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To improve occupational health and safety and the reduction of product costs, companies are moving towards
sustainable manufacturing. Emphasizes the sustainable machining aspects of steel by employing techniques that
require the minimal use of cutting oils, i.e., minimum quantity lubrication, and other efficient techniques like
cryogenic cooling, dry cutting, solid lubricants, air/vapor/gas cooling, and cryogenic treatment. Cryogenic treatment
on tools and the use of vegetable oils or biodegradable oils instead of mineral oils are used as primary techniques

to enhance the overall part quality, which leads to longer tool life with no negative impacts on the environment.

sustainable manufacturing minimum quantity lubrication cryogenic machining solid lubricants

vegetable oils steels

| 1. Introduction
1.1. Manufacturing Industries and Sustainable Manufacturing

It is well noted that machining is widely used to produce automotive parts within the manufacturing industry sector.
In all machining operations, cutting fluids play a vital role in reducing the machining cost by increasing tool life. It
was observed that 7-17% of the cost incurred in the machining of a part is associated with using cutting fluids.
Further, the tooling cost is about 2—-4%, so it is necessary to improve the whole process. In addition, the use of
cutting fluids causes health diseases like skin problems, allergies, eyes problems, and cancer in workers. Here,
skin problem is about 80% [l Lawal et al. [& also witnessed that major skin problems, about 80% in quantity, are
due to cutting fluids. They also proposed that vegetable oil-based and metal working liquids have been proven to

be environmentally sustainable in the dielectric regime.

Strict environmental regulations demand that cutting oil used during machining processes should be recycled or
disposed of in such a way that it will not spoil the environment and will be harmless for all interested parties. These
fluids are extremely costly to dispose of or store. The cost is about double the machining cost depending on the
cutting fluid which is being used. Mineral oils used as cutting fluids are difficult to dispose of into the environment

without any prior treatment [BI413],

1.2. Need for Sustainable Manufacturing

Jordi Oliver Sola, Chief Executive Officer (CEO) of a circular economy consulting group, has demonstrated the

importance of sustainability, not only from an ethical or environmental point of view, but also that it is needed for
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markets to be competitive and important for the survival of any sector €. Therefore, to save natural resources,

sustainable manufacturing is very important &l

The need for sustainable manufacturing techniques is also depicted by the three pillars of sustainable
manufacturing, as shown below in Figure 1. One of these is the need for improvement from an economic, social,
and environmental point of view. It brings balance between social, economic, and environmental aspects 219,
This technique mainly deals with the minimal usage of cutting fluids. It does not mean just stoping the supply of
cutting oils to make the environment better. Cutting oils serve many purposes like lubrication and temperature

reduction in the cutting zones.

A
“

Social Impact

Figure 1. Three Pillars of Sustainability, reprinted with permission from ref. L1, Copyright 2017 BSP books Pvt Ltd.

Concerns about environmental impacts, climate change, occupational health and safety, and machining costs have
forced companies to move towards sustainable techniques. As per the investigation of Jayal et al. [12], the selection
of sustainability aspects occurs mainly because of factors like the increase in diseases in shop floor workers,

inflexibility in government plans, and when targeted to minimize the cost of production. So, sustainable machining
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is highly recommended where traditional cutting methods became null. Currently, advanced technologies like

cryogenic cooling, nano cutting fluids, dry cutting, and minimum quantity lubrication (MQL), etc. are being used 131,

The consideration of the following points allows companies to improve these three pillars:

Efficient resource utilization (Energy, Material, Water, Labor, etc.);

Improvement in the application of metalworking fluids;

Adopting other sustainable manufacturing techniques;

Lean Implementation;

« Improvement in the working environment by applying best machining practices;

Most important, training to all employees related to sustainable machining.

