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Preface

In recent years, hard machining has evolved as an emerging manufacturing process for the benefit of many industries, including reduction of manufacturing cycles, manufacturing costs and setup times, minimization of machine tool usage, elimination of part distortion, minimization of harmful coolant usage due to dry cutting environment, minimization of investment costs and reduction of power consumption as compared to grinding in various applications. It has successively replaced the traditional grinding process and produces comparable surface finish. Sustainable manufacturing has become an important and strategic priority in order to achieve overall production efficiency considering economic, environmental and societal aspects simultaneously. The application of sustainable hard machining has been increasing in various areas of science and technology for use in the aircraft, automotive, defence, aerospace and other advanced industries. Therefore, research is essentially worthwhile to develop its application in industrial sectors. This book provides an overview of hard machining and sustainable manufacturing through machining of various hardened steels and difficult-to-cut materials. Sustainable Hard Machining is an indispensable reference/source book for sustainable manufacturing, process design and tool and process optimization, as well as production engineering on shop floors. The book also focuses on various cooling and lubrication strategies for sustainable machining, such as dry, MQL, nanofluid assisted MQL, cryogenic, etc. It will also benefit final-year undergraduate and postgraduate students, as it provides comprehensive information on the hard machining of difficult-to-cut materials to produce high-quality final components. Sustainable Hard Machining will also serve as a valuable work of reference for academics, manufacturing and materials researchers, manufacturing and mechanical engineers, and professionals in machining and machine tool technology and related industries.
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1Introduction to Hard Machining and Sustainability

DOI: 10.1201/9781003352389-1


1.1 Introduction

Manufacturing can be simply defined as a value addition process by which raw materials of low utility and value are converted into high utility and valued products with definite dimensions, forms and finish, imparting desired functional ability. Solid state manufacturing processes can be broadly classified into metal forming and metal machining. During metal forming the volume is conserved and shape is achieved through deforming the material plastically in processes like forging, rolling, drawing etc. However, these mostly serve as primary or basic operations for typical products. In around 80% of components produced through metal forming, machining is essentially required to achieve dimensional accuracy, form accuracy and good surface finish in order to achieve the functional requirements.

Hard machining is the machining of materials with hardness of 45–68 HRC using different types of cutting inserts, preferably cubic boron nitride (CBN) and ceramics or similar superhard tool materials. It produces a comparably good surface finish with higher material removal rate as compared to traditional grinding. It is revealed that machining time has been reduced by as much as 60% for conventional hard turning due to the use of lower feed rate and depth of cut [1, 2]. With appropriate selection of geometrical parameters, machining parameters and environmental parameters, a better surface quality can be produced through hard machining than grinding operation. Multiple hard turning operations can be performed in a single setup rather than multiple grinding setups, which yields high accuracy. Typical benefits of hard turning include the reduction of manufacturing cycles and manufacturing costs, reduction of set up time, minimal usage of machine tools, achievable and comparable surface quality, elimination of part distortion, minimization of harmful coolant due to dry environment, minimal investment cost and less power consumption as compared to grinding in various applications [3, 4]. The application of hard machining in industrial applications is shown in Figure 1.1, and qualitative comparison between hard turning and grinding is shown in Figure 1.2 respectively [5].
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Figure 1.1 Industrial applications of hard-part machining. (From Ref. [5].)


[image: ]

Figure 1.2 Qualitative comparison of hard-part turning with grinding. (From Ref. [5].)

These days, the combination of hard turning and grinding is performed on a single machine, to great effect, to reduce cycle times. Moreover, the process combination (hard turning and grinding) allows greater flexibility and improved component quality. A typical example of combination machining is the machining of gearwheels as shown in Figure 1.3 (a). The shoulders are finish hard turned and the bore and cone are pre-turned and finish-ground because of the high demands made on their quality [5]. The scroll-free turning process is a process wherein a turning tool carries out a rolling motion which offers new opportunities in the machining of precision components. The cutting edge of an inclined CBN wheel moves over the rotating workpiece and the cutting speed is generated by the workpiece rotation, as shown in Figure 1.3 (b) [5].
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Figure 1.3 (a) A combination of hard turning and grinding and (b) scroll-free turning. (From Ref. [5].)

