table 4.6: Kinematic viscosity (cSt) of MoS2 solid lubricants with varying wt% 

concentrations 

  

Table 4.7: Kinematic viscosity (cSt) of graphite solid lubricants with varying wt% 

concentrations 

 Temperature 

(°C) 

MoS2 concentration (wt%) in base oil  

0% 10% 20% 30% 40% 50% 

30 259 321 406 432 465 495 

35 246 287 336 386 432 468 

40 220 250 300 326 358 423 

45 196 218 261 284 317 376 

50 177 196 222 238 280 323 

Temperature 

(°C) 

Graphite concentration (wt%) in base oil 

0% 10% 20% 30% 40% 50% 

30 259 299 357 395 433 469 

35 246 268 297 354 391 445 

40 220 234 271 300 336 399 

45 196 205 235 261 294 364 

50 177 189 200 223 257 333 
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Table 4.8: Kinematic viscosity (cSt) of boric acid solid lubricants with varying wt% 

concentrations 

Temperature 

(°C) 

Boric acid concentration (wt%) in base oil 

0% 10% 20% 30% 40% 50% 

30 259 287 319 364 373 428 

35 246 253 273 334 364 410 

40 220 230 253 283 309 372 

45 196 199 219 246 275 333 

50 177 183 191 216 241 301 

 

It is also evident from Table 4.6-4.8 that with the increase in the temperature 

of lubricant, viscosity of solid lubricant decreases. Subsequently viscosity of both 

solid lubricant and base oil is negatively affected by temperature [145]. Therefore, the 

obtained results indicate improved performance in terms of kinematic viscosity of 

solid lubricant upto 20wt% concentration of MoS2, though, not much change was 

observed beyond 20wt%. However, in case of graphite and boric acid 30wt% 

concentration of solid lubricants shows better results compared to MoS2 (20wt%). 

Hence, it can be concluded that the lubrication action suspension of 20wt% MoS2 

solid lubricant in SAE 40 oil is more efficient than graphite and boric acid lubricating 

conditions. In future, in following sections, to understand the tribological studies of 

solid lubricants, experiments were carried out with suspension containing 20wt% 

concentration of MoS2 solid lubricant in SAE 40 oil, 30wt% concentration of graphite 

solid lubricant in SAE 40 oil and 30wt% concentration of boric acid solid lubricant in 

SAE 40 oil. 

4.4.2 Analysis of friction coefficient, wear and contact temperature  

Concentration of solid lubricant particles as additives in base oil (SAE 40 oil) 
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plays an important role to improve sliding conditions. Fig. 4.7 shows the sliding test 

results for solid lubricants and dry sliding condition. Prior to each sliding experiment, 

the instantaneous coefficient of friction between sliding surface increases until a 

certain maximum value and thereafter remains constant and attains a steady state 

condition. This perhaps attributed to the point that a certain amount of applied solid 

lubricant remains on friction pair surface which helps to the lubricant to create a thin 

film to provide effective lubrication. Fig. 4.7 shows the effect of sliding speed on the 

mean friction coefficient calculated from the acquired test results in condition of 

varying loads and in different solid lubricant. It was observed that there is a good 

difference in friction coefficient between MoS2, graphite, boric acid and dry sliding 

condition. The general trend observed in all tested cases is that the friction coefficient 

decreases during increasing sliding speed condition. This could be due to the increase 

in contact temperature and energy dissipated by the friction in sliding contact  

[17 & 78].  

In addition, MoS2 solid lubricants exhibit lower friction coefficient compared 

to graphite and boric acid solid lubricants. This could be due to the fact that the highly 

viscous lubricants of MoS2 solid lubricants exhibit larger load carrying capacity than 

that of graphite and boric acid. For MoS2 solid lubricant conditions, the friction 

coefficient decreases to 0.023, 0.018 and 0.016 at 10 N load condition when the 

sliding speed increased from 100, 150, and 200 m/min. When graphite solid lubricants 

are applied to pin-disc interface zone, the friction coefficient decreases to 0.033, 0.028 

and 0.025 at 10 N load when the sliding speed is increased from 100, 150, and 200 

m/min. Similarly, for boric acid solid lubricants applied to the sliding zone, the 

friction coefficient decreases from 0.049, 0.041, and 0.038 respectively.  
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Fig. 4.7: Coefficient of friction vs Normal load at various speed conditions  

(a) 100 m/min (b) 150 m/min (c) 200 m/min 
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It was further observed that among all sliding conditions, MoS2 with 20wt% 

demonstrated superior performance in terms of overall friction reduction property and 

a 25% and 39% and 56% reduction of friction coefficient was found, compared to 

graphite, boric acid and dry sliding conditions. Marques et al. [6] studied that during 

turning process, MQSL consisting of MoS2 solid lubricant in base oil performed with 

better outcomes in terms of improved surface roughness, cutting force and tool wear 

as compared to graphite, and MQL conditions. A study by Guo Chen et al. [91] 

experimentally found that introduction of solid lubricant at tool-chip-workpiece 

interface resulted in reduced friction coefficient, lower tool-chip contact temperature 

and improved surface roughness.  

Cambiella et al. [146] stated that the emulsifier concentration plays a key role 

on wetting behavior. Generally increase in MoS2 concentration, in the base oil has a 

beneficial effect of reducing wear [10]. During sliding, heat develops at the pin-disc 

interface, and persuades high sliding temperature. Under such high sliding 

temperatures, applying solid lubricants in the pin-disc interference zone produces a 

thin film of lubricant on the pin-disc interface and reduces friction coefficient. 

Reduced coefficient of friction, shear resistance and sliding action within the contact 

zone are the main reasons for minimized flank wear [34]. One of the possible reasons 

for reducing coefficient of friction may be the layered lattice structure of the solid 

lubricant [99]. This may be due to the fact that solid lubricant additives with high 

viscous thin film formation between the sliding surfaces can adequately wet and 

adhere to a work surface. Hence, it may be concluded that the lubricant film formation 

of 20wt% MoS2 with lesser particles is more effective, compared to graphite 30wt%, 

and boric acid 30wt% lubricating conditions. 
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Variation of wear coefficient of WC pin and Ti-6Al-4V disc with various solid 

lubricants at different sliding condition is illustrated in Fig. 4.8. Fig. 4.8 shows the 

effect of sliding speed on the wear coefficient acquired from test results under varying 

load conditions, and in different solid lubricant conditions. Minimum rate of wear 

coefficient was observed when MoS2 solid lubricant additive particles were suspended 

in base oil. Lubrication reduces wear coefficient because of effective lubricant film 

formation at pin-disc contact region [73]. Solid additive particles of layered structure 

shear easily under traction to yield low friction coefficient. In addition, additives with 

MoS2 particle exhibit less wear coefficient i.e. 11.2 µ𝑚 at 10 N load conditions. 

Maximum wear coefficient is observed during dry sliding condition when 50 N load 

is applied i.e. 57.63 microns. It is clear from Fig. 4.8 that variation in sliding speed 

has little influence on wear coefficient of solid lubricants. Wear coefficient for 

graphite and boric acid was found to have negligible changes at 10 N load conditions. 

The first noticeable trend shows that, at all sliding conditions, MoS2 with 

20wt%overall exhibited superior friction reduction properties and a 17%, 25% and 

40% reduction of wear coefficient, compared to graphite (30wt%), boric acid 

(30wt%) and dry sliding conditions. MoS2 is generally known to have higher load 

bearing capacity with a low friction coefficient [99]. It was observed that during all 

solid lubricant conditions, wear coefficient increases with increase in normal load. 

From the Fig. 4.8, it was observed that though the applied lubricant films separate 

pin-disc sliding surfaces effectively, it was clear that the presence of thin viscous 

lubricants provide protection of contacting bodies against excessive friction 

coefficient and rate of wear. Fig. 4.9 shows the pin-disc sliding temperature. 
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Fig. 4.8: Wear vs normal load at various speed conditions (a) 100 m/min (b) 150 

m/min (c) 200 m/min 
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Fig. 4.9: Temperature vs normal load at various speed conditions (a) 100 m/min               

(b) 150 m/min (c) 200 m/min 

Temperature of the pin-disc interface was measured (shown in Fig. 4.9) using 
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Infrared camera. When the graphite and boric acid solid lubricant mixture are used, 

temperature increases to 45°C and 47°C, whereas when using MoS2, the temperature 

peaked to 43°C. This is due to the high rate of kinematic viscosity of MoS2 solid 

lubricant. It was also found during the observation that in dry sliding condition, pin-

disc interface temperature increased to 73°C. 

4.4.3 Analysis of wear morphology 

Tool Maker’s Microscope was used to examine the lubrication mechanism of 

solid lubricant particles on worn surface of Ti-6Al-4V alloy disc. Quantification of 

wear track on the disc surface leads to better understanding of the effect of solid 

lubricant structure on lubricating properties. Fig. 4.10-4.13 show typical micrographs 

of worn disc surfaces lubricated by solid lubricant particles at varying load conditions 

and at 100 m/min speed condition. Fig. 4.10 shows the worn track surface of  

Ti-6Al-4V alloy disc during MoS2 solid lubricant condition at normal loads and 

varying speed conditions. It was observed that when MoS2 solid lubricants applied to 

the pin-disc interface during low load condition, wear on the disc surface was 

minimum (as shown in Fig. 4.10), when compared to graphite (Fig. 4.11) and boric 

acid (Fig. 4.12) solid lubricant conditions. In all environmental conditions, it was 

clearly observed that wear track surface increases when the normal load becomes 

higher. It was observed that, when the load increases in all solid lubricant conditions, 

rate of wear increases drastically. Delamination on the wear track was observed at 

high load conditions when graphite (Fig. 4.11 (b) & (c)) and boric acid (Fig. 4.12 (b) 

& (c)) solid lubricants were applied during sliding process. During the increase in 

applied load condition disc wears non-uniformly, wear track depth and width vary in 

longitudinal direction. Wear debris on the worn surface was observed during dry 
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sliding condition (Fig. 4.13), and wear track was too thin to be easily found.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.10: Microscopic images of wear track of disc during MoS2 solid lubricants 

sliding condition (a) 10 N (b) 30 N (c) 50 N  

 

 

 

 
 
 
 
 
 

 

 

 

Fig. 4.11: Microscopic images of wear track of disc during graphite solid lubricant 

sliding condition (a) 10 N (b) 30 N (c) 50 N  
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Fig. 4.12: Microscopic images of wear track of disc during boric acid solid lubricant 

sliding condition (a) 10 N (b) 30 N (c) 50 N 

 
 

 

 

 

 

 

 

 

Fig. 4.13: Microscopic images of wear track of disc during dry sliding condition  

(a) 10 N (b) 30 N (c) 50 N  
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From Fig. 4.10-4.13, it was observed that as applied load increases, width of 

the wear track increases and many deep scratched grooves were observed on the wear 

track of the disc surface. When slid into the solid lubricant environment, wear debris 

on the wear track was difficult to found although higher rate of wear could be 

observed in boric acid and graphite environment compare to MoS2 condition. The  

in-line air supply through nozzle provides easy transfer of lubricants towards the  

pin-disc interface. The compressed air supplied along solid lubricant will clean the 

pin-disc interface zone during the sliding process. It has been clear that the presence 

of thin viscous lubricants provides some protection to contacting bodies against 

excessive friction coefficient and wear. Combining the above test results, it was 

observed that, in all the environmental conditions as the load increases, rate of wear 

increases. Further, it was observed that when MoS2 is applied as lubricant media to 

pin-disc interface zone, a stable and very low wear track (as shown in Fig. 4.10) is 

obtained at varying load conditions, and a uniform distribution of wear tracks has 

been observed at the contact area of disc.  

4.4.4 Contact potential measurement of solid lubricant film thickness 

With contact potential technique, as discussed in the previous section, when 

the top specimen (WC pin) makes complete contact on disc surface the contact 

potential value displayed is 100% indicating that pin and disc are in contact, and in 

the no-contact condition the value displayed is 0%. From Fig.4.14, it was observed 

that, for all solid lubricant environment conditions film thickness ranges between  

91% - 96%. It was observed that when MoS2 applied in the pin-disc interface during 

low load (10 N), the lubricant present in pin-disc interface was 90.89%.  
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Fig. 4.14: Electric contact potential technique vs Normal load at various speed 

conditions (a) 100 m/min (b) 150 m/min (c) 200 m/min 

With increase in the applied load to 30 N, the difference in ball disc interface 
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was 91.78%. With the significant increase in the applied load to 50 N, the difference 

in pin-disc interface was observed to be 93.1% approximately. When graphite is 

applied as lubricant, contact potential was found to be 91.5% at 10 N, and film 

thickness increases to 93.9% at 50 N load condition. Difference of 2.5% was observed 

with graphite condition during 10 N to 50 N load conditions. During boric acid 

lubrication condition, contact potential ranges from 93.11 – 94.78% at 10 N to 50 N. 