Figure 2 shows the basic objectives by which pressure was built on manufactures to change their way of working.
It is clearly depicted that there is a need to change the whole scenario of conventional working in manufacturing
industries to improve socially, economically, and environmentally. Technology revolution should be introduced in
manufacturing industries to lower the cost per piece of product. Whereas Figure 3 shows the breakdown of the

product cost, including cooling and lubricating costs, which are about 18%.
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Figure 2. Pressure to change the paradigms of the manufacturing industry, reprinted with permission from ref. (4],
Copyright 2010 Elsevier Ltd.

https://encyclopedia.pub/entry/14328 3/31



Sustainable Machining of Steels | Encyclopedia.pub

Production
cosls 75%
- Cooling/lubricant costs
18%
ey Enmm costs
% costs 10%
Equipment for Goularﬂﬂr:l:r:ant
mdlngmnmng
Waste disposal cosls
22%

Figure 3. Cooling and lubricating costs incorporated in the automotive sector, reprinted with permission from ref.
(2151 Copyright 2010 Elsevier Ltd.

The key methods that provide a direct path to create a cleaner manufacturing sector are depicted in Figure 4.
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Figure 4. Implementation of Clean Manufacturing process, reprinted with permission from ref. 22, Copyright 2010

Elsevier Ltd.

Further, some key characteristics of sustainable machining are presented in Figure 5, which clearly shows that this

technique justified three pillars of sustainable manufacturing. Figure 6 shows the evolution over time of sustainable

manufacturing, which depicts the critical importance of embedding sustainable manufacturing by 2025.
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Figure 5. Characteristics of Sustainable machining, reprinted with permission from ref. 12, Copyright 2010 CIRP,
Published by Elsevier Ltd.
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Figure 6. Evolution with the time of sustainable manufacturing, reprinted with permission from ref. 26l Copyright
2010 CIRP, Published by Elsevier Ltd.

| 2. Sustainable Techniques

Different sustainable techniques, i.e., cryogenic cooling, MQL, solid lubricants, and other techniques which are
being used in the auto industry that fulfill the overall objectives of this review, are depicted in Figure 7 B, The

technigues mentioned in Figure 7 have certain benefits, as portrayed in Figure 8.
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Figure 7. Sustainable Techniques, reprinted with permission from ref. . Copyright 2015 Elsevier Ltd.
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Figure 8. Benefits associated with sustainable machining.

2.1. Cryogenic Cooling

In cryogenic cooling, low temperature (below —150 °C) materials and medium are used for cooling purposes. Liquid
nitrogen, whose boiling point is (-195.82 °C) and frozen carbon dioxide, whose sublimation point is (=78.5 °C), are
two common media used in this process. Nitrogen is employed to cool down the temperature in the cutting zone
because of exothermic conditions. The large amount of heat that is generated during machining causes tool failure
and tends to alter the mechanical properties of the specimen. Therefore, to minimize the detrimental effects due to
heat and elevated temperature, nitrogen is used, which decreases wear and tear as well as improves the build-up
edge 7. Cryogenic is an eco-friendly technique that shows better results at higher cutting speeds. It is best to
control machining temperature along with enhanced tool life 28, The schematic diagram of the cryogenic cooling

setup is represented in Figure 9.
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Figure 9. Diagram of cryogenic cooling technique setup, reprinted with permission from ref. 12, Copyright 2010
Elsevier Ltd.

It was noted during the comparison of dry cutting, MQL, and cryogenic machining that the cryogenic technique is
better in increasing tool life with the reduction of cutting temperature. With this product, life improved due to better

surface quality 29,

The use of liquid nitrogen in hard turning caused the improvement in cutting speed, and higher productivity and
greater tool life were achieved. All of the surface finishes also improved as it causes a decrease in machined

surface temperature. Also, it is good for the environment and has no toxic properties 211,

Figure 10 shows the environmental impact of different cooling techniques in the machining of AISI 304. Wet
cooling has a tremendous impact on the environment, like ozone depletion, etc. Cryo MQL-CO, is best found in all

these.
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Figure 10. The impact on the environment by different cooling techniques, reprinted with permission from ref. [22],
Copyright 2016 Elsevier Ltd.