The desirable properties of cutting tool materials for machining hardened steels are high hardness, high hardness-to-modulus ratio, high abrasive resistance, high thermal conductivity and high thermal and chemical stability. Hard turning is usually performed by a different range of tipped or solid inserts like CBN, polycrystalline cubic boron nitride (PCBN), ceramic tools, cermets and coated carbide [6, 7]. Carbide tools are more popular for machining alloy steels and cast iron. However, these tools possess low hardness but high toughness compared to ceramic and CBN cutting tools. To enhance the surface properties and hardness, thin hard coatings (TiC, TiN, TiCN, Al2O3) in single layer, bilayer or multilayer form are deposited over the carbide substrate through physical vapour deposition or chemical vapour deposition techniques. The machining performance and tool life of coated carbide cutting tools are now improved due to the high hardness, wear resistance and chemical stability of coatings compared to conventional cutting tool materials, i.e. high-speed steels, uncoated carbide. Two types of PCBN are used in machining hardened steels, i.e. high CBN content and low CBN content tools. PCBN cutting tools have high hardness, are wear resistant and have high thermal stability but are brittle and thus prone to fracture. So, for implementation of such tools in hard machining, special cutting edge preparation with larger negative rake angle is thus required to improve the strength of the cutting edge.

The following conditions are essential for successful implementation of hard turning [8].


	The machine tool should have high rigidity, high surface speed and high accuracy with good surface finish, as the cutting speed during hard turning normally goes as high as 250 m/min.

	
Superhard cutting tool materials with high wear resistant properties are essential during hard turning of workpieces of hardness 45 HRC or more because of the generation of higher cutting force. Popular cutting tool materials used by researchers during hard turning are CBN, PCBN, coated CBN tool inserts and ceramics as well as WC coated with TiN or CBN–TiN [9–11].

	Hard turning generates higher cutting temperature as it is operated under dry environment in which reduction of the shear strength of the work material occurs through thermal softening and subsequently favours machining. Therefore, it is advantageous to perform hard machining at higher cutting speed under dry environment. It is economical as well under dry environment.

	The rise of cutting temperature under dry hard machining causes rapid tool wear due to thermal softening and thus deteriorates surface quality and tool life. Raised cutting temperature also causes instant boiling of coolant which reduces the tool life and degrades the surface quality. Application of flood cooling in hard machining also increases the thermal stress/thermal distortions and thus induces the catastrophic failure of cutting tool materials. It is sometimes favoured for the minimization of white layer thickness and so there is always a debate about the application of coolant in hard machining, because of which it is sometimes operated under dry conditions only. But complete absence of coolant drastically affects the tool life and surface quality to some extent [12, 13].


Because of these agreements and disagreements about the application of coolant in hard machining, there is an intermediate methodology of application of coolant called minimum quantity lubrication (MQL) in the cutting zone, or near-dry machining. This will also satisfy the requirement of sustainable hard machining towards achieving environmental, ecological and economic benefits. Hard turning yields white layer formation which affects component service life. Residual tensile stress exists in hard machining that brings the limitation of its application. Hard turning also induces thermal expansion of the cutting tool and workpiece. In spite of these limitations, it has several advantages with respect to time, cost and ecology, which brings attention to the shop floors for finishing of the hardened components such as ball and roller bearings, crank pins and other automotive components and replaces grinding operation. Despite the high potential of hard machining to increase productivity and offset environmental concerns by dry cutting, and its competitiveness with grinding processes, industrial application of this technology is still rather limited. Limitations of hard turning are uncertainties like part accuracy, surface integrity, tool wear pattern, prediction of tool life and economic feasibility. Various limitations of the hard turning process are as follows:


	Tooling cost per unit is notably higher in hard machining compared to grinding.