It was observed that with all applied solid lubricant conditions, as the load increases, 

the contact potential between pin-disc interface increases. As observed from Fig. 4.14, 

with an increase in the sliding speed, contact between the pin-disc interface increases. 

During dry sliding conditions debris particles were found to be accumulated at the 

pin-disc interface which eventually resulted in non-uniform contact potential. 

4.4.5 Analysis of MoS2 solid lubricant film thickness   

Within the impingement zone, the focused high velocity lubricant is 

introduced on the lubricant film sliding surface that drives the fluid to sliding 

interface from the impingement point at high velocity. This fast moving fluid film is 

too thin to be detected with UV light.  As highlighted in the previous section, an 

experimental apparatus was structured to characterize the thin lubricating film at 

various particles (size) and for concentration each combination of MoS2 solid 

lubricants. The film thickness was measured between two sliding surfaces on  

pin-on-disc tribometer. In order to characterize the thin film formation, images were 

collected at varied particle size and concentration (Fig. 4.15). The film thickness 

(lubricant present between pin and disc surface) was measured in three dissimilar 

positions and then averaged for each combination of particle size and concentration. 
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The subsequent value of measured film thickness is shown in Fig. 4.16. Overall 

distribution process of the lubricant between the pin-disc surfaces was observed from 

the side view as shown in Fig. 4.4. Lubricant film thickness between pin and disc 

interface was observed in Fig. 4.15 as measured using tool maker’s microscope. 

 

Fig. 4.15: MoS2 lubricant film formation between pin and disc surface 

 

Investigation has been carried out to select the film thickness obtained 

between pin-disc sliding surface when MoS2 lubricant particles of different grain size 

and concentration were applied as lubricant. For applied particles and concentrations, 

average solid lubricant film thickness measurements indicate that there is not much 

difference when lesser particles with varying concentrations are applied.  
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Fig. 4.16: Average film thickness measurement for various particle size and 

concentration (a) Trial 1 (b) Trial 2 (c) Trial 3 

Fig. 4.16 shows lubricant film thickness observed between pin-disc interfaces. 
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As the additive particle size increases, the average lubricant film thickness tends to 

increase with increase in particle size. It was also evident from Fig. 4.16 that with 

increase in additive concentration in base oil lubricant film thickness also increases. 

Minimum value of film thickness measured was 23.4 µ𝑚. This is the thinnest film 

measured when particle size and concentration of 10 µ𝑚 with 10wt% concentration 

was applied, the maximum lubricant film thickness measured was 69 µ𝑚 observed at 

50wt% concentration with 50 µ𝑚 particle size of solid lubricant additive. Moderate 

film thickness was observed when additives with 30 µ𝑚 particle size. Beyond 20wt% 

concentration, film thickness significantly increases with increase in reinforcement 

percentage. Bartz [83] observed that, as applied additive particle size increases, 

lubricant film thickness tends to increase.  

Reddy et al. [18] found that more particles could be accommodated within a 

film of same thickness if size of the particles was reduced. Results from Fig. 4.16 also 

reveal that in all particle size conditions lubricant film thickness does increase with 

increasing particle size and concentration of solid lubricant. Compared to large sized 

particles, those with smaller size have demonstrated intrinsic advantages. The 

advantage of applying thin lubrication in the sliding interface is that the lubrication 

(additives) makes available a relatively plentiful supply of solid lubricant which, in 

turn reduces and is suitable for applications of long durability and high duty [85]. The 

obtained results of lubricant film formation reveals the range of thin lubricant film 

thickness developed between 10 µ𝑚 grain size and 20wt% concentration in which the 

film thickness is least distributed. 
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4.4.6 Analysis of friction coefficient and wear  

 Tribological characterization was done on pin-on-disc wear and friction 

monitor to see the effect of particle size and concentration of solid lubricant. The 

effectiveness of particle size and correct concentration of MoS2 is of great important 

in the presence of additives. Then, the mean value of friction coefficient is calculated 

from acquired test results. Fig. 4.17 shows friction coefficient versus solid lubricant 

concentration with different particle size. It was observed that there is a good 

difference in friction coefficient between 10 µ𝑚, 30 µ𝑚 and 50 µ𝑚 particle size. For 

all the available particle sizes, the friction coefficient was found to be decreasing with 

increasing MoS2 concentration in base oil, as shown in Fig. 4.17. As MoS2 has a 

lamellar structure, it can be easily sheared in the sliding direction [76]. In addition, 

additives with lower particle size exhibit less friction coefficient i.e. 0.036, and 

maximum friction coefficient was observed when 10wt% additive concentration was 

applied i.e. 0.062.  The friction coefficient for other concentrations was found to have 

negligible changes when 10 µ𝑚 particle sizes were applied.  

The first noticeable trend shows that, for all sliding conditions and same 

concentration (20wt%), the reduction in coefficient of friction was more in case of 

MoS2 with 10 μm particle size when compare to MoS2 containing particles of 30 and 

50 μm. Sentyurikhina et al. [97] suggested that solid lubricants with lesser particle 

size have greater tendency to interact with friction pair surfaces and to readily form a 

protective film to increase anti-wear characteristics of sliding surfaces [146].  
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Fig. 4.17: Friction coefficient vs sliding time with respect to various particle size and 

concentration (a) 10 µ𝑚 (b) 30 µ𝑚 (c) 50 µ𝑚 
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Cambiella et al. [146] reported that emulsifier concentration plays a key role 

on the wetting behavior. Generally increase in the MoS2 concentration in the base oil 

has a beneficial effect of reducing wear [10]. All the considered concentrations 

exhibited low friction coefficient with negligible changes except 10wt% 

concentration. Whereas, in 30 and 50 µ𝑚 friction coefficient increases with increase 

in particle size. One of the possible reasons for reducing coefficient of friction may be 

the layered lattice structure of the solid lubricant [99]. This may be due to the fact that 

lubricants with high adhesion tendency and viscosity in the sliding zone decreases 

sliding nature between contact surfaces [65]. Variation of wear coefficient of WC pin 

and Ti-6Al-4V disc with different particle size and concentration is illustrated in  

Fig. 4.18. 

Superiority of lesser particles (10 µ𝑚 sized) is due to its continuous film 

formation and higher adhesion tendency as compared to coarse particles. Hence, it 

may be concluded that lubricant film formation of 20wt% MoS2 with lesser particles 

is highly effective than other lubricating conditions. From Fig. 4.18, it was observed 

that though the applied lubricant films separate pin/disc sliding surfaces effectively, it 

is clear that the presence of thin viscous lubricants provides some protection of 

contacting bodies against excessive friction coefficient and rate of wear. Minimum 

rate of wear coefficient was observed when smaller additive particles were suspended 

on base oil. Lubrication reduces the wear coefficient because of effective lubricant 

film formation at contact region. The solid additive particles of layered structure shear 

easily under traction to yield low friction coefficient.  
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Fig. 4.18: Wear vs sliding time with respect various particle size and concentration  

(a) 10 µ𝑚 (b) 30 µ𝑚 (c) 50 µ𝑚 
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Combining the above test results, it was observed that in all concentration 

conditions as the particle size increases, wear rate increases. It was found that the 

wear coefficient of WC pin is in the decreasing order of 50 µ𝑚, 30 µ𝑚, 10 µ𝑚 

under solid lubricant conditions. It was also observed that during all the particle size 

condition wear coefficient decreases with increase in additive concentration. Wear 

coefficient was reduced by 65% and 77% with lesser particles when compared to 30 

µ𝑚 and 50 µ𝑚. Solid lubricants with lesser particle size were more likely to interact 

with surfaces of the friction pairs to form a surface protection film, which increases 

anti-wear ability of sliding surfaces [146]. 

4.4.7 Electrical contact potential 

To study the contact situation between pin-disc sliding surfaces, the electrical 

contact potential resistance was used in pin-on-disc tribometer. Fig. 4.19 shows that 

the contact gap between the pin-disc specimens increased when 30 µ𝑚 and 50 µ𝑚 

particle size additives were applied. It was recorded that in all concentrations contact 

potential increased in the same order. Highest contact potential of 95% was found 

when a smaller particle with 10wt% suspension occurs in base oil. It was also 

observed that as the additive particle size increases, the contact potential increases 

with respect to increase in concentration. When 50 µ𝑚 particle size additives are 

added to the base oil, contact potential technique results in increase in contact gap 

between sliding surfaces. Results from Fig. 4.19 conclude that with increase in the 

particle size and concentration the gap/contact between the sliding surfaces increases. 

Form Fig. 4.19 it is evident that, for all the available particles sizes the electrical 

contact potential tends to increase for lower concentration of reinforcement. It is also 

seen from the graphs that as the reinforcement increase the electrical contact potential 
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decreases. Lower gap/contact is observed with lesser particles, whereas concentration 

with 20wt% - 50wt% results negligible difference. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.19: Electrical contact potential vs sliding time of MoS2 with various particle 

size and concentration (a) 10 µ𝑚 (b) 30 µ𝑚 (c) 50 µ𝑚 
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4.4.8 Analysis of extreme pressure properties 

  In order to examine the effect of load carrying property of varying solid 

lubricant particle size and emulsion composition of additive used in the base oil, EP 

tests were performed on Four-ball tester, following the ASTM D2783 standards. EP 

characteristics of MoS2 solid lubricants were studied for a load of range 160 kgf until 

the ball specimen welded with each other as defined as Final Seizure Load (FSL).  

Fig. 4.20 shows variation in the friction coefficient under varying loads for varying 

MoS2 solid lubricant concentration. Performances of the EP additives are dependent 

on three factors which are (i) strength of the tribo-film (ii) reaction rate between the 

additive and the sliding surface and (iii) finally the compatibility between the base oil 

and the additive [87]. Generally increase in MoS2 concentration in the lubricant has a 

beneficial effect regarding wear. 

The worn surface of the balls was examined using tool maker’s microscope. In 

no case had any visible wear of the ball occurred. It is determined that wear scar 

under heavy load test diminishes as the concentration of MoS2 increases [85]. Under 

light loads, particle size has no effect while under heavy loads larger grain sizes result 

in increased wear [86]. Fig. 4.20 shows critical failure load carrying capacity of MoS2 

solid lubricant particle size and concentration. Failure load was determined as average 

of the load at which the frictional force increased sharply and of the previous load at 

low friction [86]. Compared to additive particles size 30 µ𝑚 and 50 µ𝑚, most of the 

additive particles (10 µ𝑚) presented lower friction coefficient. It clearly reveals that 

the friction coefficient for low sized particles (10 µ𝑚) is minimum as compared to 30 

µ𝑚 and 50 µ𝑚 MoS2 particles, which showed higher friction coefficient throughout 



133 

 

the load range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20 Effect of load (kgf) carrying capacity of MoS2 at different particle size and 

concentration (a) 10 µ𝑚 (b) 30 µ𝑚 (c) 50 µ𝑚 
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Solid particles of a layered structure shear easily under traction to yield low 

friction coefficient [85]. From Fig. 4.20, it was found that 20wt%, 30wt%, 40wt% 

were more stable in terms of final seizure load (FSL) which is defined as the load at 

which lubricant film totally break down and testing all material (four balls) becomes 

welded. It was observed that 20wt% of MoS2 solid lubricant impaired lowest friction 

coefficient up to initial seizure load at which substantial amount of wear occurred and 

in final seizure load the lowest friction coefficient was found to be under 40wt% 

concentration. Fig. 4.20 implies that 20wt% and 40wt% with low size particles have 

extreme capability to retain its properties up to load of 620 kgf. It was observed from 

Fig. 4.20 that for MoS2 particles of 10 µ𝑚 mixed with oil in 10wt% concentration, the 

limiting load beyond which balls got fused was around 400 kgf. For higher 

concentrations 20wt% and above, balls got fused at a load of 620 kgf. For 30 µ𝑚 

particle size, it was observed that 10wt% and 20wt% concentrated solid lubricant 

based oil withstood a load of 400 kgf before getting fused. Higher concentrations of 

over 20wt% enabled fusing of balls at 620 kgf. Similarly, particle size of 50 µ𝑚 

showed similar load carrying characteristics as that of 30µ𝑚. It is suggested from the 

obtained experimental results that the application of MoS2with lower particle size  

(10 µ𝑚) and a lower concentration with the base oil (i.e. up to 20wt%) gives rise to 

better load carrying capacities that too with lower friction coefficient. This can be 

justified by the fact that at higher loads lubricating film thickness becomes thinner 

than some of the properties present in the boundary lubrication regime. The 

suspensions of MoS2 have been found to have good boundary lubricant conditions due 

to their larger surface area to volume ratio [85]. 

