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ABSTRACT

The principle of sustainable machining involves reducing consumption of resources, impacts on environment, and
cost of operation without compromising the performance of machining. In this review, the machining processes of
dry machining, flood machining, and MQL are compared with respect to machining performance, environmental
impact, and economic sustainability of the three machining processes. The important parameters that have been taken
into consideration in making the comparison include: cutting temperature, cutting forces, tool wear, surface
roughness, productivity, energy consumption, waste, emission, and machining cost. Dry machining does not involve
use of cutting fluids; however, it may result in high thermal loading and increased wear of tool. Flood machining
provides cooling; however, it needs high fluid consumption and disposal.

Keywords: Sustainable machining, Dry machining, Flood machining, MQL, Tool wear, Cutting temperature,
Surface roughness, Environmental sustainability.

1. INTRODUCTION

Sustainable manufacturing has become an essential strategy for minimizing the ecological footprint of manufacturing
activities while ensuring that the products retain their quality and productivity. Sustainable manufacturing entails
effective use of raw materials, energy, water, and other resources during manufacturing activities coupled with
minimizing wastage and emissions. Various types of manufacturing processes are employed; however, machining is
commonly used in manufacturing parts with high accuracy and surface finish.

1.1 Sustainable Manufacturing and the Need for Sustainable Machining

Machining operations based on traditional approaches often result in huge electrical power consumption and usage of
cutting fluids, as well as production of metal chips, hazardous wastes, aerosols, and other undesirable outputs that
have negative impact on environment [1]. Large amounts of traditional cutting fluids used in machining help to
achieve good lubrication and cooling, but buying, storing, maintaining, reusing, and disposing of such fluids lead to
high expenses and may cause problems related to environment and occupational health [2]. Excessive usage of
cutting fluids and energy intensive machining operations also lead to increased environmental impact of
manufacturing operations. Therefore, it is necessary to develop sustainable machining approaches that will provide
good balance between performance, resource consumption, environmental protection, and cost-effectiveness [3].
Sustainable machining aims to decrease resource consumption and waste production without reducing such
characteristics as tool wear, surface quality, productivity, and dimensional accuracy [4].
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Figure. 1: Key dimensions of sustainable manufacturing.
1.2 Dry, Flood and Minimum Quantity Lubrication Machining

The choice of the right technique of cooling and Iubrication greatly influences the machining efficiency and
sustainability. Flood cooling and lubrication works well in terms of providing sufficient cooling and lubrication but it
consumes a lot of cutting fluid, making it costly, wasteful, and less environmentally friendly [5]. The dry machining
method eliminates the use of cutting fluid but may result in an increase in cutting temperature, friction, and tool wear.

Minimal quantity lubrication can be viewed as a compromise between the two techniques in the sense that it applies
a minimal amount of lubricant at the cutting region. It conserves the fluid while still offering sufficient lubrication
and machining efficiency. Its efficiency is dependent on several factors including the lubricant quality, feed rates,
cutting conditions, tool geometry, and workpiece material [6]. Comparison of the three methods of machining is thus
important.

1.3 Objectives of the study
The objectives of this review are:

1. To critically review the principles, mechanisms, advantages, and limitations of dry, flood, and MQL machining
techniques for sustainable manufacturing.

2. To comparatively evaluate the machining performance of these techniques in terms of cutting temperature,
cutting forces, tool wear, tool life, surface roughness, and productivity.

3. To assess their environmental and economic sustainability based on cutting-fluid consumption, energy use,
waste generation, occupational safety, and machining cost.

4. To identify research gaps and future opportunities for the development and implementation of advanced
sustainable machining techniques.

2. MACHINING TECHNIQUES FOR SUSTAINABLE MANUFACTURING

Heat is generated through machining, making cooling and lubrication necessary in order to control the issues of
temperature, wear of tools, and surface finish [7]. Although flood machining is effective due to high volumes of
coolant used, the cost incurred, wastage, and environmental concerns have made it unpopular compared to dry
machining and minimum quantity lubrication. The former does not use any coolant while the latter uses only little
amounts of lubricant.
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2.1 Dry Machining

Dry machining is done without the use of conventional cutting fluids, hence no coolant usage, fluid disposal, and
coolant management considerations [8]. This type of machining is environmentally friendly and economical and
makes chip management easier. However, due to the lack of coolant and lubrication in dry machining, temperatures
generated in machining may be higher than those in conventional machining, hence increased wear. For this reason,
suitable materials and tool settings are essential [9].

2.2 Flood Machining

Flood machining is the process in which cutting fluid is supplied in larger amounts to the cutting zone continuously
to cool down the tool, provide lubrication, and remove the chips. Flood machining ensures proper temperature
control, reduces friction and wear and tear of the tools, and enhances the life of tools along with surface finish and
stability [10]. However, increased use of cutting fluid in the process is associated with high cost of operations, high
maintenance, waste production, and environmental hazards.