	Existence of residual tensile stress profiles at the surface.

	Formation of white layer accelerates substantial variations in component performance.

	Errors in dimension, surface roughness and geometric form occurring from tool wear.


Considering these challenges, research in the field of hard turning will definitely be worthwhile. This may lead towards establishing a competitive and economically more effective alternative to grinding.

Appropriate selection of cutting inserts with geometry and cutting parameters during hard machining is a challenge to the machining industries and is considered as a burning issue because of tremendous pressure to achieve good surface quality. Surface quality is greatly affected by the cutting tool wear and heat generation. Thus, there is a need for optimization of cutting parameters, geometrical parameters and environmental parameters to overcome the issues related to hard machining. Appropriate development of prediction modelling is also required in order to increase the machinability of hardened materials. Therefore, research is essential and worthwhile to develop its application in industrial sectors. The requirement of surface quality during hard machining is greatly affected by the amplitude of vibration signals as the radial force component is higher. It strongly affects the surface quality with dimensional tolerances and induces vibrations and chatter. Therefore, the correlation of machining parameters with vibration signals on tool wear and surface roughness during hard machining is worthy of investigation, and these are considered as burning issues nowadays in machining industries for the improvement of productivity.

Sahoo and Sahoo [14] investigated hard turning of AISI 4340 steel using different cutting inserts under dry environment to study the progression of tool wear. The results show that multilayer coated carbide inserts performed well as compared to uncoated carbide inserts in hard turning. The multilayer TiN/TiCN/Al2O3/TiN coated carbide insert outperformed the uncoated and TiN/TiCN/Al2O3/ZrCN coated carbide inserts, having steady growth of flank wear and surface roughness as shown in Figure 1.4, Figure 1.5 and Figure 1.6 respectively [14]. The tool life for TiN and ZrCN coated carbide inserts was found to be approximately 19 min and 8 min, respectively, under the extreme cutting conditions tested. The uncoated carbide insert used to cut hardened steel fractured prematurely. Abrasion, chipping and catastrophic failure are the principal wear mechanisms observed during machining.
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Figure 1.4 Tool tips of uncoated carbide insert after machining times (a) 0.46 min, (b) 0.66 min, (c) 0.9 min and (d) 1.77 min. (From Ref. [14].)
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Figure 1.5 Tool tips of TiN coated carbide insert after machining times (a) 0.9 min, (b) 1.77 min, (c) 3.44 min, (d) 5.65 min, (e) 8 min, (f) 10.1 min, (g) 15.63 min and (h) 19.48 min. (From Ref. [14].)
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Figure 1.6 Tool tips of ZrCN coated carbide insert after machining times (a) 0.9 min, (b) 1.77 min, (c) 3.44 min, (d) 5.65 min and (e) 8 min. (From Ref. [14].)

Suresh et al. [15] studied the machinability characteristics of hardened AISI 4340 steel using coated carbide insert. Figure 1.7 (a) shows the grooves at the rake surface during machining at a cutting speed of 200 m/min, feed rate of 0.1 mm/rev, machining time of 2 min and 1 mm depth of cut. It may be attributed to the abrasive mechanism and adhesion of the material. Also, it is due to the higher stresses and thermal softening of the tool material at higher cutting temperature in this region. The tool wear mechanism of chipping at the cutting edge is clearly observed in Figure 1.7 (b) at higher parametric conditions such as a cutting speed of 260 m/min, feed rate of 0.26 mm/rev and 1.2 mm depth of cut. Better surface quality is observed at higher cutting speed with lower feed rate. At higher cutting speed with higher depth of cut, short saw-toothed loose arc thick chips were produced, as shown in Figure 1.8 [15].
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Figure 1.7 SEM images of the wear of the cutting tool: (a) v = 200 m/min, f = 0.1 mm/rev, t = 2 min and d = 1 mm; and (b) v = 260 m/min, f = 0.26 mm/rev, t = 2 min and d = 1.2 mm. (From Ref. [15].)
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Figure 1.8 Aspects of chips obtained as a function of cutting conditions (30× magnification) (a) under cutting conditions v = 140 m/min, f = 0.18 mm/rev and d = 0.8 mm, (b) under cutting conditions v = 260 m/min, f = 0.18 mm/rev and d = 0.8 mm, (c) under cutting conditions v = 200 m/min, f = 0.18 mm/rev and d = 1.2 mm and (d) under cutting conditions v = 260 m/min, f = 0.18 mm/rev and d = 1.2 mm. (From Ref. [15].)