 



135 

 

4.4.9 Analysis of wear prevention properties 

The aim of the current work is to understand the better role of base lubricant 

and the additives in the boundary regime. Fig. 4.21 shows the variation of friction 

coefficient and WSD at varying additive concentration of MoS2 solid lubricant. It is 

evident from Fig.4.21 that the coefficient of friction decreases with increase in MoS2 

concentration. The results revealed that for 0wt% additive contaminated lubricant 

exhibited higher friction coefficient than that of other contamination. The subsequent 

increase in friction coefficient was found for 10wt% MoS2 suspended lubricant oil. 

Among the considered conditions, a solid lubricant with 20wt% provides better 

performance in terms of reducing friction coefficient and WSD. The change in 

friction coefficient for other concentrations was found with negligible changes.   

Fig. 4.21:  Friction coefficient and WSD for various concentrations of solid lubricant 

 The results revealed that contamination of higher concentration of MoS2 is 

effective in reducing friction. When pure lube oil was contaminated with 20wt% 

MoS2, there is a decrease in friction coefficient. It can be observed in Fig 4.21, that 
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the increase in additive concentration in base oil yields, better friction-reduction 

behavior. One of the reasons might be the effect of viscosity [18]. This is because a 

certain quantity of applied solid lubricant accumulates on the surface of friction pairs, 

and is advantageous for the lubricant to form sufficient lubricant film in order to 

provide effective lubrication. The micrographs of the worn surfaces of the stationary 

ball specimen for varying suspension of MoS2 concentration are shown in Fig. 4.22. It 

can be seen from the Fig. 4.22 that adhesive wear occurred on the ball surfaces in all 

considered conditions. The significant improvement in WSD was observed for 20wt% 

as compared to other concentrations. This is due to the increase in the suspension of 

additive in base oil leads to greater binding of the lubricants, which in turn provides 

an excellent resistance to shear force [28]. Though, an increase in concentration more 

than 20wt% in the base oil has shown negligible changes on WSD.  

Fig. 4.22: Microscopic images of worn surface of stationary steel balls at various 

concentrations 
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4.5 Summary 
 

In the present investigation, pin-on-disc sliding tests were carried out to 

determine the performance of the solid lubricant suspension in SAE 40 oil. 

Lubricating properties of solid lubricants are affected by different particle and 

concentration of additives in SAE 40 oil. Performance evaluation of solid lubricant 

characteristics highlights that it is essential to have high viscosity, optimal and correct 

concentration of solid lubricants in base oil. Test results revealed that friction 

coefficient increases with increase in applied load for all the considered environments. 

The analysis of wear morphology indicates that the suspension of solid lubricants 

decreases the rate of wear and results in a relatively smooth surface with fewer scars. 

The results obtained highlight that it is essential to have high viscosity and correct 

optimal concentration of a solid lubricant, which must be compatible with any other 

additives present, to obtain optimum beneficial effects. To elucidate the effect of 

particle size and concentration upon the lubricating effectiveness of MoS2 solid 

lubricant, experimental set-up was developed to measure the lubricant film thickness 

at sliding interface. Continuous MoS2 films have been observed with smaller particle 

size and lower concentration, among the considered, solid lubricants with 20%wt of 

MoS2 in base oil provided better performance in terms of improving tribological 

properties and load carrying capacity. MoS2 suspension with higher grain size (50 

µ𝑚) provide higher wear values than that of MoS2 with finer particles (10 µ𝑚). This 

tendency is more pronounced at higher load conditions and thus smaller particles are 

capable of handling high load conditions with effective lubrication conditions. 

This work emphasizes the proper selection of solid lubricants, particle size and 
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as well as concentration of solid lubricant particles in base oil. Further, there is a need 

to analyze the machinability of hard-to-cut materials with the selected MoS2 as solid 

lubricant at the contact surface between chip-tool-workpiece interfaces, which is 

discussed in chapter 5. 
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CHAPTER 5 

ELECTROSTATIC HIGH VELOCITY SOLID 

LUBRICANT MACHINING SYSTEM FOR 

PERFORMANCE IMPROVEMENT OF TURNING  

Ti-6Al-4V ALLOY 

 

5.1 Introduction 

Turning is one of the widely used and efficient means of machining materials 

at relatively high rate. Advanced engineering materials like Ti-6Al-4V alloys find 

numerous applications in automobile and aerospace industries due to which 

machining of these difficult-to-cut materials has been a curious topic for 

manufacturing industries and scientific world. However, machining of Ti-6Al-4V 

alloy is extremely complex due to its high work hardening ratio, high chemical 

affinity and low thermal conductivity with most materials used as cutting tools that 

accelerate tool wear, poor surface quality and diminish productivity. Highly reactive 

nature of titanium alloys and high heat generated at tool-chip interface while 

machining causes the material to adhere to tool surface leads to excessive tool wear 

and reduce tool life. The high cutting forces acting in the shearing zone promote high 

friction with high heat generation and consequently develop high temperature that 

promotes tool wear. As lubricant delivered in the machining zone, the cutting fluid 

must be present at the chip-tool-workpiece interfaces and be active (preferably 

combining with the materials) to form layers with reduced shearing strength and 

friction.  
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The application of cutting fluid increases the thermal convection. The 

combination of these lubri-cooling actions reduces tool wear, improves surface 

quality and augments productivity. Abundant application of metalworking fluids may 

increase production cost and cause environmental and health damages, particularly 

when not properly managed. Effective cooling/lubrication in the machining zone are 

essential to improve friction and temperatures by efficient heat dissipation which 

increases surface quality and tool life. In order to reduce the high cost and mitigate the 

environmental burden associated with the use, treatment and disposal of cutting 

fluids, some new technologies have been sought to minimize or even avoid the use of 

cutting fluids in machining operations. These technologies include dry machining or 

machining with minimum quantity solid lubricant (MQSL). 

It has been observed from research review that machining of difficult- to-cut 

materials like Ti-6Al-4V alloy causes high heat generation due to its poor thermal 

conductivity. It has also been revealed from the literature review that better cutting 

performance could be achieved when the lubricants penetrate quickly and effectively 

into the critical location i.e. tool-chip-workpiece interface in a short period of time  

[67-70]. Developments in modern tribology have recognized various solid lubricants 

with low cost and eco-friendly, which are capable to sustain and provide good 

lubricity over a wide range of temperatures. 

In demanding the improvement of productivity and product quality of 

machining process, use of solid lubricant with thin film were suggested as one of the 

necessary alternative machining technique to apply lubricants effectively to the high 

temperature zone. Evolution in modern machining process has identified many solid 

lubricants with low cost and eco-friendly, which can able to withstand high 

temperatures and pressures. Development of advanced machining methods is one of 
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the alternatives in this direction to apply lubricants effectively to the high temperature 

cutting region. In this direction, in the present research work, the feasibility of a novel 

approach for developing a new generation of machining technique namely EHVSL 

experimental set-up shown in Fig. 5.1 has been envisaged with an aim to improve 

process performance and to eliminate the usage of cutting fluids during machining 

process. 

 

 

Fig. 5.1: Line diagram of developed electrostatic high velocity solid lubricant spray 

system 

To investigate the role of developed EHVSL system, turning experiments 

were carried on Ti-6Al-4V alloy at varying feed rate, cutting speed and depth of cut 

considering surface roughness, cutting force and tool wear as performance indices. 

The detailed experimental procedure of EHVSL system is discussed in Chapter 3. A 

detailed comparison has also been made with the other cooling techniques MQSL, 

MQL, wet and dry cutting conditions using carbide cutting tool inserts with an 

objective to reduce the overall machining cost and improve machining performance. 

Efforts should be continued in this direction to control high heat generation during 

machining of Ti-6Al-4V alloy. 
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5.2 Results and discussions 

During turning of titanium alloy, excess heat is generated at the (i) primary 

heat source from the a shearing zone, due to plastic deformation takes place,  

(ii) secondary heat source from a shearing zone along tool-chip interface and  

(iii) third source from rubbing zone along tool-workpiece interface. The performance 

of turning Ti-6Al-4V alloy under the developed EHVSL set-up are compared with the 

existing cooling techniques and has been assessed in terms of surface roughness, 

cutting force, and tool wear. Hence, in the present work, the experiments have been 

conducted to study the machining of Ti-6Al-4V alloy using MoS2 as solid lubricants on 

the developed EHVSL spray system and compared the same with dry, wet, MQL and 

MQSL conditions. 

5.2.1 Effect of EHVSL on cutting force 

The machining force component is a crucial parameter during the evaluation 

of the performance of any machining process. Several parameters like workpiece 

material, tool material and its geometry and the presence of lubricant have a 

considerable effect on machining force, which helps to estimate the energy 

requirement of the machining process. During the machining process, the behaviour 

of average machining force components under considered environment with various 

cutting parameters is shown in Fig. 5.2-5.4. It was understood that cutting speed 

significantly influences the cutting force. The experimental results shown in  

Fig. 5.2-5.4 that at high-speed cutting conditions, the cutting force decreases causing 

reduction of shear strength at the machining zone. Due to the formation of thin solid 

lubricant film in the machining zone, good friction and wear reduction performance is 
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observed that reduces low shear strength of materials so that machining becomes 

easier.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 5.2: Cutting force at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b) 

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

0.5 mm) 
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Fig. 5.3: Cutting force at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b) 

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

1 mm) 
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Fig. 5.4: Cutting force at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b) 

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

1.5 mm) 
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The solid particles of layered solid lubricants shear easily under traction to 

yield low coefficient of friction. Upon further increase in the machining speed, the 

friction coefficients at the tool-chip zone on the cutting tool (at rake face) results in a 

decreased shear plane angle [6]. Therefore, cutting force decreases at high-speed 

condition. As a result, the cutting speed was found to be more significant effect in 

terms of inducing the machining force. Results also showed that machining force 

increases with increasing feed rate and depth of cut in the machining process. This is 

due to the fact that, increase in feed rate and depth of cut results in increased rate of 

plastic deformation at the primary shearing zone [147]. Considerable reduction of 

cutting force was observed during EHVSL and MQSL assisted machining condition 

as compared with dry, wet, and MQL machining conditions. The efficiency of the 

lubricant in minimizing the friction developing at the tool-chip-workpiece interface 

zone is realized by the reduction of cutting forces achieved with EHVSL machining 

technique when compared with MQSL, MQL, flood and dry lubricant cutting. From 

the obtained results it was observed that, dry machining is associated with enhanced 

friction, which leads to increased cutting temperatures, thereby increasing cutting 

force. The high cutting forces acting in the shearing zones promote high friction with 

high heat generation and consequently develop high temperature that accelerates tool 

wear. This could be, due to the absence of coolant in the hot-interface zone. Thus, the 

negligible amount of solid lubricants that can still reach the tool-chip interface zone 

seems to have a vital effect on reducing temperature. Whereas, during MQL process, 

it was observed that the lubricant cannot penetrate effectively into the tool-chip 

interface. The EHVSL lubricants act predominantly and contribute to reduce the 

friction and the chip-tool-workpiece contact areas, allowing higher cutting speed, 

better surface finish and greater tool life. Compare to wet, dry, MQL and MQSL 
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machining condition, the efficiency of lubricant in reducing the friction at the 

tool/workpiece/chip contact zone is evident by reduction in cutting force under 

EHVSL machining condition. Further, results revealed from the tested experiment 

that the cutting force reduced by 7%, 17%, 23% and 31% less cutting force were 

occurred during EHVSL cutting condition as compared with MQSL, wet, MQL and 

dry cutting conditions. The interactions at tool-chip and reduction in machining 

temperature in the vicinity of primary cutting edge where chips seize and tendency to 

form BUE are more predominant.  

The turning performance of EHVSL system provides considerable 

improvement than MQSL system mainly due to better penetration of solid lubricant 

into the mating surface which provides higher lubrication characteristics between the 

chip-tool interface zone. Hence, from the obtained results it can be extracted that 

EHVSL system improves the surface quality of the machined surface and tool life by 

reducing the cutting force. This further leads to improvement in productivity. The 

significant reduction in cutting force strengthens the use of EHVSL system in 

manufacturing industries as the best alternative solution for effective reduction in 

friction forces between tool-workpiece interfaces. 