It was observed that cryogenic machining, which is suitable for environmental impact, may also have other benefits
in terms of lesser tool life and low power consumption as compared to dry cutting. Figure 11 shows a graphical
representation of tool life in different cooling techniques, which clearly depicts that tool life is longer in CryoMQL-

CO, as compared to other techniques 22,
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Figure 11. Comparison of Tool life between different cooling techniques, reprinted with permission from ref. (221,
Copyright 2016 Elsevier Ltd.

The cryo-cooling process consists of many input variables: cooling rate, soaking time and temperature, tempering
temperature, and its required time 23], Gill et al. 24 flourished that three of above parameters (cooling rate, soaking
time, and soaking temperature) have been extensively increased the tool life upto 98% by compromising the
mechanical characteristics of it. Stratton 23] put forward that cooling rate must be low enough to avoid cracking and

deforming in the material.

Figure 12 shows the surface morphology obtained after applying different cooling techniques. The surface was

smoother in cryogenic as compared to dry machining 28],
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Figure 12. Images of surface morphology under different cooling environments. (a) cryogenic, (b) wet, (¢) MQL,
(d) dry, reprinted with permission from ref. [28. Copyright 2018 CIRP.

Figure 13 shows the cutting temperature according to the depth of cut increment, which is lower in cryogenic
machining than dry, wet, and MQL machining. In machining AISI 52100 Bearing steel, the effect of cryogenic
coolant compared to dry cutting on surface integrity was observed. It was noted that residual stresses and white
layer formation were less. This layer is non-recommended because it causes fatigue of the product and affects its
life. It became evident that it enhances the surface integrity of hard components in many aspects 4. In hard
turning of 17-4 PH stainless steel, the effect of cryogenic machining was found to be positive. It reduced the cutting
temperature by using liquid nitrogen as a cooling medium, and it is eco-friendly. This method can be effectively

used in any type of hard material (28],

https://encyclopedia.pub/entry/14328 11/31



Sustainable Machining of Steels | Encyclopedia.pub

160 -
1 —&— Dry machining

140 + —&— Wet machining
—a— MOQL machining
—y— Crvogenic machining

Ll o
= [
= (=
1 i 1

Temperature ("C)
S

60 -
40: r,_———'r——__"
] !_/,lrf
20 - -
0.0 02 0.4 0.6 08 1.0 1.2

Depth of cut (mm)

Figure 13. Effect of DOC on cutting temperature under different cooling techniques, reprinted with permission from
ref. (281, Copyright 2018 CIRP.

Nitrogen is most commonly used as it is a safe, noncombustible, noncorrosive gas. The air we breathe has 78%
nitrogen gas in it. Liquid nitrogen has the property of easy evaporation, so when it is used in cryogenic machining,
it evaporates quickly, and no wastes remain on surfaces, tools, and machines, etc. It contributes to cost savings by
avoiding disposal costs 29, Currently, cryogenic turning is being used to achieve deformation-induced surface

hardening. For such purposes, the powerful coolant CO,-snow is used due to its good wetting behavior 9.

In hard turning of ASP23 steel, CO, cryogenic media was used with two types of inserts: one negative and one
positive. Tool life was increased in the negative insert up to 19.96%, but in the positive insert, the value of
improvement rose to 69.5%. The white layer was also checked. In the negative insert during CO, cryogenic
machining, it produced a minimal thickness of 2 micrometers. In the positive insert, this layer was not produced. In
Figure 14, the microstructure of the material in which machining is done with negative insert using both
techniques: dry turning and CO, machining 1, is shown. In Figure 15, the microstructure is presented in which
machining is done with positive insert using dry turning and CO, machining. The white layer is not produced, which

indicates good structure.
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Figure 14. After turning with VNGA160408 (Negative). (a) Dry machining; (b) CO, machining, reprinted with
permission from ref. 1. Copyright 2015 Elsevier Ltd.