1.2 Sustainable Manufacturing


1.2.1 Need and Concept

The current advanced manufacturing industries are constantly focusing on alternative machining strategies to yield sustainable goals such as environment-conscious regulations without affecting the material removal rate/productivity [16]. Environmental complexities and economic development go side by side. Manufacturing industries should minimize adverse activities so as to be environmentally benign as per ISO 14000 standards. Therefore, emerging sustainability trends (e.g. the Horizon 2020 target to cut 20% of CO2 emissions and natural resource consumption) are shifting the industry from non-degradable to biodegradable cutting oils by reducing tons of mineral based fluids (13,726 million tons in 2016 globally with 1% annual increment). Policies are set by the government to meet with requirements for product quality, productivity and environmental pollution. Therefore, there is a need to achieve sustainable manufacturing processes with minimum environmental damage, energy consumption, carbon emissions and machinability characteristics (tool wear, surface roughness and temperature) [17]. In particular, sustainability assessment plays a very crucial perspective before implementation in manufacturing industries for cleaner machining. Sustainable manufacturing implies the manufacturing of quality products with minimum cost, i.e. economical, minimal energy/power consumption etc.

The major users of power and raw materials are the manufacturing industries. Therefore, manufacturing processes should be optimized for power and material requirements so as to have minimal ecological and economic effects. Finished components are produced with optimal usage of resources, using techniques that are economically viable, environmentally benign, ecologically and societally effective and technologically feasible. Energy efficiency with minimal CO2 emission is the prime requirement of manufacturing industries due to strict government regulations. Therefore, sustainable manufacturing is the current requirement to manufacture environmentally friendly products with minimal cost, a reduction of waste and maximum utilization of renewable energy sources [18–20]. Sustainability relates to the main three pillars named as i) Economic aspects, ii) Environmental aspects and iii) Social aspects.

There are three steps to achieving sustainable manufacturing: appropriate selection of the work material, sustainable manufacturing process selection and sustainable machining operation. Figure 1.9 shows the pillars of sustainable manufacturing and the steps towards sustainability [18]. Metal machining is considered as the vital industrial sector for producing desired products with accuracy and contributes to the improvement of world economies. Therefore, proper attention should be focused on various aspects such as power consumption, CO2 emission, tool life, appropriate cutting environments, i.e. cooling/lubrication methods, and higher productivity achievements with profitability so as to be environmentally sustainable with healthy results for the operator. When these are considered, they are mapped with facets of sustainability, the green economy and the circular economy [21]. For technologically effective manufacturing, various factors need to be addressed, such as cost, manufacturing time, surface quality and adaptability. So, the economic, environmental and social aspects of the current manufacturing system need to be considered in order to address environmental consequences and natural resource depletion which is nowadays gaining importance towards sustainability in manufacturing [22]. Sustainable manufacturing refers to an eco-efficient process, i.e. economically efficient and environmentally safe, with social significance, that reduces waste and negative impacts and ensures a hygienic working environment, including worker safety and health, with good product quality, waste management and rates of production, controlling costs and providing training, education and social relationships for workers. Thus, the sustainable manufacturing process can be summarized as reduction of power/energy consumption, waste reduction, improvement of workers’ health, improvement of product quality and durability, 3R enhancement (recycling, reuse and re-manufacturing) and development of renewable energy etc.
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Figure 1.9 Pillars of sustainable manufacturing. (From Ref. [18].)