Fig. 5.2, 5.3 and 5.4 shows the variation of depth of cut against the cutting 

force for different lubricant conditions. It is evident from the experimental results that 

increasing depth of cut results in increased cutting force in all the lubricant conditions 

considered. The greater the depth of cut larger the cross-sectional area of the uncut 

chip thickness and the volume of the deformed metal, consequently greater is the 

resistance of the material to chip formation and larger is the cutting force. 
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MoS2 is used as coolants and is recognized to be good solid lubricant due to its 

significant reduction in friction generated between sliding components, which could 

significantly contribute to reduce cutting forces [65 & 99].  From the previous studies 

it was observed that MoS2 (lamellar material) generally has good load carrying 

capacity with a corresponding low friction coefficient under sliding condition  

[18 & 95]. The considerable reduction of machining forces with the application of 

MoS2 based machining is due to the formation of  a thin film of lubricant that reduces 

shear strength of the material and temperature developed in the interface zone and 

making the machining easier [13 & 94]. Hence, an improvement in tool life and 

excellent surface quality products are achieved by minimizing the frictional force.  

5.2.2 Effect of EHVSL on surface roughness 

Surface roughness plays crucial role in the machining process and has 

significant impact on friction coefficient, wear, fatigue strength, lubrication, and 

corrosion resistance of the machined surface [148]. The degradation of surface quality 

often depends on the machining process and is influenced by various interdependent 

parameters during metal cutting process including selection of cutting conditions, 

lubricants and particularly the effectiveness of the cutting tool performance. Any 

improvement in tool-workpiece interaction by reducing the frictional effects on 

contact surfaces by proper supply of lubricants will affect the surface quality and as 

well as the tool performance to a greater level. The center line average (CLA) (Ra) 

parameter was measured in three different positions on Ti-6Al-4V alloy bar of 65 mm 

diameter machined surface under different environmental cutting conditions 

considered in this research work are represented in Fig. 5.5-5.7.  
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Fig. 5.5: Surface roughness at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, 

(b) Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut = 

0.5 mm) 
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Fig. 5.6: Surface roughness at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, 

(b) Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

1 mm) 
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Fig. 5.7: Surface roughness at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, 

(b) Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut = 

1.5 mm) 
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From Fig. 5.5-5.7 it was observed that in all the considered environments, at 

high cutting speed conditions better surface finish was observed on the workpiece 

owing to lower cutting force generated. It was also observed that at higher MRR 

condition surface finish increases. In addition, at higher cutting speed the BUE on 

cutting tool surface turn out to be less, chip breakage decreases, and hence the quality 

of the machined workpiece surface is achieved. It is predictable that at higher cutting 

speed condition chip removes easily from the workpiece resulting in a better surface 

finish of the workpiece. Further, results show that during EHVSL lubrication 

condition (shown in Fig. 5.5-5.7), surface roughness significantly improved by 11% 

in comparison with MQSL assisted machining condition. It also lends to an average 

surface roughness of 25%, 40%, and 57% during EHVSL assisted machining 

conditions to compare to wet, MQL and dry cutting condition respectively. During 

EHVSL machining process, charged spray solid lubricant droplet particles effectively 

applied at chip-tool interface zone, form a thin lubricant film and adhered to the  

tool-chip interface effectively leading to process improvement at the contact surface. 

The lower surface roughness values achieved through EHVSL machining process can 

be attributed to the MoS2 inherent lubricating properties and thereby reduce cutting 

temperatures generated, and further, preventing tool wear contribute to surface quality 

improvement. However, it is evident that lubricants with high viscous, high-velocity 

thin pulse jet system substantially improves the surface roughness primarily by 

delaying the deterioration of the auxiliary cutting tool edge due to abrasion, chipping 

and BUE formation. 

Surface roughness has been observed to be lower at a depth of cut of 0.5 mm 

(Fig. 5.5). For values beyond i.e. 1 mm and 1.5 mm depth of cut, an increase in 

surface roughness values has been observed. The combination of high speed with low 
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depth of cut prevents the formation of BUE and thereby aids the process by yielding 

an improved surface quality [149]. The chatter tendency can be reduced with lower 

depth of cut. The direct influence of the depth of cut on surface roughness is not very 

little; however, the chatter may reduce the quality of the turned surface. 

The high roughness values were observed during dry machining condition. 

During MQL process, it was observed that the evaporative mode is associated 

predominantly with high heat removal, which exhibits superior capability than the 

convective mode of heat transfer prevailing in conventional wet turning [32]. It was 

found that during EHVSL process, the MoS2 solid lubricant particles supplied 

effectively to the rake face and flank face can firmly stick to the cutting tool and 

workpiece causing in the promotion of plastic flow on the back side of the chip due to 

Rebinder effect [18]. Close observation of crystal-lattice conceals that due to the 

presence of free electrons in MoS2 particles the adhesion tendency is more to metal 

surfaces, resulting in low friction forces as compared to MQSL machining process. 

This was expected because sufficient lubricant with high-pressure was employed for 

proper lubrication in machining zone. In fact, reducing the interface temperature by 

cooling action and friction by lubrication action eventually result in improving the 

surface roughness [148]. 

Reddy et al. [69] suggested that minimizing the specific energy and cutting 

force results in increase in the surface quality and tool performance. Reddy and Rao 

[18] also studied that during the machining of medium carbon steel, an average 

surface roughness reduction of 23% was observed with MoS2 solid lubricant when 

compared with wet cutting fluid and 43% reduction of surface roughness was 

observed in comparison to dry machining. Reddy and Yang [58] report that surface 

roughness decreases due to lubricating action of solid lubricant at high temperatures. 
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It was observed that the overall performance of application of solid lubricant was 

superior to MQL, wet, and dry in terms of improving the high heat generation, which 

minimizes deterioration of the cutting edge by chipping, BUE formation and abrasion. 

5.2.3 Effect of EHVSL on tool wear 

Tool flank wear has an imperative role in prompting the tool life and 

productivity of the machined surface. Increase in temperature at the machining zone 

strongly impair the physical properties associated with the cutting tool material and 

thus reduces the particle penetration ability, which further leads to influence the 

cutting tool performance [49 & 150]. Tool wear studies were performed to estimate 

the performance of EHVSL during machining of Ti-6Al-4V alloy at varying 

machining conditions. Fig. 5.8-5.10 shows the flank wear at different environmental 

conditions. It was observed that under the considered environment conditions, there is 

a steady increase in flank wear with cutting speed. Further, the flank wear was also 

found to be increasing with increase in feed rate and depth of cut. The results revealed 

(Fig. 5.8) that tool wear increases with increase in cutting speed, feed rate and depth 

of cut. The chips produced during cutting process slide on the rake face of the cutting 

tool. As the cutting speed in machining process increases, high cutting temperatures 

are developed at the tool-chip-workpiece interface causing adhesion between tool and 

workpiece material. Workpiece material was found to be adhered on the flank face of 

the cutting tool under high cutting parameter condition [94]. However, when 

comparing the conditions of lubrications used, application of MoS2 solid lubricant 

with EHVSL supply system showed a significant improvement compared to MQSL, 

MQL, wet and dry cutting conditions. 
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Fig. 5.8: Tool wear at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b)  

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

0.5 mm) 
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Fig. 5.9: Tool wear at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b)  

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

1 mm) 
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Fig. 5.10: Tool wear at cutting speed = 100, 150, 200 m/min, (a) Feed = 0.1, (b)  

Feed = 0.15, (c) Feed = 0.2 mm/rev under different environments (depth of cut =  

1.5 mm) 
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Results revealed from Fig 5.8-5.10 that MoS2 with developed EHVSL set-up 

leads to the reduction in tool flank wear by 9%, 12%, 18%, 23% compared to that of 

MQSL, wet, MQL and dry machining condition, respectively. This could be due to 

the reduced cutting forces and temperatures. This observation indicates that MoS2 

solid lubricant can be used as an effective coolant in the machining process. Further, 

the use of MQSL assisted machining showed no appreciable difference when 

compared with EHVSL condition. It has been observed that during EHVSL condition 

solid lubricant (MoS2) melts and smears, forming a thin layer of lubricant at chip-tool-

workpiece interface. This could probably be due to the good adhesion tendency of the 

solid lubricants near the machining zone with minimum plastic deformation by 

offering low friction coefficient and minimum shear resistance. High-pressure coolant 

systems were applied at the tool-chip-workpiece interface for adequate penetration 

and to change the thermo-mechanical conditions in the machining zone [55]. 

Examinations of the wear surfaces revealed that in all the testing environments, the 

presence of BUE at the cutting tool edge could be due to adhesion of machined 

workmaterial on the cutting tool surface. Workpiece material sticks to the flank face 

of the cutting tool under high cutting parameter conditions [141]. The wear occurring 

at the flank face of the cutting tool has been analysed using scanning electron 

microscope (SEM). Fig. 5.11-5.15 show details of the SEM analysis. In view of 

observation of great amount of adhesion of work materials on the tool surface, 

samples were embedded in hydrochloric acid (HCl) for 48 hrs to remove the adhered 

material and allow clear observation of worn areas.  

Fig. 5.11-5.15 show details of the worn areas of the tools used with EHVSL, 

MQSL, wet, MQL and dry cutting conditions. From the study of Trent and Wright 

[151], wear mechanisms involved can be linked with the details of the worn areas of 
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the tools. The smooth worn areas seen on the surface of the tool indicate the existence 

of chemical wear at atomic levels. It is clear that attrition and abrasion depend more 

on active lubricant area [6].Where as in the rougher portions of the worn area, due to 

attrition mechanism particles of the tool were plucked off. By observing the parallel 

ridges we can confirm the presence of abrasion wear mechanism. Because of the high 

temperature dependency of diffusion in comparison with attrition and abrasion, it can 

be concluded that cooling action is more important during machining of hard-to-

machine material. The active lubricant area is the major factor on which attrition and 

abrasion depends. The superior performance of EHVSL is because of the combination 

of both the actions. From the Fig. 5.11, the presence of adhered MoS2 on the tool 

surface shows clearly that the lubricant action is working. 

  

Fig. 5.11: SEM images of cutting tool in EHVSL machining condition at cutting 

speed 100 m/min  
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Fig. 5.12: SEM images of cutting tool in MQSL machining condition at cutting speed 

100 m/min 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13: SEM images of cutting tool in wet machining condition at cutting speed 

100 m/min  
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Fig. 5.14: SEM images of cutting tool in MQL machining condition at cutting speed 

100 m/min  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15: SEM images of cutting tool in dry machining condition at cutting speed 100 

m/min  
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5.2.4 Effect of chip thickness 

The form of chip produced is a key factor in the cutting process as it 

significantly helps to estimate the heat generated and degree of deformation at  

tool-chip interface during turning process, which influences the quality of the 

workpiece surface and directly affects life of the cutting tool and eventually affecting 

the productivity. Chip thickness ratio (tc/t) plays a crucial role in determining 

machinability of Ti-6Al-4V alloy, where ‘tc’ is stands for measured chip thickness and 

uncut chip thickness is denoted by ‘t’. Even minor changes can result in variations in 

surface finish, workpiece inaccuracy and reduced tool life during chip formation 

process. Moreover, to increase the productivity by improving the surface quality and 

tool life during machining of Ti-6Al-4V alloy, it is necessary to understand 

morphology of chip formation and its effect under dry and EHVSL machining 

conditions. The chips formed during the machining were collected at the completion 

of each experiment and their thickness was measured with the help of a tool maker’s 

microscope. Fig. 5.16 shows the measured chip thickness at different speed and feed 

conditions. Experimental results suggest that reduction in friction at tool-workpiece 

interface is considerably high during EHVSL based machining when compared with 

dry machining condition. During EHVSL machining condition, chip thickness 

decreases due to temperature reduction at the tool-chip contact zone and the 

deterioration of tool rake angle by BUE formation and wear at the primary cutting 

edge is delayed is mainly because of reduction in coefficient of friction. At lower 

machining speed and feed rate, the chip thickness was found to be high. The plastic 

deformation zone becomes smaller when the cutting speed is increased. Chip 

thickness ratio was generally observed to be decreasing with increased cutting speed. 

Smaller contact regions and higher shear plane angles reduce the cutting forces [34]. 
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Fig. 5.16: Chip thickness at varying cutting speed = 100, 150, 200 m/min (a) Feed rate 

= 0.1 mm/rev, (b) Feed rate = 0.15 mm/rev, (c) Feed rate = 0.2 mm/rev under dry and 

EHVSL condition 
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It is clearly observed from Fig. 5.16 that at feed rate 0.1 mm/rev, there is a 

decrease in chip thickness as the cutting speed increases. This is due to the highly 

effective lubrication provided by EHVSL at high temperature zones. It was also 

observed that reduction in chip-thickness during EHVSL process causes lower cutting 

temperature and reduces the adhesion tendency between chip-tool-workpiece 

interface. Therefore, during high cutting speed condition small BUE with superior 

surface finish and chip thickness were found. Surface finish, cutting force variations 

and chip thickness ratio are affected beneficially using EHVSL when compared to 

MQSL, MQL, wet and dry machining. 