Figure 15. Microstructure after turning with VCGW160408 (positive). (a) Dry machining; (b) CO, machining,
reprinted with permission from ref. B, Copyright 2015 Elsevier Ltd.

In hard turning of AISI 420 steel, the effect of cryogenic cooling was noted compared to nano fluids. It was noted
that tool life at a cutting speed of 75 m/min was increased by approximately 29%. This effect was increased as the
speed was increased. Also, the temperature is reduced as compared to nano fluids. Chip morphology was better
than nano fluids. It was noted that tool wear was also less 32, In the machining of AISI 4340, it was found that
cutting powers are reduced in cryogenic (LN2) cooling as compared to other water-based cutting fluids. Material
removal rate (MRR) was increased with a decrement in surface roughness, which was 0.97 micrometers in
cryogenic cooling 231, The comparison is shown between conventional machining and cryogenic machining. In
Figure 16, a conventional machining setup is shown in which cooling and lubricants are required, and waste is

generated.
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Figure 16. Machining, reprinted from ref. 34, Copyright 2014 Elsevier Ltd.

In Figure 17, a cryogenic setup is shown. Unlike conventional machining, there is no need for lubricants, and no
waste is generated, which is better for the environment and saves on the cost of the product. To observe the
cryogenic effect in hard turning of AISI 4340, a setup was done on the shop floor of the CNC turning center. By this
process, surface roughness was achieved up to 0.4 micrometers. Tool life of order was achieved 34 min. Cutting

forces were reduced by 18%, and power consumption was decreased by about 320 W.
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Figure 17. Cryogenic Machining, reprinted from ref. 34, Copyright 2014 Elsevier Ltd.

In Figure 18, an SEM image was captured to check the flank and rake area of the cutting insert after machining.
The insert was chipped off when flood cooling was used while in cryogenic machining abrasion type phenomenon

observed at flank face [33,

(a) (b)

Figure 18. Images of (a) wet cooling insert (b) cryogenic machining insert, reprinted with permission from ref. (23],
Copyright 2017 Elsevier Ltd.

It was noted that power consumption in terms of electricity creates about 99% environmental impacts, which need
to be minimized. It was done by choosing the optimal cutting conditions in terms of CO, emission, which leads to

better environmental impacts 281,
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The effects of dry, MQL, flood, and cryogenic machining were observed during turning of 15-5 PH SS, and it was
noted that cryogenic machining performed well in terms of tool life which was about 44% of flood and 68% of MQL
cooling technique. Surface roughness was better in cryogenic and flood cooling as compared to MQL and dry
cutting. In Figure 19, SEM images show the smoothness in the wear pattern of the flank face of the tool in
cryogenic as compared to other techniques 7,

Figure 19. Micrographs of the flank face of cutting inserts under different cutting environments, reprinted with
permission from ref. 7. Copyright 2020 Elsevier Ltd.

The growth of global production and the increase of cutting fluids application has caused intensive research
concerning economic and environmental aspects of systems for cooling/lubricating the cutting zone. Thus, recently
several cooling/lubrication techniques were developed in order to achieve sustainable manufacturing by reducing
or eliminating cutting fluids. Currently, the most widely used cooling/lubricating techniques with a low negative
effect on the environment and human operator’s health are dry cutting, cryogenic cooling, and minimum quantity
lubrication (MQL), etc. 28],
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LN2 was found to be good in milling of P20 hardened steel as compared to dry and flood machining. Tool wear was
less, about 15%, compared to dry machining, while about 5% compared to wet cooling. Also, it was noted that due
to temperature reduction, chip curl was less, which leads to good surface morphology B2 In the machining of AISI
D6 tool steel, a comparison was made between LN2 machining, dry, and wet machining. LN2 was good in surface
integrity, and tool life was good, but the production cost for cryogenic setup was more compared to dry machining.
This cost varied as the flow rate of LN2 increased “9. In the milling of AISI D2, the impact of cryogenic cooling was
noted compared to a dry and wet cutting environment. Cutting zone temperature was reduced up to 44% by dry
and about 36% by wet machining, while cutting forces were reduced by about 40% by dry and about 29% by wet
machining 411,