1.2.2 Sustainable Machining

Three pillars/verticals of sustainable machining relate to the consideration of economic, environmental and societal aspects with the aim of yielding higher profit, a green environment and good social ambience between manufacturer and customer [23]. Maximization of material removal rate and tool life, and less tool wear with minimal machining time are considered economic verticals of sustainable machining. Reduction of power/energy consumption and CO2 emissions are referred to as the environmental pillar of sustainable machining because machine tool design and the machining process use 40% and 22% of energy consumption, respectively [24]. Satisfaction of the customer implies production of a good quality product with minimal dimensional deviation, and this is termed as the social vertical of sustainable machining. To be precise, it is essential to perform sustainability assessment for cleaner production in the manufacturing industry, not only considering economic aspects but also the effects on society as well as the environment for overall production efficiency. Five major aspects of sustainable machining that should be focused on in the assessment are energy consumption, machining cost, waste management, health and operator safety, and environmental impact. A case study has been shown for assessment of sustainability during machining. Rajan et al. [25] assessed sustainability during the machining of bio-medical titanium alloys under various lubrication environments such as dry, flood and minimum quantity lubrication (MQL) based on a decision-making Pugh matrix approach, energy consumption and CO2 emission. In the Pugh matrix assessment, some specific weights are allotted to different parameters considering their importance, ranging from –2 to +2 for worst-to-best performance and –1 to +1 for worse and better results, respectively. MQL yields higher scores as compared to flood cooling and dry cutting environment. It is concluded that machining under MQL conditions is observed to be economical and socio-technologically beneficial. Again, MQL machining at optimal parametric conditions reduces energy consumption (by 53.96%) and enhances carbon footprint savings (68.46 kg of CO2), thus saving on manufacturing costs. Environmentally conscious MQL machining provides better economic and socio-technological benefits towards green machining and cleaner production for industry as per sustainability concerns. Thus, to improve sustainability in machining processes, it is essential to minimize material and energy consumption and pollution as far as the economic and ecological view is concerned [25].

Application of cutting fluids during machining increases cost and environmental impact, and strict protective laws and health regulations put tremendous pressure on the elimination of cutting fluids in machining. In brief, cutting fluid is associated with economic, environmental and health concerns during its application in machining. Dry machining is preferred as the best approach to minimize the effects of cutting fluids related to machining costs and ecological hazards. However, the tool wear rate is excessive and surface quality is low under dry machining and thus cannot be applied in many machining applications. In order to overcome this situation and improve machinability, a new technique has been developed which is gaining popularity nowadays in machining. It is called environmentally conscious machining, minimum quantity lubrication (MQL) or near-dry machining (NDM), to replace traditional flood cooling and thus reduce cutting fluid consumption and health hazards substantially. Slowly, progress has been made towards application of environmentally friendly nanofluids or nanofluid assisted MQL machining, hybrid nano green cutting fluids, cryogenic machining, chilled air cooling and spray impingement cooling to achieve ecological and economic benefits towards sustainable/cleaner/green machining.

The difficult-to-machine materials are broadly classified into three types: hard materials, ductile materials and non-homogeneous materials. The classification and sub-classification of difficult-to-cut materials and environmentally conscious machining techniques are shown in Figure 1.10 and Figure 1.11 respectively [26]. Recently, new cooling/lubrication strategies have evolved, as shown in Figure 1.12, as a ring of sustainable machining [27]. Nanofluid assisted MQL techniques are also evolving as sustainable machining strategies nowadays for the reduction of friction and wear [28].
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Figure 1.10 Classification of the difficult-to-machine materials. (From Ref. [26].)
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Figure 1.11 Classification of different environmentally conscious machining techniques. (From Ref. [26].)
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Figure 1.12 Ring of sustainable machining. (From Ref. [27].)