5.3 Surface roughness estimation by Group Method of Data Handling (GMDH) 

technique for EHVSL machining condition 

Turning is one of the most widely used and efficient means of machining 

materials at relatively high rate. Surface roughness in turning is an extremely complex 

phenomenon, influenced by a large number of variables, such as structural rigidity of 

the material, material properties of workpiece and cutting tool, cutting conditions, 

cutting temperature, lubricants used etc [152]. Surface finish is a common constraint 

that has to be considered in process improvement [148]. During process planning, it is 

very important to predict the machining conditions optimally to have good surface 

quality and to maintain dimensional accuracy of the workpiece. Productivity and part 

quality improvement in machining using modeling has been the important topic of 

research in the recent past. Apart from enhancing the economic utility of the 

machining, optimization helps to improve product quality to greater extents [153].  

In recent years, the task to choose optimum cutting parameters to achieve 

minimum surface finish within the constraints of machining operations has become a 
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matter of high importance. A proper combination of cutting conditions must be 

selected to achieve better surface finish and MRR within shorter machining cycles 

[154]. Hence, to predict the surface roughness during cutting process, it is essential to 

model the same in an advanced manufacturing system.  

It was observed from the literature review that one of the major problems 

encountered during regression analysis has been the necessity to clearly define and 

specify functional formulation [102-105]. The linear assumptions become invalid in 

all the considered cases and moreover, the occurrence of non-linearity in functional 

forms is infinite. The problem arises while estimating a dependent variable from 

measured variables. During such instances, though it is clear that few of the measured 

variables are to be considered, the way these variables are interrelated and their 

relative significance is unknown. In such cases, it is usually preferred to make use of 

the data to define the nature and parameter of the function [107-109]. This forms the 

motivation to develop newer self-organizing techniques in modeling like GMDH. 

In 1966, Russian cyberneticist, A.G. Ivakhnenko introduced a technique called 

GMDH [19] for building an extremely complex higher-order regression polynomial. 

The idea of GMDH technique is to build an analytical function which would behave 

itself in such a way that the predicted value of the output would be as close as 

possible to its actual value. Over the years, it has found many applications in 

modeling and control, including some in the field of manufacturing. GMDH 

technique suits best for instructed and complex systems where the interest of the 

investigator solely lies in obtaining an input-output relationship of high order [107]. 

Moreover, this heuristic technique, unlike regression analysis, is not built on a solid 

foundation. 
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GMDH technique follows an approach where it uses a network like structure 

made of multiple layers to fit a higher degree polynomial. The typical GMDH 

network shown in Fig. 5.17 has four inputs and one output. Input is given to the 

network at the first layer. Nodes at the first hidden layer appropriately receive inputs 

X1, X2, X3, X4 distributed from the input layer. Individual nodes of each layer 

succeeding the initial input layer obtain two inputs which form the output for the 

nodes of the preceding layer sequence. Components that belong to input vector ‘X’ 

are first sent to the input units. These get appropriately distributed among the 

processing elements of the first hidden layer. The outputs obtained from these 

processing elements of the first hidden layer are input to the next consecutive layer, 

and so on. The output of the network obtained at the end is a single real number ‘Y’, 

where Y=F(X). Each element of the GMDH network gives output in the form of a 

partial polynomial function of the two given inputs. All processing elements in kth 

layer, except the initial layer have the below shown configuration (Fig. 5.18). 

 

 

 

 

 

 

  

 

Fig. 5.17: Typical GMDH network 
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The output of the layer ‘k’ and processing element ‘m’ is given by a quadratic 

function. Training set data is used to determine the coefficients of the quadratic 

functions. All input combinations are taken twice at a time for evaluation. The  

self-organizing combinations allowed to pass to the next layer are terminated soon 

after an optimum level of complexity is attained by evaluating a criterion function 

chosen from the checking data set. 

 

 

 

 

  

  Fig. 5.18: GMDH network processing element ‘m’ of layer ‘k’ 

 Different heuristic approaches used to assist the self-organization are 

presented below. Data having highest variance is input to the training set, the variance 

of ith data point is given by, 

    𝐷𝑖
2 = ∑ (𝑋𝑖𝑗 − 𝑋𝑗)

2
/𝜎𝑗

2𝑚
𝑖=1 ------------------(5.1) 

Where, 𝐷𝑖 = measure of variance for ith data point, 𝜎𝑗 = variance for jth input variable, 

𝑋𝑗 = mean for jth variable 

    𝜎𝑗
2 = (1/𝑛) ∑ (𝑋𝑖𝑗 − 𝑋𝑗)

2𝑛
𝑖=1 ------------------(5.2) 

The algorithm is trained with the experimental data for GMDH network to 

learn the process. The experimental outcomes are divided into two separate sets; one 

being the training set, while the other being the testing set. The training set helps 
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GMDH to learn the process, while the testing set evaluates the performance of 

GMDH. By varying the proportion of data in the training set with different models 

can be created out of which best model can be selected, viz., 50%, 62.5% and 75%. 

The best model is considered from the given data percentages. Usually, variables 

considered for each layer may be taken as fixed number or a number that increases 

constantly. It is generally assigned with factorial increment in number of free 

variables existing in the previous level. For estimation, there are three different 

criterion functions can be considered mainly root mean square (RMS) or regularity 

criteria, unbiased criteria and combined criteria. For proper modeling, it is very 

important to choose the node selection criterion. Criterion function is one of the key 

features of GMDH which describes the model structure and the neurons which are 

allowed to proceed to the next layer. Regularity criterion is given by the equation 

𝑟𝑗
2 =

∑ (𝑌𝑖−𝑍𝑖𝑗)
2𝑛

𝑖=𝑛𝑡+1

∑ 𝑌𝑖
2𝑛

𝑖=𝑛𝑡+1

     𝑗 = 1, 2, … . 𝑚(𝑚 − 1)/2--------------(5.3) 

The Unbiased criteria is given by 

              𝑢𝑗
2 =

∑ (𝑌𝑖−𝑍𝑖𝑗)
2𝑛

𝑖=1

∑ 𝑌𝑖
2𝑛

𝑖=1

      𝑗 = 1, 2, … . 𝑚(𝑚 − 1)/2  ------------ (5.4) 

Where Zij refers to the estimate of the ith dependent variable using  jth equation. 

A combined criterion includes both unbiased and regularity criteria. Combined 

criteria is given by  

                                                        𝐶𝑗
2 = 𝑟𝑗

2 + 𝑢𝑗
2------------------ (5.5) 

In the present work all the three criterion functions have been taken for surface 

roughness estimation, with 50%, 62.5% and 75% of experimentation data in the 

training set. Attempts are made to identify the best available criterion and data 
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percentage in the training set for estimating surface roughness optimally based on 

different cutting conditions. Table 5.1 shows the machining performance of  

Ti-6Al-4V alloy under different cutting parameters. Input data used for GMDH 

surface roughness modeling for different machining conditions is shown in Fig. 5.19. 

Table 5.1: Machining performance of Ti-6Al-4V alloy under different cutting 

parameters 

 

Sl No 
Cutting speed 

(vc)  (m/min) 

Feed ( f ) 

(mm/rev) 

Depth of cut 

( ap) (mm) 

Measured Surface 

roughness (Ra) (𝝁𝒎) 

1 100 0.1 0.5 1.084 

2 150 0.1 0.5 1.184 

3 200 0.1 0.5 1.341 

4 100 0.15 0.5 1.126 

5 150 0.15 0.5 1.230 

6 200 0.15 0.5 1.593 

7 100 0.2 0.5 1.117 

8 150 0.2 0.5 1.393 

9 200 0.2 0.5 1.587 

10 100 0.1 1 0.793 

11 150 0.1 1 0.919 

12 200 0.1 1 1.022 

13 100 0.15 1 0.887 

14 150 0.15 1 0.970 

15 200 0.15 1 1.222 

16 100 0.2 1 0.998 

17 150 0.2 1 1.153 

18 200 0.2 1 1.295 

19 100 0.1 1.5 0.743 

20 150 0.1 1.5 0.807 

21 200 0.1 1.5 0.898 

22 100 0.15 1.5 0.778 

23 150 0.15 1.5 0.826 

24 200 0.15 1.5 1.039 

25 100 0.2 1.5 0.803 

26 150 0.2 1.5 0.870 

27 200 0.2 1.5 1.095 



170 
 

5.4 Comparison of predicted and measured surface roughness using GMDH 

The estimated surface roughness results are presented in this section using 

GMDH. In designating the GMDH model, it is essential to determine the number of 

output and input layers. There is no theory that can be used to guide the selection of 

number of input nodes and the level of output estimation. The selection of the number 

of input nodes corresponds to the number of variables. The three criterion functions, 

for machining performances viz., regularity, unbiased and combined were tried out. 

All the three criterion functions can be used for prediction and the best criterion 

function can be selected. In the current study, 50% of the experimental data was 

considered for the number of data in the training set which was varied in steps of 

12.5% up to 75%. Hence 50%, 62.5% and 75% of experimental data was considered 

in the training set. Input data for used GMDH surface roughness modelling for 

different cutting condition is shown in Fig. 5.19 (vc, f, ap, Ra). Fig. 5.19-5.22 shows 

the estimated surface roughness by GMDH for different data percentages. 

 

 

 

 

 

 

 

Fig. 5.19: Input data for GMDH surface roughness model (Ra, vc, f, ap) 
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Fig. 5.20: Regularity criteria output obtained while modeling surface roughness at 75% 

of data 

 

 

 

Fig. 5.21: Unbiased criteria output obtained while modeling surface roughness at 75% 

of data 
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Fig. 5.22: Combined criteria output obtained while modeling surface roughness at 

75% of data 

The results obtained from GMDH network for various machining conditions 

were presented and discussed. Theoretical estimation of machining performances was 

carried out for Ti-6Al-4V alloy material using various machining conditions by 

GMDH technique and this estimation was carried out with single level and the least 

error of approximation and best-fit will be found at each level. Fig. 5.19-5.22 shows 

the estimated surface roughness by GMDH for Ti-6Al-4V alloy material for 75% of 

data set level for regularity, unbiased and combines criterion method. From Table 5.2, 

it was perceived that the surface roughness estimate obtained by regularity, unbiased 

and combined criterion correlates well with the evaluated surface roughness. An 

attempt was made to discover the preferable level of estimation. Recognizing of the 

best criterion, best percentage of data and the optimal level of estimation was based 

on the value of standard error of estimation. The independent variables considered for 
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the estimation were used as the input to the GMDH algorithm, which estimates 

surface roughness as a polynomial function of the supplied input. 

Table 5.2: Measured and predicted surface roughness estimation for different criteria 

using GMDH for Ti-6Al-4V alloy 

Sl No 
Measured Surface 

roughness (Ra) (𝝁𝒎) 

Prediction of Surface roughness 

(Ra) data for different criteria 

Regularity Unbiased Combined 

1 1.084 1.107 1.087 1.088 

2 1.184 1.141 1.177 1.177 

3 1.341 1.313 1.316 1.396 

4 1.126 1.057 1.125 1.087 

5 1.230 1.258 1.170 1.118 

6 1.593 1.582 1.582 1.647 

7 1.117 0.976 1.065 1.067 

8 1.393 1.373 1.359 1.526 

9 1.587 1.593 1.572 1.566 

10 0.793 0.800 0.809 0.817 

11 0.919 1.062 0.932 0.909 

12 1.022 1.002 1.063 1.134 

13 0.887 0.873 0.893 0.862 

14 0.970 0.892 0.990 0.967 

15 1.222 1.078 1.121 1.179 

16 0.998 1.071 0.982 0.984 

17 1.153 1.112 1.157 1.158 

18 1.295 1.268 1.272 1.348 

19 0.743 0.760 0.707 0.676 

20 0.807 0.706 0.769 0.771 

21 0.898 0.902 0.890 0.886 

22 0.778 0.899 0.789 0.769 

23 0.826 0.813 0.831 0.802 

24 1.039 0.917 0.953 1.003 

25 0.803 0.810 0.835 0.827 

26 0.870 0.856 0.876 0.845 

27 1.095 1.119 1.099 1.092 

 

Fig. 5.23 shows GMDH estimation of surface roughness from regularity 

criteria, for various percentages of data in the training set. At 75% of data, least error 

and best-fit was observed in the training set and least surface roughness error found 
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was 164 𝜇𝑚 in training set at level auto level. Fig. 5.23 (a) shows GMDH estimation 

of surface roughness from various criterions for training set data of 50%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.23: Comparison of measured and predicted surface roughness at (a) 50%, (b) 

62.5% and (c) 75% of experimental data in training set  
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It is clearly observed that the surface roughness estimation acquired by 

regularity criterion correlates well with the measured surface roughness when 

compared to unbiased and combined criteria. Fig. 5.23 shows GMDH estimation of 

surface roughness from regularity criteria for various percentages of data in the 

training set. At 75% of data least error and best-fit was observed in the training set. 