2.2. Minimum Quantity Lubrication

To avoid using a large amount of cutting fluids, a technique called minimum quantity lubrication, or near dry
machining 2, is used in which cutting fluid is supplied at the rate of 100 mL/h. Lawal et al. (43 demonstrated that
MQL is a highly competitive approach for a sustainable environment. They explained that minimum usage of
cutting fluid in MQL reduces environmental and occupational health hazards. It is well known that metal cutting
fluids cause environmental problems. In this case, the amount of cutting oils is greatly reduced which also reduces
the environment problem. It was also pointed out that the use of vegetable oils improves the performance of the
MQL process, especially in the machining of hard materials, by using water soluble oil in the presence of nano

particles. There was no toxic effect generated by using this process which leads to sustainable machining process
[,

Normally, machining is done in dry mode, but the problem which we face is shorter tool life, and sometimes,
surface integrity suffers. On the other hand, flooded type coolant application has a higher cost. So, a tradeoff is
required in the form of minimal application of lubricants (MQL) which will serve both purposes. In a comparison of
wet and MQL, it was found that MQL had better results in tool wear, tool vibration, surface roughness, cutting
forces, and cutting temperature during hard turning. About 1.3%, 6.7%, and 8.6% reduction were observed in
surface roughness, tool wear, and tool vibration, respectively. Tool wear was less observed in the minimal cutting
application as compared to others. Figure 20 shows the surface morphology of three types of cutting techniques in

which hard turning with minimal fluid (HTMF) produced the smoothest surface 43,
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Figure 20. Morphology SEM images; (a) By dry turning, (b) conventional wet turning, (¢) and HTMF application,
adapted from ref. [43],

To avoid cutting fluids, dry cutting can be adopted, but this results in shorter tool life at higher cutting parameters,
so near dry machining is recommended. Using cutting oil at optimal speeds serves both economic and
environmental 48 purposes. In turning of AISI H13 hardened steel under the MQL method, it was noted that the
surface finish was improved. This method also has the benefit of being environmentally friendly due to the minimal
use of aerosols and cutting oils 7. An experiment was conducted on heat-treated AlSI 4340 steel with a hardness
of 52-54 HRC in MQL and dry turning conditions using different bio-cutting oils. It was observed that surface
roughness improved as compared to dry turning. At higher cutting speeds, more than 240 m/min, sudden tool
failure was observed under MQL conditions 22,

In the machining of AISI 1045, it was found that the cutting temperature and cutting forces were reduced by 10—
30% and 5-28%, respectively, in MQL compared to dry machining (see details in Figure 21). This reduction of
temperature leads to better tool life and contributes to sustainable manufacturing 48!,
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Figure 21. Effect on cutting forces by using Dry and MQL, reprinted with permission from ref. 28, Copyright 2015
Elsevier B.V.

In turning of AISI D2 steel, the effect of the eco-friendly MQL system was observed compared to dry machining in
terms of tool life, tool wear, and surface finish. Reduction of about 100 °C was noted in cutting zone temperature,
and surface finish was improved up to 91% compared with dry machining. Tool wear was less and tool life was
increased about 267% in chemical vapor deposition (CVD) coated tools 42,

In a study B9 to check the sustainability and effectiveness of different cooling and lubrication techniques, it was
found that MQL nanofluids and cryogenic were the best techniques in terms of keeping a balance between the

sustainable environment and not compromising machinability efficiency.