2.3 Minimum Quantity Lubrication Machining

MQL is a dry machining method in which only a little amount of lubricant is supplied at the point of cutting,
typically in the form of aerosol in the compressed air stream. It mainly helps in reducing friction and adhesion, hence
increases the life of tools, machining operation, and surface finish with a reduced amount of fluid use and waste.
MQL is a combination of both dry and flood machining methods and has become more attractive with the help of
lubricants made from biodegradable vegetable oils. The cooling action of MQL is relatively less when compared to
flood machining; therefore, it depends upon several factors.

2.4 Comparative Characteristics of Dry, Flood and MQL Machining

The three machining approaches differ in their cooling and lubrication methods. Flood machining provides effective
cooling but uses large quantities of cutting fluid, dry machining eliminates cutting fluids but may increase thermal
and wear-related problems, while MQL uses a small amount of lubricant to balance machining performance and
resource consumption. Their comparative characteristics are presented in Table 1.

Table 1. Comparative characteristics of dry, flood and MQL machining

Parameter Dry Machining Flood Machining MQL Machining
Cooling medium No external cutting fluid Large quantity of cutting Small quantity of
fluid lubricant with compressed
air
Lubrication Very limited High Good localized
lubrication
Cooling Low High Moderate/limited
capability
Cutting-fluid None High Very low
consumption
Cutting Generally higher Effectively controlled Generally lower than dry
temperature machining
Tool wear May be high under severe Generally controlled Generally lower than dry
conditions machining
Tool life May decrease under high Generally high Generally improved
thermal loads
Surface quality May deteriorate under severe Generally good Generally good when
conditions optimized
Waste generation Very low Relatively high Low
Coolant disposal Not required Required Minimal
Environmental Low fluid-related impact Comparatively high Comparatively low
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impact
Operating cost Low fluid-related cost High due to fluid Relatively low
management
System Simple Pumping, filtration and | MQL delivery system and
requirements circulation system compressed air

Major limitation | High temperature and friction | High fluid consumption | Limited cooling capability
and disposal

Sustainability High Comparatively low High
potential

3. COMPARATIVE MACHINING PERFORMANCE

The choice of cooling and lubrication techniques is directly related to the machining process efficiency and
sustainability [11]. Flood machining is a good technique for providing cooling, but it requires large amounts of fluid,
dry machining does not require any cutting fluid but increases the friction and heat generation, while MQL lowers
the fluid requirement due to lubrication. Their performances can be compared on the basis of factors like cutting
temperature, force, etc [12].

e  Cutting temperature: Dry machining generally produces higher temperatures because no external coolant is
supplied. Flood machining provides the strongest cooling, while MQL reduces temperature mainly by
decreasing friction, although its cooling capacity remains lower than flood machining.

e  Cutting forces: Dry machining may produce higher cutting forces because of increased friction and adhesion.
Flood machining reduces friction through cooling and lubrication, while MQL can also reduce cutting forces
through localized lubrication at the cutting interface.

e Tool wear and tool life: Dry machining can accelerate tool wear due to increased temperature and friction.
Flood machining generally provides better tool protection through combined cooling and lubrication. MQL can
improve tool life by reducing friction and adhesion, although its effectiveness may decrease under extremely
high-temperature conditions.

e  Surface roughness and surface integrity: Dry machining may result in poorer surface quality under severe
thermal and wear conditions. Flood machining generally provides stable surface quality, while optimized MQL
can produce surface roughness comparable to or better than dry machining by reducing friction, adhesion, and
tool wear.

e  Material removal rate and productivity: MRR is mainly influenced by cutting speed, feed rate, and depth of
cut. Flood machining can generally support demanding cutting conditions, while MQL can provide a balance
between productivity and reduced resource consumption. Dry machining can achieve high productivity when
suitable tools and parameters are selected, but excessive heat and tool wear may limit performance.

e Influence of machining parameters: Cutting speed strongly affects temperature, tool wear, and power
consumption, while feed rate influences cutting forces, surface roughness, and MRR. Depth of cut affects
material removal, cutting forces, and power requirements. Tool geometry, tool material, coatings, lubricant
properties, MQL flow rate, air pressure, and nozzle position also influence overall machining performance.

Overall, flood machining generally provides the best cooling and tool protection, dry machining offers the advantage
of eliminating cutting fluids, and MQL provides a balance between machining performance and reduced resource
consumption [13].