The least surface roughness error is 0.0164 𝜇𝑚 for 75% of data in training set level in 

regularity criteria. Next least surface roughness standard error was observed in 

combined criteria (0.0171 𝜇𝑚). Due to the estimation of coefficient of the output 

quadratic functions is determined from the training set, it was perceived from the  

Fig. 5.23 that with the increase in the percentage of data in the training set, the 

estimation power of criterion also increases [107]. The self-organizing GMDH 

algorithm helps to learn the process better and make better estimation due to more 

number of experimental data in the training set [106]. From the study, it was observed 

that, with the increase in the percentage of data, minimum surface roughness values 

occurred at higher levels. For 50% of data in the training set, maximum surface 

roughness occurred at lower levels and 62.5% and 75% of data in training minimum 

surface roughness occurred at higher levels. Fig. 5.24-5.26 shows the diagrammatic 

representations of tree structure for estimation of surface roughness by regularity  

(Fig. 5.24), unbiased (Fig. 5.25) and combined (Fig. 5.26) criteria. The variables that 

enter into the final equation and the interactions among the variables can be clearly 

seen from the Fig. 5.24-5.26. It can be clearly observed from Fig. 5.24 and 5.25 that 

cutting speed and feed rate is having more effect followed by depth of cut. Compare 

to regularity and unbiased criteria there is no much effect on depth of cut. It is also 

clearly observed from Fig. 5.26, feed rate and depth of cut is having more effect than 

cutting speed. 
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Fig. 5.24: Regularity criterion model for estimation of surface roughness at 75% data 

in the training set at different speed, feed depth of cut conditions 

 

 

 

 

 

 

 

 

Fig. 5.25: Unbiased criterion model for estimation of surface roughness at 75% data 

in the training set at different speed, feed depth of cut conditions 

Vc = Cutting speed, f = Feed rate, ap = depth of cut, Ra = Measured surface roughness 

Vc = Cutting speed, f = Feed rate, ap = depth of cut, Ra = Measured surface roughness 
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Fig. 5.26: Combined criterion model for estimation of surface roughness at 75% data 

in the training set at different speed, feed depth of cut conditions 

From the above results, it can be inferred that, with increase in the percentage 

of data in training set, the level of estimation in achieving improved surface 

roughness. This is because at higher levels, more combinations of inputs are used for 

estimation. Hence, estimation by GMDH depends on the combination of variables 

that the model selects and on the level at which it predicts. Based on the present work, 

it can be concluded that the regularity criterion functions well for the set of input 

variables for steady-state cutting conditions. The estimation ability of GMDH was 

better at higher cutting conditions than at lower cutting conditions, as the standard 

errors at higher conditions are very less. This implies that the data handling capability 

of this estimation method is high. 

5.5 Summary 

The current research work influences the novel methodology in developing 

EHVSL assisted machining process to apply lubricants effectively to the machining 

Vc = Cutting speed, f = Feed rate, ap = depth of cut, Ra = Measured surface roughness 
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zone with a goal to improve the performance of machining process during turning of  

Ti-6Al-4V alloy. An outstanding outcome of the present research work is that the 

solid lubricants with low particle size and constant flow rate using electrostatic 

technique provides better performance compared to the existing machining 

techniques. The improved machinability by reducing friction at tool-workpiece 

interface results in better MRR without affecting the quality of the surface produced. 

Therefore, the present methodology appears to offer considerable benefits over other 

methods of machining Ti-6Al-4V alloy. This work also emphasizes that proper 

selection of solid lubricant is essential for making it an interesting alternative to 

eliminate cutting fluids in metal cutting and hence making the machining 

environmental friendly. The results obtained highlighted that it was essential to apply 

lubricants selectively to the machining zone with considered environmental 

requirements towards finding out an improved method for specific hard turning of  

Ti-6Al-4V alloy. As a result, it was shown that with the selected machining 

parameters and cooling/lubricant conditions, chip breakability is improved. The 

carried research work clearly demonstrates the cost effectiveness by abandonment of 

the cutting fluid and also at the same time improving economic, environmental and 

social performance with solid lubricants in the context of increasing industrialization. 

In the present study, also is introduced a GMDH method for modeling surface 

roughness as a function of the input parameters of cutting speed, feed rate and depth 

of cut. The GMDH algorithm provides an easy procedure of automatically and 

accurately modeling complex systems. To have a better understanding of cutting 

process, finite element modeling and simulation of orthogonal metal cutting process 

for Ti-6Al-4V alloy is developed and presented in chapter 6. 
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CHAPTER 6  

FINITE ELEMENT MODELING AND SIMULATION OF  

MACHINING TI-6AL-4V ALLOY 

The previous chapter presents experimental tests to understand the physical 

cutting process variables, such as, cutting force, surface roughness, tool wear etc., 

during machining of Ti-6Al-4V alloy under different environmental conditions. FE 

simulation of orthogonal metal cutting process of Ti-6Al-4V alloy is presented in this 

chapter. FEA have become widely used in research and industrial applications 

because of the advancements in computational techniques through machining 

simulation that significantly reduce the time-to-market and thus increase 

competitiveness. This chapter attempts to propose a J-C (Johnson-Cook) model with 

energy-based failure simulation method, developed using finite element method to 

predict cutting force and chip thickness during orthogonal turning of Ti-6Al-4V alloy. 

Use of finite element tool is aimed at giving a better understanding of cutting process 

presented in chapter 5 to see the accuracy of machining results, and to have a 

comparison of numerical predictions with experimental findings. 

6.1 Introduction 

 The impetus in prognostic process engineering of machining process using 

FEM tool is due to its science-based approach in comprehending the physical cutting 

process variables. Finite element method provides an insight for further understanding 

of machining process, through predictive capability of machining parameters such as 

cutting force, cutting temperature and chip formation, etc. Further, application of FE 

tool in metal cutting simulation has great importance in predicting results that are 
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experimentally very difficult to be evaluated. Success and reliability of FE machining 

model are heavily dependent on accurate selection of material constitutive relation, 

friction parameters between the cutting tool and workmaterial contact, and simulation 

settings during FE modeling of machining process [157]. 

During machining of Ti-6Al-4V alloy, cutting edges wear rapidly because of 

poor thermal conductivity of titanium alloy and high chemical reactivity, results in 

higher temperature, and strong adhesion between the tool and workpiece. Chip 

segmentation by shear localization is an important characteristic which can be 

observed in a certain range of cutting speed during machining of titanium alloy. Also, 

it was observed that, chip separation by shear localization in certain range of cutting 

speed conditions [158]. Shivpuri et al. [159] observed that Ti-6Al-4V segmentation is 

produced by crack initiation and propagation in the primary shear zone by FE 

simulation results. In FE simulation process with change in input parameters like, 

workpiece and tool geometry, friction coefficient, constitutive equation, environment 

etc., for a particular simulation model can significantly affect the accuracy of 

prediction [158]. Wang et al. [135] studied the FE simulation using Oxley’s predictive 

machining theory of Ti-6Al-4V alloy with different coolant supply strategy. Limited 

studies have been conducted on effect of point of cooling and lubrication orthogonal 

machining of Ti-6Al-4V alloy.  

Cooling and lubrication methods during machining difficult-to-cut materials 

like Ti-6Al-4V alloys have a significant effect of frictional heat generation [110]. 

Numerous cutting force models have been developed to predict the cutting parameters 

on chip formation and are studied by using different FEM simulation parameters 

[112-116]. Many researchers have focused predominantly on dry machining 

condition, although lubricants are widely used in the machining process especially for 
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the difficult-to-cut materials for improving product quality and productivity. Metal 

cutting process involves high temperatures and strain rates, which make  

Johnson-Cook [115] material model the preferred material model that can simulate 

these exceptional conditions. It has been noticed that there are many parameters that 

could affect the resulting forces in metal cutting process, such as the workpiece 

material, tool geometry, feed rates, and cutting speeds and many other factors. The 

resulting force per unit area is called the cutting coefficients. Determining friction 

parameters at the tool-chip interface is one of the main problem in FE simulation of 

machining. The presence of coolant makes it extremely difficult to determine the 

friction coefficient at chip-tool interface. Some researchers used empirical models to 

estimate cutting coefficients [135]; while others used analytical models [3]. Many 

approaches have been used to predict the relation between these parameters and the 

resulting cutting coefficients.  

Guang et al. [157] studied a series of FE simulations of high speed machining 

of Ti-6AL-4V alloy based on ductile failure criteria is carried out to compare the test 

results with chip morphology and cutting force. The results observed that the chip 

morphology and cutting force showed good agreement with the experiments results, 

results proving that the ductile failure criteria is suitable for titanium alloy in 

extremely high speed machining conditions. In addition, it was observed that FEM 

results under varying cutting conditions which shows good agreement with 

experimental results are proposed by modifying FE model such as critical failure 

criteria parameter. Therefore, a method which can be used to accurately simulate one 

kind of material at different cutting conditions needs to be developed. 

In this chapter, the main focus of the present work is to study the effect of 

lubricant supply method on the cutting force and chip thickness. A FE analysis of 
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orthogonal machining of Ti-6Al-4V alloy is carried out using commercial FEA 

ABAQUS/Explicit software. In this study, J-C material model with energy-based 

failure criteria is used for FE simulation of Ti-6Al-4V alloy. During the simulation 

process, in order to predict experimental results, failure-energy parameter has been 

modified in first simulation condition, after that, the FE model is applied to other 

cutting conditions based on same energy-failure parameter. 

6.2 Finite element model of orthogonal machining process 

  The present work outlines the development of 2D finite element model for 

orthogonal machining of Ti-6Al-4V alloy using commercial FEA ABAQUS/Explicit 

software. The FE model is composed of cutting tool and workpiece. To study the 

behaviour of Ti-6Al-4V alloy during the orthogonal machining process,  

Johnson-Cook’s constitutive equation with a set of material constants is applied in the 

FE simulation process. 

6.2.1 Modeling of workpiece and cutting tool materials  

The research work deals with the FE simulation of the orthogonal machining 

of Ti-6Al-4V alloy workpiece material using a tungsten carbide cutting tool. In the 

present study, FE simulations are carried out by considering Ti-6Al-4V alloy and the 

obtained results are validated with the experimentally measured (Chapter 5) cutting 

force and chip thickness. A few preliminary simulations were performed in order to 

select the appropriate set of material constants. The Johnson-Cook model [120] is 

employed in this study to describe the flow stress properties of Ti-6Al-4V alloy 

workpiece material. The input requirements of the FEM simulation are shown in  

Fig 6.1. The thermal and mechanical properties of the workpiece and cutting tool used 

in the FEM simulation are listed in Table 6.1. 
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Fig. 6.1: Input requirements for the FE model 

Table 6.1: Thermal and mechanical properties of workpiece and cutting tool used in 

FE simulations [134] 

Material 

Young’s 

modulus 

(GPa) 

Density 

(kg/m3) 

Poission’s 

ratio 

Specific 

heat 

(J kg-1 °C-1) 

Conductivity 

(W/(moC)) 

Thermal 

expansion 

(μm.m/oC) 

Ti-6Al-

4V 
109 

4,430 

(4.43e-9) 
0.34 3.9 17.2 25 

Tungsten 

carbide 

insert 

534 
11,900 

(11.9e-9) 
0.22 17.8 24 - 

 

6.2.2 Constitutive model for work material 

In FE simulation process, a constitutive material model is required to relate the 

strain rate, flow stress to strain and temperature. The Johnson-Cook [120] constitutive 

equation is employed to build the orthogonal FE model with material constant 
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obtained from literature review to study the behaviour of Ti-6Al-4V alloy during the 

machining process in dry and EHVSL environment conditions. This model describes 

flow stress as a product of high-temperature, strain and strain-rate dependent flow 

stress in FE simulation model. The J-C phenomenological constitutive model is 

successfully used for a variety of materials with different range of deformation 

temperature and strain-rate in finite element simulation modeling.  