MQL technique is an efficient process when we compare it with wet machining. About 15% was saved using this
technique. It was noted that it has a better effect in the form of a good surface finish and longer tool life compared
to dry machining. When we used biodegradable oils, the effectiveness of this technique increased towards the

sustainable point of view. Cutting temperature was reduced by about 50%, which reduced the cutting forces as well
51,

In an experiment performed on a transmission housing using MQL rather than wet machining, about 15% in
savings were achieved. It was noted that due to the reduction of wastewater, it is a sustainable process. One
problem is in MQL is the cleaning of chips during machining, especially of hard materials. Figure 22 shows the
cost comparison of two types of machining processes, MQL, and wet machining. Operation and maintenance costs

are less using MQL. Equipment costs are also less, and the overall cost is about 78% than in wet machining 2.,
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Figure 22. Up to 10 years life cycle of two types of machining techniques, reprinted with permission from ref. 11,
Copyright 2015 Elsevier Ltd.

MQL can be applied in two types of application methods. Different types of MQL systems are shown in Figure 23.
In the external application, a compressed air and oil mixture is fed through an external nozzle to the cutting area
from a chamber. There are two types of this system. One has an ejector nozzle in which air and oil are supplied
separately to the ejector, and mixing is done after the nozzle. In conventional mixing, it is done before the feeding
at the cutting zone. In internal application, the mixture is sent through the spindle and tool to the cutting area of the
part 58],

MOL System

Internal Application
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Figure 23. Different types of MQL systems, reprinted from ref. 211, Copyright 2020 Elsevier Ltd.

In the context of industry 4.0, sustainable manufacturing is very important. Research was conducted to check the
sustainable aspects of MQL on the machining of difficult-to-cut materials, and it concluded that MQL is a tradeoff
between flood type and dry cutting. It has more advantages for the environment and is more cost-effective than

other techniques. Skin problems created by metalworking fluid (MWF) were reduced by using MQL B4],

2.3. Dry Cutting

Sustainable manufacturing refers to the use of all available natural resources which reduce environmental
pollution. Machining is one of these which is very much energy-intensive, and we have to bring improvements to
reduce energy consumption. Using cutting fluids is very common for this process but has tremendous impacts on
the environment as there are certain disposal costs associated with it. There is no convenient method to dispose of
it after proper treating due to which skin diseases are common. To eliminate these problems, dry machining is used
in which the need for cutting oils is eliminated. Dixit et al. 28 reported that the use of dry machining significantly
minimized air and water pollution. They called dry cutting an eco-friendly process. Eco-friendly refers to such
techniques in which detrimental wastes and tiny particles are excluded. Schultheiss et al. B2 urged that dry
machining can be performed without any fluid; therefore, for sustainability, it is more appreciated to engage dry
processing than the traditional machining approach where usually dielectric fluid is used to compensate for the
generated heat while operating on the work part. Dry cutting is more suitable for low-strength materials, and using
coated tools is recommended, which can reduce heat generation BEIEZIE8IEA |n the machining of 15-5 PHSS
hardened steel, an experiment was done to compare different cooling techniques like dry, wet, and cryogenic
cooling. Sustainability assessments were conducted, and it was noted that dry cutting is more optimal towards
sustainable assessment indicators, but when we talk about the combined effects of productivity and environment,

cryogenic machining is good 69,

2.4. Cryogenic Treated Tools

Tool life is very important to increase the productivity of any machining industry. It is necessary to use tools that
have a long tool life without the use of cutting oils for environmental protection. What are the requirements for
sustainable machining? Cutting tools without any treatment wear very rapidly due to heat generation on the cutting
zone. Cryogenic treatment is done on cutting tools to compensate for this. Cryogenic treatment is an add-on
process that is required to improve tool life. The ultimate goal is to improve the performance, which cuts down the
machining cost. It is a subzero heat treatment process that affects the entire cross-section area of cutting tools. Life
enhancement of tools is accomplished by microstructure changes of the tool during cryogenic treatment. Two types
of treatments are used; one is shallow, and the other is deep cryogenic treatment. Shallow treatment: —80 °C to
—-145 °C. Deep cryogenic treatment: —145 °C or below. It was noted that the performance of deep cryogenic