Table 2: Summary of Previous Research on Dry, Flood and MQL Machining for Sustainable Manufacturing

Author, Year Topic Covered Title of the Study
Race et al. (2021) [14] The study investigated environmentally Environmentally sustainable
sustainable cooling strategies during the milling | cooling strategies in milling of
of SA516 steel. It compared dry, flood, and SA516: Effects on surface
MQL machining conditions and examined their | integrity of dry, flood and MQOL
effects on surface integrity and machining machining
performance.
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Singh et al. (2016) [15] The study reviewed near-dry machining and A review of near dry
MQL techniques applied to difficult-to-machine | machining/minimum quantity
alloys. It discussed the principles, benefits, lubrication machining of
limitations, machining performance, and difficult to machine alloys
sustainability aspects of MQL-based machining.
Makhesana et al. The study investigated the machinability of Ti- Machinability investigation of
(2024) [16] 6Al1-4V titanium alloy under dry, flood, MQL, Ti-6A1-4V titanium alloy under
and nanofluid-MQL conditions using textured | dry, flood, MOL and nanofluid-
cutting tools. It evaluated the influence of MQL techniques using textured
lubrication conditions on machining tools
performance.
Hassan (2022) [17] The study conducted a comparative life-cycle Comparative life cycle analysis

analysis of sustainable lubrication techniques. It | of environmental and machining

evaluated environmental impacts together with | performance under sustainable
machining performance to assess the overall lubrication techniques

sustainability of different Iubrication strategies.

Khatri and Jahan The study investigated tool-wear mechanisms Investigating tool wear
(2018) [18] during machining of Ti-6Al-4V under flood mechanisms in machining of Ti-
coolant, dry, and MQL conditions. It compared | 64/-4V in flood coolant, dry and
the effects of different lubrication conditions on MQL conditions

tool wear and associated machining behavior.

4. ENVIRONMENTAL AND ECONOMIC SUSTAINABILITY

Sustainability of the environment and economy is one of the key criteria in assessing the machining operations [19].
While flood machining offers better cooling capacity, it uses higher amounts of cutting fluid than both dry and
minimum quantity lubricant (MQL) machining [20]. Thus, all these approaches have to be evaluated according to
their fluid consumption, energy usage, waste production, and other factors [21].
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Figure 2: Comparison of environmental burden under dry, MQL and flood machining conditions.

4.1 Cutting-Fluid Consumption

Dry machining consumes zero amount of conventional cutting fluid, hence is resource efficient [22]. Flood
machining needs comparatively high amounts of cutting fluids, which makes consumption more than in MQL [23].
MQL involves the use of very little amount of lubricants that are applied to the machining process at the point of cut
only, hence lowering the fluid consumption. Hence, MQL is the most efficient option for use when full dry
machining is not possible [24].
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4.2 Energy Consumption

The energy consumption will include the energy that is used for material removal, along with other factors such as
the energy required by the coolant pump, filter, and compressed air [25]. In case of flood machining, there will be
additional need of energy to circulate and filter coolant, while in dry machining, this will not be needed [26]. In
MQL too, there will be savings in energy use for coolant circulation, but still compressed air will be needed for
lubrication [27].

4.3 Waste Generation and Disposal

Dry machining creates very little waste in terms of fluids, while the chips created are very clean and easily recyclable
[28]. In flood machining, there is the creation of used cutting fluids, dirty chips, and filters among others that require
proper disposal. MQL greatly decreases fluid waste because of the small number of lubricants used. Dry machining
and MQL are therefore better than flood machining in waste management [29].

4.4 Occupational Health and Safety

Occupational issues in connection with cutting fluid may arise through skin contact, splash and aerosol formation
from cutting fluid [30]. In dry machining, there is no issue of skin contact with the conventional cutting fluid since
there is no use of such cutting fluid. However, the problem of dust and hot chips generated during machining process
remains to be handled. Flood machining involves higher exposure to coolant and coolant aerosol.

4.5 Carbon Emissions and Environmental Impact

Environmental effects of machining depend on electricity usage, cutting fluid manufacturing, transportation,
application, and disposal. While dry machining can lower the environmental effects related to the use of fluids, as no
coolant is used, flood machining has larger environmental effects due to its fluid usage and its processing and
disposal. MQL is able to lower the effect of machining on the environment because of low fluid usage, especially if
the biodegradable or vegetable-oil-based fluid is used.

4.6 Machining and Operating Costs

Costs of machining include costs associated with power, tooling, cutting fluid, maintenance, waste disposal, and
equipment costs. Dry machining is cheaper in terms of cooling but may be expensive in terms of tooling if higher
wear rate of tools is experienced. Flood machining has long tool life and high production rates but it is very costly in
terms of buying, maintaining, and disposing the coolant. MQL is more expensive initially for purchasing the delivery
system and compressed air but it saves on lubricant, waste management, and maintenance.

5. CONCLUSION

The conclusion drawn from this review is that dry, flood, and MQL machining methods each had unique strengths
and weaknesses for sustainable machining processes. Dry machining involved less use of cutting fluids and produced
less waste, but would lead to increased temperatures and wear on tools, whereas flood machining would provide
better cooling and machining process performance but would consume more cutting fluids and would have negative
environmental effects. MQL machining gave the best of both worlds by reducing lubricant use while still providing
adequate tool life and surface finish.
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