𝜎 = [𝐴 + 𝐵(𝜀)̅𝑛] [1 + 𝐶 ln (
�̇̅�

�̇̅�0
)] [1 − [

𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟
]
𝑚

]------------------- (6.1) 

Where ‘𝜎’ stands for flow stress, ‘A’ stands for yield stress at reference strain rate 

(𝜀̅0̇) and ‘Tr’ reference temperature (25°C), ‘B’ for coefficient of strain hardening, 𝜀 ̅

for plastic strain, 𝜀̅̇ for strain rate and ‘Tm’ for melting temperature (1600°C). 

Many researchers used J-C constitutive model for deformation behavior of 

metal alloys at high strain rate and temperatures, and identified the material constants 

from SHPB tests [141-146]. Among those, Lee and Lin [146] presented a J-C model 

for high temperature deformation behavior of a titanium alloy, Ti-6Al-4V; obtained 

from SHPB test results at a strain rate of 2000 s−1, but, with temperature up to 

1100°C. The J-C model parameter values which have been used to simulate the 

behaviour of Ti-6Al-4V alloy are specified in Table 6.2.  

Table 6.2: Ti-6Al-4V material constants for J–C constitutive model [120] 

J-C Model A (MPa) B (MPa) C m n 

Ti-6Al-4V 860 683 0.035 1 0.47 
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6.2.3 Damage model 

The damage model is incorporated as a chip separation along with the material 

model in the damage zone in order study the chip formation behavior in FEA 

machining process. Damage criterion is referred to as material state at onset of 

damage zone. The J-C model is used to model the failure model or damage evolution 

and predict failure in many engineering materials. The damage criteria is modeled in 

ABAQUS/Explicit and the damage parameter is defined as the ratio of sum of 

increments in the equivalent plastic strain ∆𝜀̅𝑝  to the sum of fracture strain 𝜀𝑓  as 

shown in Eq. 6.2.  

𝜔𝐷 = ∑
∆�̅�𝑝

𝜀𝑓
 ------------------- (6.2) 

The fracture strain 𝜀𝑓 is expressed as follows [158] 

𝜀�̅� = [𝐷1 + 𝐷2𝑒𝑥𝑝 (𝐷3
𝑃

�̅�
)] × [1 + 𝐷4𝐼𝑛

𝑐

�̇̅�0
] × [1 + 𝐷5𝑇

∗] ------------------- (6.3) 

𝑇∗ =
𝑇−𝑇0

𝑇𝑚𝑒𝑙𝑡−𝑇0
 ------------------- (6.4) 

Where 𝐷1, 𝐷2, 𝐷3, 𝐷4, 𝐷5 are material failure constants, ‘𝑇’ is the current process 

temperature, ‘𝑇0’ is the ambient temperature, ‘𝑇𝑚𝑒𝑙𝑡’ is the melting temperature of the 

workpiece, 
𝑃

�̅�
 is the ration of stress to von Mises stress, 𝜀̅0̇ is reference strain rate, 𝜀̅̇ is 

the plastic strain rate. 

The damage parameters are determined using tensile and torsion tests [158]. 

Material damage attributes to the complete damage of load carrying capacity which 

results from progressive degradation of material stiffness [158]. J-C damage model 

constants for Ti-6Al-4V alloy are listed in Table 6.3.  
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Table 6.3: J-C failure parameters for Ti-6Al-4V alloy [157] 

 

J-C Model D1 D2 D3 D4 D5 

Ti-6Al-4V -0.09 0.25 -0.5 0.014 3.87 

During the FE simulation process, the energy based failure parameters is 

improved in one simulation condition in order to understand the different parameters 

(system parameters), later, the numerical analysis of turning tests is applied to other 

cutting processes based on same failure criteria to predict experimental results.  

6.2.4 FE machining simulation procedure 

The study by Ambati et al. [160] mainly concentrated on the cutting process 

simulation parameters. It was reported that the most influencing constituent in the 

process of cutting simulation is the size of element. To investigate the effect of mesh 

size on the cutting process simulation, FE analysis was carried out with adiabatic 

assumptions based on plastic deformation failure criterion. In the current study, the 

simulation model (based on ductile failure energy criterion) was created to keep the 

density of failure energy invariant, which makes the simulation results independent of 

the characteristic length. The FE simulation procedure is as shown by the flow chart 

in Fig. 6.2. Further, an attempt was made to modify failure energy criterion until the 

simulation results (cutting force and chip thickness) show a good agreement with the 

experimental results. The failure energy which is related with characteristic length ‘L’ 

is modified until the difference between the predicted and measured cutting forces is 

minimized. 
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Fig. 6.2: Flow chart of FEA prediction model of Ti-6Al-4V alloy machining 

6.2.5 FEA modeling and simulation of orthogonal turning 

In order to validate orthogonal simulation model, the FE machining results 

with experimentally measured cutting force and chip thickness were compared and 

discussed. FE analysis of machining of Ti-6AI-4V alloy was made by using a J-C 

material model with an energy based ductile failure criteria. The geometry of the 2D 

orthogonal machining model is shown in Fig. 6.3. A typical refined mesh in the high 

deformation zone surfaces used at the initial geometry. It is defined in terms of feed 

rate (depth of cut) for dissimilar cutting conditions. Initially the workpiece is meshed 

with 12000 elements; the rigid tool is meshed and further divided into 1000 elements. 

The tool geometry consists of a 5° rake angle (𝛾) and 6° clearance angle (𝛼).  



188 
 

 

 

Fig. 6.3: The geometry of the 2D orthogonal cutting FE model 

6.3 Simulation results and discussions  

  FEM simulation of machining process is proposed with same failure 

parameters in different cutting conditions (i.e. failure energy). The predicted results 

such as cutting forces, chip thickness when simulating the Ti-6Al-4V alloy machining 

process under dry and lubricant environments at different cutting conditions were 

compared with the experimental results.  

6.3.1 Effect of cutting force 

Determination of cutting force plays a vital role in the machining process in 

terms of estimation of cutting power consumption, which also enables selection of 

power sources during design of machine tools. Results obtained from the numerical 

simulation were validated by comparing with experimental results. Output parameters 

such as chip thickness and cutting force are helpful for making comparative analysis. 

Cutting force is chosen as the parameter for comparison between FE simulation and 

experimental results since internal output parameter, i.e. stress-strain distribution has 
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inherent complexities. The comparison between predicted cutting force and cutting 

force obtained by experiments, under lubricant condition for different speed and feed 

rate, is shown in Fig. 6.4. The variation in the cutting force has been shown in Fig. 6.4 

to be related to the chip morphology. It is evident from Fig. 6.4 that the predicted 

cutting force shows approximately no deviation from the experimental results; 

increase in cutting force is attributed to increasing feed rate. This indicates that the  

J-C model with damage evaluation give an accurate and precise estimate of the flow 

behavior of Ti-6Al-4V alloy material under high strain rate condition and can be used 

to predictive process engineering to analyze the machining process.  

Fig. 6.4: FEM Simulation (a) chip formation (b) predicted cutting force under 

lubrication condition (c) comparison between experimental and simulation cutting 

force at different cutting speeds (f = 0.1 mm/rev)  
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It can be observed from the obtained results that the agreement between the 

measured and predicted results of cutting force when machining Ti-6Al-4V alloy 

under lubricant conditions is reasonably good as the relative error is low at all 

considered speed and feed conditions. It is observed that during lubrication condition 

yield saw teeth chips were formed; whereas in dry cutting condition wavy chips were 

formed. Despite, under dry condition, at cutting speed of 150 m/min, the estimated 

cutting force being larger from the experimental value; the prediction error observed 

is 14% compare with experimental results. It can be concluded here that the proposed 

FE machining simulation allows to predict accurate cutting forces and is helpful in 

better understanding of the physical cutting process variables and to relate the same 

with practical conditions of machining process before resorting to costly and time 

consuming experimental trials. Fig. 6.5 and Fig. 6.6 show the experimental and 

numerical predictions of the cutting force when machining Ti-6Al-4V alloy with 

lubricant condition at different cutting speeds and feed rate. 

 

 

 

 

 

 

Fig. 6.5: Comparison of experimental and FE simulated cutting force during  

Ti-6Al-4V alloy machining under lubricant at different cutting speeds (f =  

0.15 mm/rev) 
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Fig. 6.6: Comparison of experimental and FE simulated cutting force during  

Ti-6Al-4V alloy machining under lubricant at different cutting speeds (f =  

0.2 mm/rev) 

Fig. 6.7 shows the overall distribution of equivalent von Mises stresses, von 

Mises equivalent strains and temperature distribution during the tool-workpiece 

interaction under lubricant condition. The type of chip formed depends largely on the 

distribution of strain. In the present study, from the Fig. 6.7 it is observed that strains 

are highly localized in the shear zone; therefore there is a uniform stress and strain 

over the entire chip formation. As the rate of heat generation is determined by strain 

rate, localized heating occurs due to plastic deformation in the shear plane [158]. 

Consequently, the high temperature near the tool tip begins to extend towards the chip 

free side in a highly localized zone. Chen et al. [157] observed that with the increase 

in the temperature in workpiece is one of the reason that cause residual stresses to 

become more tensile. It was observed during FE simulation of dry machining process 

that the maximum cutting temperature accomplished as 1000°C. 
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Fig. 6.7 Distribution of (a) stress (b) strain and (c) temperature under lubricant 

condition while machining Ti-6Al-4V alloy at Vc=100 m/min and f = 0.1 mm/rev  

The simulation results indicate that the J-C material model and energy-based 

failure FE model used in this research has given a good prediction of cutting force 

under different cutting conditions. It can be concluded that the proposed FE model 

allows to accurately predict the cutting force, enhances the understanding of physical 

cutting process variables and to relate the same with practical conditions of machining 

process before resorting to costly and time consuming experimental trials. Fig. 6.8 

shows the predicted cutting force under dry condition, and comparison between 

experimental and simulation cutting force cutting speed = 100 m/min at different feed 

rates (feed rate = 0.1 mm/rev). Comparison of predicted and measured cutting force 

under dry condition at different cutting speed and feed rate are shown in Fig. 6.9-6.10.  
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Fig. 6.8: FEM Simulation (a) chip formation (b) predicted cutting force under dry 

condition (c) comparison between experimental and simulation cutting force at 

different cutting speeds (f = 0.1 mm/rev) 

 

 

 

 

 

 

Fig. 6.9: Comparison of experimental and FE simulated cutting force during  

Ti-6Al-4V alloy machining under dry at different cutting speeds (f = 0.15 mm/rev) 



194 
 

 

 

 

 

 

 

 

 

Fig. 6.10: Comparison of experimental and FE simulated cutting force during  

Ti-6Al-4V alloy machining under dry at different cutting speeds (f = 0.2 mm/rev) 

Fig. 6.11 shows the overall distribution of equivalent von Mises stresses, von 

Mises equivalent strains and temperature distribution during the tool-workpiece 

interaction under lubricant condition. It was observed that when continuous chip is 

produces, the heat generated near the tool rake face is quite uniform; whereas in case 

of segmented chips produced the temperature along the rake face is not uniform. It 

was observed that the shear stress has a similar trend to decrease with increase in 

cutting speed. It was observed that the shear stress has a similar trend to decrease with 

increase in cutting speed. Fig. 6.11 shows that the temperatures increase gradually at 

the time of bulging of the chip segment but increases rapidly once the shear banding 

begins to form. The results revealed that as the cutting speed increases tool-chip 

contact temperature decreases in lubricant condition, where as in dry condition cutting 

temperature increases gradually.  
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Fig. 11: Distribution of (a) stress (b) strain and (c) temperature under dry condition 

while machining Ti-6Al-4V alloy at Vc=100 m/min and f = 0.1 mm/rev  

6.3.2 Effect of chip thickness   

 Chip thickness is another important parameter that can be readily monitored 

and measured. In the current research work, chip thickness was characterized by 

comparing the experimentally measured chip thickness with the FE simulation results. 

The comparison of predicted and experimental (Chapter 5) chip thickness when 

machining Ti-6Al-4V alloy with lubricant conditions at different cutting conditions is 

shown in Fig. 6.12-6.14. As shown in Fig. 6.12, the predicted and measured chip 

geometry parameters are similar when J-C model is considered. It is noticed that 

continuous chip thickness exists in both the simulated and experimental results during 

machining with dry and lubricant condition. Fig. 6.13-6.14 shows the comparison of 

experimental and FE simulated chip thickness during Ti-6Al-4V alloy machining 
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under lubricant condition. At low feed rate, the chip thickness is thinner. Further, in 

lubrication condition, another main function of cutting coolants is to carry the chips 

away from the cutting zone. Under the effect of lubricant spray process, it will remove 

chips within a short period of time, and it causes a large amount of heat to be taken 

away from chip-tool interface. 