treatment is more effective than shallow treatment (611,

2.5. Solid Lubricants
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In the solid lubricant-assisted machining of hardened steel, it was found that this technique is suitable for an
ecofriendly environment with less cost of production and helps in the reduction of waste as well as occupational
health and safety. It was noted that as demand for sustainable machining is increasing day by day, so solid

lubricant assisted machining is emerging as a sustainable alternative machining process 621,

In the turning of hardened steel, the effect of solid lubricants was noted, and it was discovered that Molybdenum
disulfide is better than graphite. It was observed that solid lubricants are better than dry or wet turning in terms of
improved surface finish and from an environmental point of view. The good lubricating effect of these solid
lubricants caused the reduction of cutting zone temperature and tool wear. This is becoming a good alternative to

dry and wet turning (€3],

In the turning of AISI 1040 steel, the impact of solid lubricants (MoS,) was noted in terms of toxic effect, surface
finish, and machinability efficiency. It was concluded that the surface finish was improved by 5% to 30%. The chip
thickness ratio was reduced. The friction was reduced in this process, so the material removal rate was high, which

leads to high productivity. Also, not using cutting fluids leads to better environmental impact (64!,

In machining, the effect of SAE 40 oil with different percentages of graphite and boric acid was studied. It resulted
that the boric acid (20%) in SAE 40 oil was performing well. The surface finish was improved, and less tool wear
and lesser cutting forces were observed to boric acid lubricious film formation, which lessens the friction forces and

cutting temperature.

2.6. Alternative Cutting Fluids

The use of cutting oils/lubricants causes diseases in employees. To minimize the effect of these oils, some user-
friendly oils like vegetable-based oils and other bio-degradable oils can be used. The usage of these oils improved
the surface finish and enhanced the tool life. Due to less coefficient of friction than other mineral oils, the machining

efficiency improved, and cutting forces were reduced. These are less toxic than other mineral oils, etc.

2.7. AirlGas/Vapor Cooling

The use of cutting fluids causes environmental damage and health-related issues. In order to avoid these issues, a
green cutting environment is being created. In this environment, the use of water vapor plays a major role because
there is no need for recycling or disposal, and it is non-toxic and environmentally friendly. The setup diagram is

below in Figure 24.
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Figure 24. Vapor generator device and feeding system, reprinted with permission from ref. 2. Copyright 2004
Elsevier Ltd.

Temperature reduction, cutting force reduction and improvement in the surface finish is a positive impact of this
technology. Below, Figure 25 shows the temperature comparison between different modes of cutting lubrication
techniques in which the use of water vapor is the best technique compared to dry cutting, compressed air, and oil-

water emulsion 631,
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Figure 25. Cutting Temperature Variation on different Depth of cut, reprinted with permission from ref. [63],
Copyright 2004 Elsevier Ltd.

Cold air cooling is best during machining as it mitigates the environmental and health issues caused due to use of
coolants. Energy consumption increased by 20%, but coolant cost was reduced by 80%, which is an economically

good impact [68],
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2.8. High-Pressure Coolant (HPC)

This is another widely accepted technique in the manufacturing industry. Conventional machining mostly uses one
mechanical mechanism, but HPC is usually comprised of three systems: mechanical, thermal, and tribological
controls, which makes it impressive and valuable in high-speed machining 7. High-speed machining is useful in
the following conditions, (i) difficult to machine materials, (i) high speed and feed, (iii) deep-hole drilling, (iv)
continuous chips production 8. HPC generally provides high pressure to the coolant, which allows the deep flow
of the fluid between the work-electrode spaces or contact regions of tools and chips, as specified in Figure 26 62,
The effect of the above phenomenon improves tool life, decreases the consumption of cutting fluid, and maintains
the temperature of the work part Z9. It has been found from the literature that HPC not only offers less TWR but
also gives superior cooling properties, which results in lessened contact distance as the force of coolant pressure

lifts the chip away from tool faces [Z1l.