1.3 Sustainable Techniques


1.3.1 Dry Machining

Application of cutting fluids in machining induces health hazards as well as economic and environmental concerns on the shop floor. Dry machining is the preferred choice of manufacturing to eliminate harmful effects of coolants and thus reduce machining costs and ecological hazards. This is considered as the most sustainable means of machining if machinability is not affected. Dry machining yields higher friction and cutting temperature than wet machining, which affects the tool life, surface quality and dimensional accuracy. Although it may not be the case for all materials, it has some positive effects as well, such as lower thermal shock and cutting cost and enhanced tool life. The advantages of utilization of dry machining are shown in Figure 1.13 [26]. The dry machining performance of cutting inserts can be improved by providing appropriate coatings on carbide substrates. The thin film coating acts as a wear resistant thermal barrier and is lubricious to reduce friction. Again, dry machining performance can be improved by utilizing optimized process parameters in the absence of coolants.
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Figure 1.13 Benefits of adopting dry machining. (From Ref. [27].)

Panda et al. [29] developed correlation models for surface quality characteristics during hard machining of EN31 steel and optimized the machining parameter as well through the Taguchi approach coupled with weighted principal component analysis (WPCA). The most significant parameters affecting surface quality characteristics are feed and depth of cut. Lahres et al. [30] observed that dry machining of 22Mn6 alloy steel replaces the application of flood cooling with the use of TiAlN and Al2O3 coatings. The tool life has been improved by up to 80% with the application of TiN+MoS2 coating. Panda et al. [31] studied the hard machining of AISI 52100 steel using a coated carbide insert and developed a prediction model for flank wear and surface roughness considering machining parameters and vibration signals online. A multiple quadratic regression model is found to be effective and adequate to predict the responses with accuracy. Krolczyk et al. [27] demonstrated that the tool life is reduced by 65% with the application of mineral oils based cooling-lubricant substances with an intermediate Al2O3 ceramic layer as compared to dry machining, as shown in Figure 1.14.
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Figure 1.14 Effect of cooling on tool life under cut for tools T1, T2 and T3 in the process of duplex stainless steel turning with cooling and without cooling; T1 – rough, T2 and T3 – finish machining. (From Ref. [27].)

Diniz and Micaroni [32] observed that the increase in tool life during dry machining has been obtained with the increase of nose radius from 0.4 mm to 0.8 mm, which may be considered as a possibility for sustainable machining systems. Fernandez-Abia et al. [33] observed the influence of higher cutting speed on cutting tool and workpiece. It is concluded that stainless AISI 303 steel with an austenitic structure is a material recommended for dry cutting. Kumar et al. [34] performed sustainable machining of AISI D2 steel using a coated carbide insert under dry environment and developed response surface methodology (RSM) and artificial neural network (ANN) prediction models for flank wear, surface roughness and cutting temperature. The accuracy of the ANN model is better than that of the RSM model for flank wear, whereas the RSM model is better for surface roughness and cutting temperature. Sahoo and Sahoo [35] conducted hard machining operations using a multilayer coated carbide cutting tool and developed prediction models for responses (flank wear, arithmetic surface roughness average (Ra) and maximum peak-to-valley height within sampling length (Rz)). Model adequacy has been checked and found to be significant as the correlation coefficient is very high. The machining parameters are optimized through grey relational analysis, and considerable reduction of responses are noticed at optimal conditions. An economic feasibility study has been carried out through Gilbert’s approach for application of coated carbide inserts in dry hard machining. Total machining cost per part is found to be minimum due to the higher life of the cutting tool, and thus savings are increased by reducing downtime. It yields the economic feasibility of the utilization of carbide cutting tools in machining hardened steel. The tool life has been obtained to be 47 min under optimal parametric conditions during hard turning, and the images of flank wear with successive machining time are shown in Figure 1.15 [35].
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Figure 1.15 Images of cutting edge at optimal levels in hard turning after machining times (a) 14 min, (b) 26 min (c) 35 min and (d) 47 min. (From Ref. [35].)