 

 

 

 

 

 

 

 

 

 

Fig. 6.12: (a) Comparison of simulated and experimental captured chip formation (b) 

comparison between experimental and simulation chip thickness under lubricant 

condition at different cutting speeds (cutting feed = 0.1 mm/rev) 
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Fig. 6.13: Comparison of experimental and FE simulated chip thickness during  

Ti-6Al-4V alloy machining under lubricant condition at different cutting speeds  

(f = 0.15 mm/rev) 

 

 

 

 

 

 

 

 

Fig. 6.14: Comparison of experimental and FE simulated chip thickness during  

Ti-6Al-4V alloy machining under lubricant condition at different cutting speeds  

(f = 0.2 mm/rev) 

 Further, the chips under higher cutting speed become more difficult to deform 

with the increase in chip thickness. It was observed from Fig. 6.15-6.17 that dry 

condition chip thickness gradually decreases with the increase in cutting speed at the 
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feed rate of 0.2 mm/rev. It is observed that during lubrication condition saw teeth type 

chips were formed; whereas in dry cutting condition wavy type chips were formed. 

Because at higher feed rate more cutting temperature is generated during machining 

process with increase in cutting speed within the same machining time, this higher 

cutting temperature may make chips to deform easily from workpiece. It is also 

observed that irregularity disappears gradually when increasing cutting speed and 

uncut chip thickness leading to asymptotic periodic oscillations [125]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.15: (a) Comparison of simulated and experimental captured chip formation (b) 

comparison between experimental and simulation chip thickness under dry condition 

at different cutting speeds (cutting feed = 0.1 mm/rev) 
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Fig. 6.16: Comparison of experimental and FE simulated chip thickness during  

Ti-6Al-4V alloy machining under dry condition at different cutting speeds  

(f = 0.15 mm/rev) 

 

 

 

 

 

 

 

Fig. 6.17: Comparison of experimental and FE simulated chip thickness during  

Ti-6Al-4V alloy machining under dry condition at different cutting speeds  

(f = 0.15 mm/rev) 

 However, the good agreement obtained between the experimental and FE 

simulation results indicate that the proposed J-C model appears to be suitable for 
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studying the machining of Ti-6Al-4V. Finally, it results in decrease of chip thickness 

with the increase in cutting speed. Thus, it can be concluded that the proposed J-C 

model in this study can be employed to study the orthogonal machining process of Ti-

6Al-4V alloy and to predict the actuality of the cutting force and chip thickness with 

satisfactory accuracy. 

6.4 Summary  

  In the present chapter, machining simulations have been investigated under 

dry and lubrication at different cutting conditions. The FE simulation results obtained 

during machining of Ti-6Al-4V alloy in this section is useful in perspective the 

fundamental mechanism that may be liable for the formation of segmented chip 

formation. The variation of cutting force and chip thickness with different cutting 

speed and feed rates are investigated. The machining simulations of Ti-6Al-4V alloy 

have given detailed information of the cutting process. In the present study J-C 

material model with an energy based damage criteria is utilized to simulate the 

machining of Ti-6Al-4V alloy. The percentage error observed between the 

experimental and FE simulated results of cutting force is approximately 10% when 

machining with and without lubrication conditions. Further, for all the cutting 

conditions and with both machining environment, it was observed that the average 

chip thickness values from machining tests reasonably agree with the FE simulation 

results. Comparison between the experimental and estimated cutting force and chip 

thickness has been predicted with good accuracy. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Summary  

Machining of hard turning has received substantial attention due to its 

increasing use in various industrial applications. Research in this area is intended to 

improve the hard turning process so as to achieve the required conditions for best 

possible surface quality under given constraints. The current research work proposes 

novel methodology in developing electrostatic high velocity solid lubricant assisted 

machining process to apply lubricants effectively to the machining zone with a goal to 

improve the performance of machining process during turning of Ti-6Al-4V alloy. 

This research work addresses some of the problems associated with turning of  

Ti-6Al-4V alloy under different environmental conditions, and efforts have been 

made to study the influence of some of the critical factors such as cutting force, 

surface roughness and tool wear. The results would serve in understanding the process 

in a better way and provide inputs that can ensure better machining of Ti-6Al-4V 

alloy material. This was executed by conducting turning experiments over the 

recommended range of cutting parameters.  

Chapter 1 is an introductory stage which briefly described about the currect 

state of the research work. 

Chapter 2 features review of literature related to the domain of current 

research and gaps are identified. This chapter covered the motivating factors behind 

this work and sets a path in the current direction. 

Chapter 3 explained the complete fabrication of a novel experimental  

set-up to improve machining performance by eliminating the cutting fluid usage in 
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machining operation. It explains the improved methods by which solid lubricants can 

effectively be applied to machining zone. The investigation carried out to study the 

effect of optimum process parameters with the developed experimental set-up is 

reported in this chapter. 

Chapter 4 covered tribological experiments (friction and wear) performed on 

various solid lubricant characteristics at different sliding conditions using pin-on-disc 

wear and friction monitor. It also investigated the tribological effect of particle size 

and concentration of MoS2 solid lubricants. Development procedure of an 

experimental set-up to characterize the lubricant film behaviour between pin-disc 

interface is also explained in this chapter. 

Chapter 5 is a detailed description about turning experiments conducted to 

study the performance of Ti-6Al-4V alloy with the developed EHVSL spray system 

set-up using MoS2 as solid lubricant. During machining, heat is generated at the 

primary deformation zone and secondary deformation zone, but the temperature 

becomes maximum at the tool/chip interface. So, there is a need for controlling the 

cutting zone temperature within tolerable limits for achieving good machining 

performance. MoS2 has been used as solid lubricants to reduce the friction between 

tool and workpiece, and thereby to reduce heat generation at tool and workpiece 

interface. A comparative performance analysis of MoS2 assisted machining with 

MQSL, MQL, wet machining and dry machining experiments have been carried out 

in order to identify the ideal solid lubricant for machining Ti-6Al-4V alloy material. 

The surface roughness model was developed using cutting condition. The developed 

model has been compared using experimental data from turning of Ti-6Al-4V alloy. 

Estimation and comparison of machining performance was carried out using GMDH 

technique. 
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Chapter 6 focused on FEM simulation of deformation process of Ti-6Al-4V 

alloy during turning using Abaqus/Explicit 6.14 software. Further, for all cutting 

conditions and with both machining environment (EHVSL and dry), it is observed 

that the average chip thickness values from machining tests reasonably agree with FE 

simulation results. The predicted cutting forces are also found to be a good agreement 

with the experimental results. 

7.2 Major contribution 

The current research work influences the novel methodology in developing 

electrostatic high velocity solid lubricant assisted machining process to apply 

lubricants effectively to the machining zone with a goal to improve the performance 

of machining process during turning Ti-6Al-4V alloy. A significant outcome of this 

research work is that MoS2 solid lubricants with low particle size and constant flow 

rate using electrostatic technique provide better performance compared to the existing 

machining techniques. Results obtained in the present work has been promising and 

highlighted the following important conclusions. Significant development has been 

made to reduce friction and wear with an optimum grain size and concentration of 

solid lubricant. An outstanding outcome of this research is that the solid lubricant with 

low particle size provided effective film thickness in comparison with higher particle 

size. Measured friction coefficient and wear rate results were plotted as a function of 

applied load for all lubrication conditions considered. In order to investigate the solid 

lubricant film thickness with respect to particle size, experiments were carried out on 

pin-on-disc tribometer. Estimation and comparison of machining performance were 

carried out using GMDH technique. Different models of GMDH were built by 

varying the number of data in the training set of 50%, 62.5% and 75% of the total 

data. The orthogonal turning of Ti-6Al-4V alloy is simulated with FEM based on the 
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constitutive model of Ti-6Al-4V alloy. The J-C model with an energy-based failure 

criterion is used to simulate the machining of Ti-6Al-4V alloy. The results obtained in 

the present work highlighted the following important conclusions. 

 Performance evaluation of solid lubricant characteristics highlights that it is 

essential to have high viscosity, optimal and correct concentration of solid 

lubricants in base oil.  

 Sliding properties have been improved with selected solid lubricants compared to 

dry sliding condition, however, solid lubricant suspension of MoS2 (20%) in SAE 

40 oil showed superior improvement of tribological properties compared to 

graphite (30%) and boric acid (30%). 

 The non-polluting nature of solid lubricant is a clear distinctive advantage and is 

critical in making the choice for minimizing/eliminating the use of cutting fluid in 

various industries. 

 Tribological tests results revealed that friction coefficient increases with increase 

in applied load for all considered environments. The analysis of wear morphology 

indicates that the suspension of solid lubricants decreases wear rate and results in 

a relatively smooth surface with fewer scars. 

 It has been observed that the effectiveness of lubrication with solid lubricants will 

depend on the formation of a complete film protecting the surfaces. This 

formation surely will be processed by an orientation of the particles within the 

clearance between the sliding parts. 

 MoS2 suspensions with higher particle give higher wear values than that of MoS2 

with finer particles. This tendency is more pronounced at higher load conditions 

and thus smaller particles are capable of handling high load conditions with 

effective lubrication conditions. 
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 Continuous MoS2 films have been observed with smaller particle size and lower 

concentration. Among the considered, lubricants 20% of MoS2 in base oil 

provided better performance in terms of improvement in tribological properties 

and load carrying capacity. 

 With the developed novel experimental set-up electrostatic high velocity solid 

lubricant (EHVSL) the concept of reducing or eliminating the use of cutting fluids 

in hard turning of Ti-6Al-4V has been successful with the application of MoS2 as 

solid lubricant. 

 Optimal process parameters of solid lubricant with developed experimental set-up 

provide the required amount of lubrication and cooling effect between tool and 

workpiece interface.  

 The force component was drastically reduced in the domain of tested conditions. 

This substantial reduction can be attributed to the lattice layer structure of solid 

lubricants, which act as an effective lubricating film. 

 To effectively supply MoS2 solid lubricant particles and to considerably improve 

machining performance, EHVSL spray system is effective as an alternative 

technique compared to MQSL, MQL, flood cooling (wet) and dry machining 

process. 

 Increase in the air pressure reduces size of the droplets and increases the number 

of lubricant droplets that lead to re-impinging of secondary droplets on the tool-

workpiece interface. In turn the heat dissipation capability is reduced.  

 The EHVSL technique has proved to be a versatile technique in terms of 

improving eco-friendly machining processes by reducing part cost, and quantity of 

lubricant. Product quality improvement has been achieved by effective penetration 

of lubricant into the rake face and flank face of the cutting tool. 
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 The overall machining performance during EHVSL technique was found to be 

superior to that of MQSL, MQL, wet, and dry turning, considering surface 

roughness, cutting force, tool wear as performance indices. 

 The experimental results found that the chip thickness was less during MoS2 

assisted machining condition when compared to dry machining. 

 Results from GMDH show that the regularity criteria function provides good 

estimation than the unbiased and combined criteria with least error of estimation 

and best fit was found for 75% of data in training set for surface roughness. 

 The predicted chip morphology and cutting forces agree well with the 

experimental results, which indicates that even with variation of cutting speed, the 

energy-based damage failure criteria can give a good prediction for chip 

morphology and cutting force with same failure parameters. 

 Comparison between the experimental and FEM simulation results shows that the 

cutting force and chip thickness have been predicted with good accuracy. 

The results obtained highlighted that it was essential to apply lubricants 

selectively to the machining zone with considered environmental requirements 

towards finding out an improved method for specific hard turning of Ti-6Al-4V alloy. 

As a result, it was shown that with selected machining parameters and 

cooling/lubricant conditions, chip breakability is improved. The research work carried 

out clearly demonstrates cost effectiveness by abandonment of cutting fluid and, at 

the same time by improving economic, environmental and social performance with 

solid lubricants in the context of increasing industrialization. 
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7.3 Scope of future work 

  It would be interesting to continue the present investigation using various solid 

lubricants in order to standardize the performance of developed EHVSL spray system 

to further level, especially with different cutting tool and workmaterial groups. 

 Some possible ways to continue the research could be: 

 To incorporate the parameters of tool geometry by considering rake angle, 

approach angle and nose radius along with cutting conditions to get combined 

influence of these parameters on cutting force, surface roughness, tool wear, and 

chip thickness during machining of hard-to-cut materials. 

 A further improvement in process performance may be realized by introducing 

machining studies to characterize the thin fluid film in terms of its formation and 

the role of film thickness on the EHVSL spray system cooling and lubrication 

performance. 

 In order to spread the application of developed EHVSL system  machining studies 

with other hard to machine materials that experience similar machining 

performance related wear issues of titanium and its alloys (e.g. nickel-based 

alloys) to determine the potential breadth of application of this efficient cooling 

and lubrication system. Such a study could also reveal differences in mechanisms 

for different work materials. 
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