A - Rake Face
B - Flank Face

L R T

Figure 26. Position of the tool with respect to the workpiece, reprinted with permission from ref. 2. Copyright
2006 Elsevier Ltd.
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| 3. Challenges in Sustainable Machining

Different challenges faced for the implementation of sustainable techniques are following.

3.1. Lack of Awareness Regarding These Techniques

Most industries are not aware of these latest techniques, which can contribute considerably in terms of productivity
improvement and a green and safe environment for workers and surroundings. They only trust conventional
methods and consider these a technical requirement. Top management should be equipped with the latest

knowledge of the world’s reforms in the field of machining of parts.

3.2. Lack of Management Commitment

For the implementation of these techniques in any manufacturing industry, a change mindset is most important.
Management should be willing to provide all needed resources for effectiveness, but in most industries, this

commitment is not present.

3.3. High Equipment Cost

No doubt these techniques are very helpful and of paramount importance to the industries for today and tomorrow,
but some techniques like cryogenic machining need much attention because right now, their setup cost is high.

Indeed, most industries do not know the payback of these, which makes them reluctant to implement.

3.4. Usage of Old Technology

In most industries, old and conventional machines are being used for the manufacturing of parts. There is very little
or absence of provision for installation of equipment for working of these techniques. For installation, a huge cost is

required for the replacement of the existing system.

3.5. Fear of Losing Business during Adoption of These Techniques

It is a myth in conventional industries that whenever they try a new system, it will lead them towards loss of
production. It seems that there is not enough time for the trial of any new technology, which is the wrong concept.

Without taking a risk, no improvement will occur.

| 4. Conclusions

Sustainable machining techniques became the need of the hour to fulfill environmental regulations and to improve
operator’s safety. These techniques play an important role in any industry in terms of economic, social, and
environmental benefits. To maximize productivity and to make products market competitive, sustainable machining

techniques should be adopted. The following main points are concluded for understanding and implementation:
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» Cryogenic machining is a very popular technique in terms of its excellent cooling impact, which leads to longer
tool life and good surface integrity. It does not require residual cleaning as in conventional cutting, but some

drawbacks are still there like, chips cleaning problem and frostbite hazard associated with the operator’s health.

e Dry machining is good in terms of an environmental point of view but leads to low surface integrity of the

product and higher tooling cost.

 MQL technique is an intermittent solution between dry and cryogenic in terms of machining cost and product

quality. However, problem is chip evacuation is a problem.

e In cryogenic treatment of cutting tools, machinability increases, and due to good thermal conductivity, the

cutting temperature decreases. This type of tool is not suitable for interrupted cutting due to breakage problems.

» Solid lubricants are found more effective in terms of surface integrity of parts, and tool life increases as the heat

transfer rate increased.

» Vegetable oils are found to be good from an environmental point of view as there is no need to dispose of these
as compared to mineral oils. Due to low flash points, smoke is produced during the turning of steel. Sometimes

cleaning may be problematic as chips engaged with oil which is difficult to separate.

» Air-gas cooling is a good technique for the environment compared to conventional coolants, but energy costs

increased about 20%.

Numerous studies have been conducted on the sustainability of steel in various application conditions. As steel is
emerging mostly in automotive sectors, along with other large setups like aerospace, nuclear power plant, marine
areas, and biomedical equipment, etc. Organizations are conscious of environmental problems, which ultimately
put the life of humans at risk. Therefore, it is much more necessary to examine the sustainability point of discussion
on steel material. This review was compiled to investigate the sustainable machining techniques for the steel
material. Further, the details presented in this review can act as a guide in selecting the best solution to be

integrated towards achieving net zero-emission in their manufacturing products.
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