Sahoo and Sahoo [36] conducted a comparative economic feasibility study during dry machining of AISI D2 steel using uncoated and TiN coated carbide cutting tools by estimating total machining cost per part. Cost analysis indicates a 10.5 times higher machining cost per part using an uncoated carbide insert compared to coated carbide during dry machining and thus the coated insert yields 90.5% cost savings. Rapid growth of tool wear has been observed for the uncoated carbide insert, as shown in Figure 1.16, whereas steady growth of tool wear occurred in the TiN coated carbide insert [36]. The tool life for the TiN coated carbide insert has been found to be 30 min longer than that for the uncoated carbide insert under similar parametric conditions.
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Figure 1.16 (a–d) Images of flank wear using uncoated carbide inserts. (From Ref. [36].)

Park [37] investigated machining of hardened steel using PCBN and ceramic insert without coolant. It was observed that the radial force is the largest component irrespective of the tool used. Cutting force and surface roughness with PCBN tools are both higher and better than ceramic tools in turning hardened steel under similar cutting conditions. Feed rate has the greater effect.


1.3.2 Minimum Quantity Lubrication

Minimum quantity lubrication (MQL) is an alternative technique over flood cooling and is considered as near-dry machining. The minimal amount of mixture of oil and compressed air are sprayed to the cutting zone through an MQL nozzle with a flow rate of 10–100ml/h. The purpose is to lubricate the chip–tool interface so as to reduce the cutting temperature and thus increase the machining efficiency and surface quality. Most of the commercial MQL systems consist of air compressor, coolant containers, tubings, flow control system and spray nozzles etc. The mechanism of all MQL systems is that the pressurized air and coolant are mixed together and a controlled mist is passed through the tube to the nozzle to spray at the cutting zone. The spray nozzle may be external or internal, and sometimes multi-nozzles are also equipped within the MQL system to spray at both flank and rake surface of the cutting tool. This is called a multi-nozzle MQL system. MQL machining is utilized where dry machining is absent or flood cooling is not acceptable. During machining of ductile materials, there is a tendency for adhesion between tool and chip particles due to the rise of cutting temperature, and this is called built-up-edge (BUE) formation. The rise of temperature is mainly due to plastic deformation at the primary shear zone and secondary shear deformation due to friction at the chip–tool interface of the flowing chips. The presence of BUE is detrimental to the machining as it deteriorates the surface quality and reduces the tool life. There is an abrupt increase or decrease of cutting force due to fluctuation of rake angles, which consequently induces chatter and vibration. Variation of workpiece temperature may cause thermal deformation and dimensional deviations. Aluminium alloys are very prone to adhesion and BUE during machining. To overcome the difficulties related to dry machining, MQL plays an important role to cool and lubricate the machining zone. Some studies during machining of aluminium alloys revealed an increase of tool life of up to eight times [38].

Machining of hard materials is usually performed under dry environment due to the ease of shearing and chip deformation at high cutting temperature. Also, as the chips are moving at high speed at the rake surface due to higher cutting speed, the application of coolant becomes redundant. Complete absence of coolant may create difficulties in chip transportation and increases tool wear due to increase of interface friction and cutting temperature. Although application of coolant helps to reduce friction, it increases the machining cost as well. Due to the rise of cutting temperature in hard machining, use of coolant induces thermal stress, and consequently catastrophic failure of the cutting tool takes place. Also, cutting fluid application induces serious health issues during machining, as well as the increase of manufacturing cost, and thus is environmentally not suitable. Therefore, in order to address these issues, a novel sustainable technique called near-dry machining or MQL may be suitably adopted during hard machining for improvement of machinability as well as providing an environmentally friendly, economically feasible and societally acceptable solution. Many researchers have carried out investigations on sustainable hard machining considering environmental aspects and studied the machinability using MQL techniques. The outcomes are discussed.

Chinchanikar and Choudhury [39] carried out an investigation on hard turning of AISI 4340 steel (54–57 HRC) under both dry and MQL environments through coated carbide tools. The enhancement of tool life has been observed under the MQL technique at higher cutting speeds, especially due to better lubrication and cooling effects. The designed MQL setup with mist flow oil/air is shown in Figure 1.17 [39].


[image: ]

Figure 1.17 MQL setup showing view of nozzle having separate inlets for air and cutting fluid. (From Ref. [39].)

Tamang et al. [40] carried out sustainable machining of Inconel 825 under dry and MQL environments. A significant improvement of tool wear, power consumption and surface finish has been obtained under MQL study. Surface roughness values obtained under MQL conditions are found to be low as compared to those in the dry machining environment. For the sustainability of economic, social and environmental aspects, machining parameters are optimized, i.e. minimization of power, surface roughness and flank wear simultaneously through genetic algorithm (GA) and 16 Pareto-optimal fronts solutions. The optimal solution shows better convergent capability for wide application in the machining industries. This solution also provides optimal combination of machining parameters to yield minimal responses. From investigation, MQL is found to be effective with respect to operators’ health and environmental consciousness for cleaner machining. Mia et al. [41] investigated hard machining under different cooling-lubrication sustainable environments such as dry, MQL and solid lubricants with compressed air (SL+ CA) and measured surface roughness, tool wear, cutting temperature and chip characteristics. Further, sustainability assessment has been established through a Pugh matrix environmental approach considering parameters such as environmental impact, operator health, cost of coolant, coolant recycling and disposal costs, part cleaning and machining outputs respectively. It is evident that the MQL system improves the machinability during machining and provides environmentally friendly, cleaner machining. Dash et al. [42] investigated surface integrity and chip morphology in machining hardened steel under a nanofluid assisted MQL (NFMQL) cooling environment and also assessed economic and sustainability aspects through a decision-making Pugh matrix tool. Various sustainability assessment parameters were considered for the study, such as worker safety, cutting temperature, surface roughness, environmental impact, coolant cost, recycling and disposal costs of coolant, part cleaning and noise level etc., and scores were assigned to parameters depending upon their importance, ranging from –2 to +2 (inferior to superior results). It is evident from the sustainability analysis and also from the Kiviat radar diagram that machining with NFMQL is found to be socio-technologically effective as well as economically viable. Padhan et al. [43] investigated the machinability and sustainability assessment during machining of austenitic stainless steel under various cooling and lubrication environments such as dry, compressed air (CA), flooded and MQL respectively. A Pugh environmental sustainability approach was utilized to assess sustainability. The MQL environment is considered as environmentally friendly cleaner machining and improved the sustainability during finish machining. Panda et al. [44] studied the machinability of AISI D3 steel using a ceramic insert in terms of cutting force, tool wear and surface roughness by varying process parameters such as approach angle, nose radius, cutting speed, feed and depth of cut respectively under dry environment. Prediction models are developed by multiple regression analysis and adequacy has been checked. Multi-response parametric optimization has been carried out using a hybrid technique of RSM (response surface methodology)–GA (genetic algorithm)–PSO (particle swarm optimization), and this was validated by a confirmation run. Optimal parameters have been used to estimate energy consumption and carbon footprint savings. Finally, sustainability assessment, economic analysis and energy savings were analyzed by Pugh matrix, Gilbert’s approach and carbon footprint analysis for cleaner machining/green machining. Abbas [45] investigated machining performance of AISI 1040 steel under MQL nanofluid (vegetable oil mixed with Al2O3 nanoparticles), dry and flood environments and obtained optimal parameters which cover both machining outputs and sustainability (CO2 emission and machining cost) aspects. NFMQL outperformed dry and flood cooling conditions during the machining process, as the best surface quality is obtained due to the improved frictional behaviour of MQL nanofluid mist at the interface. The surface quality utilizing NFMQL has been improved by 34.5% and 85.5% compared to flood cooling and dry cutting, respectively. NFMQL outperformed dry and flood cooling conditions during the machining process as power consumption is reduced and the lowest power consumption has been observed. This may be considered as an effective sustainable method as power consumption and CO2 emissions are substantially reduced.
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